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1.	 Brain size is an unreliable predictor of  cognitive capacity.  
(this thesis)

2.	 Evolutionary miniaturization of  body size requires isometric 
brain scaling.  
(this thesis)

3.	 Object-oriented programming should focus on achieving 
simplicity in the code rather than complexity in the output.

4.	 The difficulty in accurately assessing intelligence is caused by 
lack of  understanding what intelligence entails.

5.	 The focus of  users of  social media on convincing others that 
they live an interesting life, impedes living an interesting life.

6.	 The purpose of  life is creating the illusion of  a purpose of  life.
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The art of  being small

Body size varies enormously in the Animal Kingdom. Huge whales roam the 
deep sea, while the tiniest of  insects crawl in miniature cavities. The smallest adult 
insects are parasitic wasps in the families Mymaridae and Trichogrammatidae 
(Polilov, 2015). Some of  these wasps can reach body lengths even below 300 μm, 
which is similar in size as some unicellular protozoans (e.g. Paramecium) or large 
bacteria (e.g. Thiomargarita). The benefit of  being so small is that it allows survival 
in micro-habitats and with a limited supply of  nutrition (Niven and Farris, 2012). 
The disadvantage is that organs may have evolved morphological simplifications 
to achieve such small sizes. These simplifications can negatively affect physiology 
and behaviour, and may result in reduced longevity or fecundity. Despite the 
strong pressures to minimize the size of  all organs, even the smallest wasps have 
fully functional brains that are similar in complexity to those of  much larger 
animals (Strausfeld, 1976; Makarova and Polilov, 2013; Ito et al., 2014). These 
tiny, but elaborately-structured brains may facilitate the complex cognitive and 
behavioural abilities that are shown by some parasitic wasps, such as learning 
and hitch-hiking on potential hosts (Huigens et al., 2009). In this thesis, I focus 
on the secret tricks that allow insects to be fully functional at such tiny sizes. In 
other words: what is the art of  being small?

Miniaturization of  body size

Insects are among the smallest free-living animals, but even among fully developed 
insects there are exceptionally small individuals. Small insects can belong to 
species that have evolved miniaturized body sizes and exclusively consist of  small 
individuals, or can be exceptionally small individuals of  species with a wide range 
of  sizes. Evolutionary miniaturization of  body size is defined as the evolution 
of  extremely small adults within a lineage, descending from a larger ancestor 
(Hanken and Wake, 1993). Examples of  this evolutionary process can be found 
in both vertebrates and invertebrates (Hanken and Wake, 1993; Polilov, 2015). 
Miniaturization can evolve as an adaptation to various ecological challenges, such 
as the need to colonize miniature niches or to survive under a limited amount 
of  resources (Niven and Farris, 2012). These evolutionary forces can act on the 
rate or duration of  growth, resulting in fully developed but miniaturized adults 
(Hanken and Wake, 1993; Niven and Farris, 2012). Evolutionary miniaturization 
can therefore also be a by-product of  selection for a reduction of  growth, for 
example when earlier sexual maturation is advantageous in environments that 
rapidly change (Hanken and Wake, 1993).
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In addition to the evolutionary process of  a species becoming small, exceptionally 
small sizes can also occur within a species. Insect larvae can be extremely small, 
even when adults are not miniaturized (Hanken and Wake, 1993; Eberhard and 
Wcislo, 2011). Intraspecific “miniaturization” can also occur in adults, either 
through genetic variation or through phenotypic plasticity in adult body size. 
Genetic variation in traits that regulate growth can cause extremely small body 
sizes in part of  a population (Kotrschal et al., 2013). Such genetic variability in 
body size is a requirement for evolutionary miniaturization. However, overall 
body size of  the species will not change if  there is no evolutionary benefit of  
being small. Phenotypic plasticity in body size is regulated by developmental 
programmes, which have evolved to regulate body size in response to 
environmental conditions during development, such as nutrient availability or 
ecological variation. In this way, developmental programmes can generate e.g. 
caste-specific phenotypes in social insects (Hölldobler and Wilson, 2009) and 
exceptionally small nutrient-deprived fruit flies (Lanet and Maurange, 2014).

As stated above, the smallest adult insects are parasitic wasps of  the families 
Mymaridae and Trichogrammatidae (Polilov, 2015). These are egg parasitoids, 
which parasitise eggs of  other insects and completely develop into adults inside 
these host eggs. It may be because of  this particular parasitic lifestyle that these 
wasps are the smallest adult insects. The need to complete development inside 
another insect’s egg, and the need to occupy the smallest of  these host eggs, 
may select for smaller adults and therefore drive evolutionary miniaturization. 
This parasitic lifestyle may simultaneously allow for such miniaturized body 
sizes, because the development inside another insect’s egg allows parasitoids to 
economize on the investment of  yolk in their own eggs (Polilov, 2015). A parasitic 
lifestyle may therefore both drive and enable evolutionary miniaturization of  
body size. Further variation in body size of  adult parasitoids may arise through 
phenotypic plasticity, in response to variation in the size or quality of  host eggs, 
or in the number of  parasitoid larvae that develop inside the same host egg. 
As a result, the absolutely smallest insects may be evolutionarily miniaturized 
parasitoids that emerge from small host eggs, or from eggs that host additional 
parasitoid larvae.

Evolutionary miniaturization of  body size, genetic variation in body size, and 
phenotypic plasticity in body size are three different processes that may all result 
in extremely small insects, especially when these processes occur simultaneously. 
I will avoid the term “miniaturization” for the intraspecific processes (genetic 
variation and phenotypic plasticity) for two reasons. First, to avoid confusion 
with the more general evolutionary term. Second, because it is often difficult to 
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establish what the regular body size is of  a species that shows a large variability 
in size. It is then not possible to state if  the large individuals are normal and 
the small ones the exception, or if  small individuals are normal and there is 
“gigantism” in large individuals. Instead, I will refer to phenotypic plasticity 
and genetic variation in body size for these intraspecific processes of  body-size 
variation. 

Costs of  being small

The causes of  evolutionary body size miniaturization and intraspecific small 
body sizes may be different, but both have the same result: exceptionally 
small individuals. Many of  the trade-offs that have been studied or discussed 
for evolutionary miniaturization could also apply to the smallest individuals 
within a species. Exceptionally small individuals may experience similar costs 
and challenges, irrespective of  whether they are regular-sized members of  a 
miniaturized species or the smallest phenotypes in a generally larger-bodied 
species. 

Being small comes with the challenge of  fitting all vital tissues in an extremely 
small body. The modifications that underlie small body sizes can be very costly, 
because they may involve simplifications of  shape, function, morphology, 
physiology or behaviour, which can result in reduced longevity and fecundity 
(Hanken and Wake, 1993; Bennett and Hoffmann, 1998; Polilov, 2015). Organs 
of  small animals may seem underdeveloped, sometimes resembling those of  
earlier developmental stages of  larger-bodied animals (Hanken and Wake, 
1993). In miniature insects, the sensory systems consist of  fewer and smaller 
components (i.e. sensilla on the antennae and ommatidia in the compound 
eyes) than in larger insects, which may affect sensory precision (Polilov, 2015). 
Furthermore, the reproductive systems of  miniature insects contain smaller 
ovaries with fewer ovarioles, and therefore fewer eggs (Polilov, 2015). These 
fewer eggs are relatively larger to body size compared to those of  larger insects. 
As a result, small insects may have reduced Darwinian fitness despite a relatively 
high investment in reproduction (Hanken and Wake, 1993). Another interesting 
functional reduction can be found in the circulatory systems of  miniature insects, 
which contain no other components than a heart and aorta, and in some families 
(including Trichogrammatidae) even the heart is absent (Polilov, 2015). These 
reductions can only be vital in the smallest insects, in which diffusion may be a 
sufficient circulatory force (Polilov, 2008). 
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Small animals may also require novel morphological features to deal with the 
challenges of  being small. Miniature insects from several different families 
independently evolved ciliated wings with many hair-like structures. These 
insects experience the air as very viscous due to their small size, which may have 
selected for wings with high porosity. Ciliated wings may be an adaptation that 
enables miniature insects to “paddle” rather than fly through viscous air (Sane, 
2016). Miniaturized larvae of  beetles and strepsipterans show another interesting 
morphological adaptation: the brain is partially shifted into the thorax, possibly 
due to lack of  space in the head capsule (Beutel et al., 2005; Polilov and Beutel, 
2009; Knauthe et al., 2016).

The most severe costs of  being small may result from reductions in the size and 
complexity of  the brain. The brain is the most important component of  the 
central nervous system, and the organ that is involved in practically all aspects of  
an insect’s life. Hence, reducing the size of  the brain and adapting its structure 
may affect the performance of  the brain, and therefore of  the insect. Small 
insects may therefore “face a dilemma” (Eberhard and Wcislo, 2011), which may 
be solved by three not mutually exclusive strategies that may compensate for 
some of  the costs of  having small brains.

First, small insects may be adapted to occupy smaller niches that require fewer 
behavioural and cognitive abilities. Under this strategy, small insects may 
exploit more stable environments because they have a lower ability to respond 
to environmental variability than larger insects. There may also be selection 
for traits that compensate for reduced cognitive abilities, such as maintaining 
some traits at the expense of  others, or evolving changes in lifestyle that are 
cognitively or behaviourally less demanding (Hanken and Wake, 1993; Eberhard 
and Wcislo, 2011; Polilov, 2015). Being extremely small has the additional benefit 
of  a lower predation risk, so that survival may already be less dependent on 
cognitive abilities.

Second, small insects may have evolved modifications to neural architecture that 
optimize the performance of  small brains (Eberhard and Wcislo, 2011). These 
adaptations may cause neural networks to operate more efficiently with minimal 
functional consequences. In this way, the repertoire of  neural and cognitive 
abilities may be maintained, although accuracy may be lower. Reductions can be 
made to the number of  functional components of  the sensory systems, thereby 
maintaining sensory performance, but with a lower resolution (Chittka and 
Niven, 2009). Similar reductions can be made in the number of  neural pathways 
that process similar information in parallel (Faisal et al., 2008; Niven and Farris, 
2012). Such reductions can maintain the diversity of  signalling pathways, 



Chapter 1

14

1
although reduced abilities to average neural signals may increase neural noise. 
Another adaptation that may increase efficiency in miniaturized brains is the use 
and reuse of  the same neural networks for multiple different processing tasks 
(Anderson, 2010). One of  the neurons that may operate in this way is VUMmx1, 
which is involved in various learning-related processes in honeybees (Niven and 
Chittka, 2010). Small insects also directly benefit from having a small brain, 
because distances between neurons are short. The length of  neural connections 
can therefore be minimized, resulting in more efficient information processing 
than in larger insects (Striedter, 2005; Niven and Farris, 2012). 

The third solution that may compensate for some of  the cognitive costs of  
being small involves an increase in relative brain size. This strategy allows for 
maintained brain performance without the need for structural adaptations to 
optimize neural architecture. The trade-off  of  this strategy is that a relatively 
larger brain requires more energy, because brain tissue has a high metabolic rate 
and is therefore energetically expensive (Aiello and Wheeler, 1995; Niven and 
Laughlin, 2008). Despite these costs, however, this final solution appears to be a 
generally occurring phenomenon, and is described by Haller’s rule. 
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Figure 1. Brain size in some mammals. (A) Difference between absolute and relative 
brain size in mice, dogs and elephants. Absolute brain size (top panel) is larger in larger 
animals, but relative brain size (bottom panel) is smaller in larger animals. (B) Relative 
brain size decreases with increasing body size (brown trendline). Vertical distance from 
the trendline illustrates the deviation of  brain size from its expected value for that body 
mass; e.g. humans and dolphins have exceptionally large brains. Data from Boddy et 
al. (2012).
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Haller’s rule

Brain size can be expressed by the absolute size of  the brain (Figure 1A, top), and 
by the size of  the brain relative to total body size (Figure 1A, bottom). Absolute 
brain size is determined by the size and number of  neurons and glia cells in the 
brain. The size of  neurons depends on the length and diameter of  neurites, the 
number of  connections with other neurons and on the volume of  the cell body 
(which is in turn determined by the volume of  the nucleus and cytoplasm). 
Absolute brain size largely depends on body size: small animals have small brains 
and large animals have large brains. A smaller body may simply require fewer and 
smaller neurons to operate it (Kaas, 2000; Roth and Dicke, 2005). 

Relative brain size corrects for these body-size effects on absolute brain size, 
and can be expressed as a proportion of  body mass or volume. In general, 
small animals have relatively larger brains than large animals. This phenomenon 
occurs throughout the animal kingdom; from mammals to insects (Kruska, 
2005; Roth and Dicke, 2005; Striedter, 2005; Chittka and Niven, 2009; Eberhard 
and Wcislo, 2011). It implies that, for example, mice have relatively larger brains 
than elephants (Figure 1B). Not many relative brain sizes are known for insects, 
but some of  the smallest insects have brains that are much larger in relative size 
than those of  vertebrates (e.g. the brains of  small Brachymyrmex ants constitute 
15% of  their total body mass; Seid et al., 2011).  

The Swiss physiologist Albrecht von Haller (1708 – 1777) was the first to observe 
that small animals have relatively larger brains than large animals (Haller, 1757). 
This brain-body size scaling relationship became known as Haller’s rule almost 
200 years later (Rensch, 1948; Rensch, 1956). The relationship between brain 
size and body size follows a power law function. This function can be described 
as [brain size] = a × [body size]b, using either mass or volume as a measure of  
brain and body size. The power law function becomes linear after logarithmic 
transformation, i.e. log[brain size]=b × log[body size] + log[a]. 

The intercept of  the log-transformed function, described by the constant 
a in Haller’s rule, provides information on relative brain size and the level of  
encephalization of  the animals that are described by the allometric relationship. 
The slope of  the log-transformed function, described by the coefficient b in 
Haller’s rule, determines the shape of  the relationship, i.e. the dependency of  
brain size on body size (Striedter, 2005; Eberhard and Wcislo, 2011). In the case 
of  the situation that is described by Haller’s rule, b is smaller than 1 and the 
brain-body function shows negative allometry. The smaller b is, the stronger the 
negative allometry and the larger the difference in relative brain size between 
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small and large animals. Larger scaling coefficients describe isometry when  
b = 1, which would result in a linear relationship between brain and body size, 
or positive allometry when b > 1, which would result in large animals having 
relatively larger brains than small animals. Scaling coefficients equal or larger 
than 1 have not (yet) been described for brain-body size scaling. 

Brain-body size relationships can be studied at different levels within and 
between species (Figure 2A), and Haller’s rule holds in all of  these comparisons 
(Cheverud, 1982; Shingleton et al., 2007). Scaling coefficients are generally largest 
in comparisons between species (Kruska, 2005; Wehner et al., 2007; Figure 2A). 
These interspecific comparisons can reveal evolutionary patterns in brain-body 
size scaling, and have therefore been named “evolutionary allometry” (black line 
in Figure 2A). When combined with phylogenetic information, these comparisons 
can reveal how brain size evolved between species or taxa. The deviation of  the 
average brain-body size value of  a single species from the general allometric line 
is a measure for species-specific investment in brain tissue. An outlier above the 
allometric line has relatively large brains. 

Intraspecific comparisons can focus on similarly-aged individuals (“static” 
allometry, thick coloured lines in Figure 2A), or on individuals of  different ages 
during development  (“ontogenetic” allometry, thin coloured lines in Figure 2A). 
Ontogenetic allometry can be used to study the growth of  brain tissue during 
development, and to reveal at which time during development neural investment 
occurs. Such analyses can, for example, compare brain development in mammals 
that require much care after birth and those that are more independent, or 
determine the influence of  different developmental conditions on the growth 
of  the brain (Kruska, 2005). Ontogenetic allometry can be more complicated 
to study in insects, because growth rate can vary between larval and moulting 
stages, resulting in shifts in the allometric line (Tammaru and Esperk, 2007).

Static allometry can be used to compare relative brain size of  adult individuals 
within a species. It can determine the effects of  different selective environments 
on brain size, for example by comparing domesticated animals to their wild 
relatives (Kruska, 1996; Stuermer et al., 2003; Burns et al., 2009; Campi and 
Krubitzer, 2010). Such analysis revealed that wild and domesticated mink have 
the same allometric slope, but the intercept of  the domesticated mink is lower 
(Kruska, 1996). A similar result was found in a comparison of  a wild-caught and 
laboratory strains of  Mongolian gerbils (Stuermer et al., 2003). These elevation 
displacements, also called “grade shifts” (Eberhard and Wcislo, 2011), suggest 
that domestication decreased relative brain size, without affecting the strength 
with which brain size scales with body size. 
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Mechanisms underlying Haller’s rule

The phenomenon that is described by Haller’s rule may result from the positive 
correlation between brain size and brain performance, and between brain size 
and metabolic costs. Larger brains can be capable of  higher levels of  cognitive 
performance, but also have higher metabolic costs, whereas small brains may 
be energetically cheaper, but also functionally inferior (Aiello and Wheeler, 
1995; Chittka and Niven, 2009; Eberhard and Wcislo, 2011). This energy-
performance trade-off  of  brain size can be one of  the mechanisms that underlie 
static and evolutionary allometry. A specific amount and size of  neurons, and 
therefore absolute brain size, may be required to achieve a specific level of  brain 
performance (Chittka and Niven, 2009; Eberhard and Wcislo, 2011). To avoid 
loss of  brain performance, smaller animals may develop with similar absolute 
brain sizes as larger animals. These brains are therefore larger relative to body 

Figure 2. The concept of  brain-body size allometry. (A) Theoretic distinction between 
ontogenetic, static and evolutionary allometry. Ontogenetic allometry entails the 
developmental growth of  brain size of  an individual (thin orange, blue and green lines). 
Intraspecific static allometry shows the brain-body size relationship of  adult individuals 
(orange, blue and green dots) within a species (thick orange, blue and green lines). 
Average brain and body size of  a species (black dots) can be used to determine the 
interspecific evolutionary allometric relationship of  that group of  species (black line). 
Evolutionarily miniaturized species (black dot with magenta stroke) have relatively 
large brains due to evolutionary allometry. (B) Due to their relatively large brains, 
evolutionarily miniaturized species experience strong energetic constraints on brain 
size. This may result in very weak allometry with a high static scaling coefficient and 
similar relative brain sizes in small and large conspecifics, at the cost of  reduced brain 
performance. (C) When even the smallest individuals still require a high level of  brain 
performance, cognitive constraints on brain size will result in relatively large brains in 
small conspecifics and there will be strong static allometry.
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size than those of  larger animals, resulting in a low scaling coefficient in Haller’s 
rule. 

Furthermore, small animals have a large body surface relative to body volume. As 
a result, they may need relatively larger numbers of  sensory and motor neurons 
than larger animals. These neurons need to control and be distributed over 
an area rather than volume of  body size, causing the number of  sensory and 
motor neurons in a brain to depend more on body surface than body volume 
(Martin, 1981; Striedter, 2005). This implies that the fraction of  brain volume 
that consists of  sensory and motor neurons scales to body volume allometrically. 
The scaling coefficient of  this fraction should approach 2/3, which is the relation 
between the scaling of  surface area and volume of  objects.

While the requirements for motoric, sensory, and cognitive brain performance 
can set lower limits on brain size in small animals, the high metabolic costs of  
brain tissue simultaneously force animals to economize on brain tissue (Aiello 
and Wheeler, 1995). This prevents brain size from being larger than necessary 
for the required level of  brain performance, resulting in relatively smaller brains 
in larger animals. Through this combination of  selective pressures, the energy-
performance trade-off  of  brain size can cause allometric brain scaling. There 
may be additional developmental constraints that can influence the strength of  
allometric brain scaling. These developmental constraints can be morphological 
(e.g. constraints on head morphology), or energetic (e.g. maternal metabolic rate 
or restrictions that are set by development inside an egg; Martin, 1981; Harvey 
and Krebs, 1990). The balance between all of  these constraints on brain size 
together determine the characteristics of  brain-body size scaling.

Static allometry in evolutionarily miniaturized species

The presence of  negative allometry in evolutionary brain-body size relationships 
implies that small-bodied species have relatively larger brains than species with 
larger body sizes. These small species spend an exceptionally large proportion 
of  their available energy on the development and maintenance of  relatively large 
brains. Small species may consequently experience the energetic constraints of  
brain tissue as a stronger evolutionary pressure than larger species. This can 
differentially shape the characteristics of  intraspecific, static brain allometry of  
small and large species. 

The high metabolic costs of  the brains of  small-bodied species may cause 
energetic costs to play a larger role in static brain scaling dynamics than benefits 
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for brain performance. The smallest individuals of  these small species may form 
smaller brains than expected from the predictions of  Haller’s rule, because the 
need to reduce energetic costs outbalances the requirements for maintained 
brain performance (Figure 2B). This can have negative effects for their level 
of  cognition, sensory perception and motor function. The larger conspecifics 
can allow the higher energetic costs and gain more from optimizing brain 
performance. This would result in weak allometry, with larger static scaling 
coefficients than in larger species. In this situation, small and large animals show 
large differences in absolute brain size, but small differences in relative brain 
size. Brain performance would be the most prominent constraint of  being small, 
because the energetic constraints can drive brain size beyond the functional 
limits. 

An example of  weaker static allometry in smaller individuals is shown by Atta 
colombica ants. Workers of  this species show very large differences in body size, 
which depend on developmental conditions. Small and large workers were found 
to show distinctly different static allometric lines, with differences in slope and 
intercept (Seid et al., 2011). Large A. colombica ants (b = 0.29) scale their brains 
stronger with body size than small A. colombica (b = 0.60). As a result, small 
workers have smaller and energetically cheaper brains than expected from the 
allometric relationship of  large ants.

The other extreme could occur when evolutionarily miniaturized species 
experience strong cognitive constraints. The processes that underlie evolutionary 
allometry may have resulted in small species having an already compromised 
brain, which is minimized in all potentially available options. In this case, the 
constraints on brain performance may outbalance the (already strong) energetic 
constraints (Figure 2C). Small individuals need to heavily invest in brain tissue 
to maintain appropriate cognition, but suffer high energetic costs by doing so. 
This may have negative effects on their fitness, for example through reduced 
fecundity or longevity. Larger conspecifics could develop a much smaller relative 
brain size to achieve a more balanced energy expenditure and increase their 
fitness. As a result, static brain scaling would show strong negative allometry, 
described by a low static scaling coefficient. Small and large conspecifics then 
show very large differences in relative brain size, but can be more similar in brain 
performance. In the case of  such strong brain allometry, the energetic costs of  
brain tissue would be the most prominent constraint of  being small, because 
high energy expenditure compromises fitness of  the smallest individuals. 

Evolutionarily miniaturized species that still require high levels of  cognition 
will experience the strongest constraints on energy expenditure and brain 



Chapter 1

20

1
performance. It is therefore especially interesting to study how the balance 
between energetic and cognitive constraints shaped the dynamics of  static brain 
scaling in these species. The smallest insects on Earth are parasitic wasps from 
the families Mymaridae and Trichogrammatidae (Polilov, 2015), which develop 
inside the eggs of  other insects. This developmental strategy strictly forces them 
to restrict body and brain size. This may drive static brain allometry towards large 
scaling coefficients. However, they simultaneously require a large behavioural 
and cognitive repertoire to find and use their hosts. These high cognitive 
demands may enforce relatively larger brain sizes in the smallest individuals, 
thereby driving brain scaling towards the other extreme. 

In this thesis, I mainly focussed on the miniaturized parasitic wasp Trichogramma 
evanescens (Hymenoptera: Trichogrammatidae). The smallest members of  this 
species can have body lengths of  only 0.3 mm (Fischer et al., 2011). Despite 
these small sizes, these wasps are capable of  olfaction, colour vision, flight, 
courtship behaviour, and determining the number and sex of  offspring, but also 
more complex traits such as hitch-hiking behaviour, associative learning, and 
formation of  long-term memory (Suzuki et al., 1984; Dutton and Bigler, 1995; 
Pompanon et al., 1997; Keasar et al., 2000; Huigens et al., 2004; Fatouros et al., 
2005; Huigens et al., 2009; Huigens et al., 2010; Huigens et al., 2011; Kruidhof  
et al., 2012). Even the smallest T. evanescens need complex behaviour to locate and 
exploit their hosts, and this could require a relatively larger brain, as predicted 
by Haller’s rule. However, such a large brain size may be energetically too costly. 
How do the smallest wasps deal with this trade-off? Do they compromise 
energetically, by developing into small adults with oversized brains that generate 
all required cognitive abilities at the cost of  substantial energetic investments? 
Or do they compromise cognitively, by forming undersized, economical brains 
that are unable to generate the same level of  brain performance as of  their larger 
conspecifics? 

Objective and hypotheses

The aim of  this thesis was to find out how evolutionary pressures on cognition 
and energetic costs shaped the characteristics of  static brain-body size scaling 
in evolutionarily miniaturized parasitic wasps. Specifically, I investigated 
intraspecifically if  these wasps scale their brains in a way that optimizes 
performance or minimizes energy expenditure, as reflected by respectively a very 
low or very high scaling coefficient. For this first objective, I excluded genetic 
variation in relative brain size that may obscure the brain-body size relationship, 
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and focussed solely on phenotypic plasticity in body and brain size. I studied 
which adaptations in neural morphology underlie static brain scaling, and how 
static brain scaling affects cognitive performance of  small and large individuals. 
Finally, I wanted to find out how the genetic component of  brain size affects 
neural complexity and cognitive brain performance. For this final objective, I 
solely focussed on genetic variation in relative brain size, by limiting phenotypic 
plasticity in body size to exclude the effects of  brain-body size scaling.

I expected that evolutionary pressures on cognition and energetic costs strongly 
affect brain-body size scaling in evolutionarily miniaturized parasitic wasps. The 
small size of  both the wasps and their hosts restricts the investment in brain 
tissue, whereas the cognitive requirements to find and use their hosts restrict 
the compromises that can be made to the size and complexity of  the brain. I 
hypothesized that requirements for brain performance, which are vital for host-
finding and therefore reproduction, outbalance the need to reduce energetic 
costs in the smallest wasps. This should result in very strong negative allometry, 
i.e. brain sizes that are relatively large in the smallest individuals. 

I also expected that both brain morphology and brain performance are affected 
by differences in brain size, both when these result from static brain-body size 
scaling (i.e. genetically identical small and large conspecifics), and from genetic 
variation in relative brain size (i.e. similarly-sized conspecifics with relatively large 
and relatively small brains). I hypothesized that differences in brain size affect 
the size and the number of  neurons and functional neuropil components, and 
the relative size of  neuropil areas. Differences in brain size can also affect neural 
and cognitive performance, as reflected for instance in their ability to learn and 
remember. I therefore hypothesized that wasps with larger brains have a better 
ability to learn odours and colours, and remember them for a longer period of  
time. 

 

Approach

Throughout this thesis, I used two species of  parasitic wasps: the miniaturized 
Trichogramma evanescens and the larger-sized Nasonia vitripennis. Body size of  these 
parasitic wasps depends on the size of  their host and the number of  parasitoid 
larvae that develop inside the same host. This scramble competition results in a 
large variation in body size, even within genetically identical isofemale lines.

Trichogramma evanescens is extremely small: the smallest members of  the species 
can have body lengths of  only 0.3 mm (Fischer et al., 2011). This wasp develops 
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inside eggs of  butterflies and moths. These eggs can be very small, which may 
have enforced the evolution of  restricted body sizes in T. evanescens. There are 
some species of  egg parasitoids that reach even smaller body lengths (Polilov, 
2015), but the level of  behavioural and cognitive complexity of  these insects is 
unknown. Trichogramma evanescens is the smallest insect with a known complex 
behavioural and cognitive repertoire that includes hitch-hiking behaviour, 
associative learning, and formation of  long-term memory after a single egg-
laying experience (Huigens et al., 2004; Fatouros et al., 2005; Huigens et al., 
2009; Huigens et al., 2010; Huigens et al., 2011; Kruidhof  et al., 2012). These 
complex traits are performed by a miniaturized brain of  approximately 37,000 
neurons (Polilov, 2012). 

Nasonia vitripennis parasitises fly pupae that are found in manure, carcasses and 
birds’ nests (Darling and Werren, 1990). This species performs well in olfactory 
learning trials, and forms long-term memory after a single experience with a 
suitable host (Hoedjes et al., 2012; Schurmann et al., 2012). It is a well-studied 
genetic model organism with a sequenced genome (Werren and Loehlin, 2009; 
Werren et al., 2010), and available information on brain morphology (Haverkamp 
and Smid, 2014). A large advantage of  this species for my study is the availability 
of  a homozygous strain (Werren and Loehlin, 2009), and a genetically variable 
population (van de Zande et al., 2014). This enabled me to focus on the effects 
of  both phenotypic plasticity and genetic variation in my study. 

In this thesis, I exploited two complementary approaches, which enabled me 
to investigate the neuroanatomical and cognitive effects of  both static brain-
body size scaling and genetic variation in relative brain size. First, I induced 
phenotypic plasticity in body size, using isofemale strains of  genotypically 
identical parasitic wasps. This approach allowed me to exclude genetic variation 
in brain size that may obscure the static brain-body size scaling relationship. 
I studied the characteristics of  static allometry in the miniaturized wasp T. 
evanescens, and revealed how this brain-scaling strategy affects neuroanatomy. I 
also used this approach to study the effects of  static brain-body size scaling 
on memory retention abilities. For this objective, I compared small and large 
conspecifics of  evolutionarily miniaturized T. evanescens and of  the larger parasitic 
wasp N. vitripennis.

Complementary to this approach, I used bidirectional artificial selection to 
create selection lines of  parasitic wasps that show genetic variation in relative 
brain size. I minimized variation in body size, which allowed me to exclude the 
effects of  phenotypic plasticity on the size, morphology and performance of  the 
brain. I used this approach to study the effects of  relative brain size on memory 
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retention, neuroanatomy and longevity in N. vitripennis. The combination of  
inducing phenotypic plasticity in body size in isofemale lines and inducing 
genetic variation in relative brain size in selection lines provided me with the 
required tools to distinguish between the effects of  plastic variation in both 
brain size and body size, and genetic variation in brain size under maintained 
body size. This enabled me to find out what neural modifications underlie brain 
scaling (e.g. variation in neuron size, neural complexity or neuropil size), and 
what their consequences are for performance (e.g. memory retention, olfaction 
and longevity).

Thesis outline

In Chapter 2, I address how evolutionary pressures shaped the characteristics 
of  brain scaling in T. evanescens wasps. Evolutionary pressures to maintain brain 
performance and host-finding abilities, may outbalance the need to reduce 
energetic expenditure of  brain tissue in the smallest parasitic wasps. The 
miniaturized wasp T. evanescens may consequently show relatively large brains at 
the smallest body sizes. I created a large variation in body size in genotypically 
similar T. evanescens, and determined their brain and body size. Because the wasps 
are too light to weigh accurately, I measured brain and body volume using tissue 
clearing procedures, confocal laser scanning microscopy and 3-dimensional 
modelling software. These were used to determine the allometric strength of  
brain-body size scaling.  

In the next four chapters, I studied how the results of  Chapter 2 affect morphology 
and performance of  small and large T. evanescens. In Chapter 3,  I address this 
on neuropil level, by studying the neuroanatomical adaptations to the olfactory 
system that occur with brain scaling in T. evanescens. I used a combination of  
immunofluorescence staining and confocal laser scanning microscopy to 
visualize glomeruli in the antennal lobes, and compared the number and size 
of  these glomeruli between small and large wasps. I used scanning electron 
microscopy to study olfactory sensilla on the antennae. I counted the sensilla of  
different types, measured them and mapped their location on the final antennal 
segment. These results revealed if  plasticity in brain and body size required 
specific adaptations to the complexity of  the olfactory system.  

In Chapters 4 and 5, I studied the neural consequences of  brain miniaturization 
and intraspecific variation in brain size on neuron level. In Chapter 4, I compared 
neural complexity in T. evanescens to other, larger insects. I aimed to find out if  
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miniaturization of  the species T. evanescens required adaptations to the complexity 
of  neural networks, or if  the wasps only adapted neuron size. I focussed on a 
subset of  neurons, i.e. those that produce octopamine, dopamine or serotonin. I 
used immunofluorescence staining in combination with confocal laser scanning 
microscopy to reveal neuron clusters in T. evanescens, and compared the number 
and size of  cell bodies to those that have been described in other species. I 
further elaborate on this work in Chapter 5, by comparing adaptations to these 
same neuronal networks between small and large T. evanescens. This revealed if  
intraspecific brain scaling is facilitated by plasticity in neuron numbers, neuron 
size, or both.

I address the effects of  static brain-body size scaling on cognition in Chapter 6. 
In this chapter, I studied both T. evanescens, and the larger parasitic wasp species 
N. vitripennis. I manipulated body size of  genotypically similar wasps of  both 
species by adapting the level of  scramble competition in their hosts. I used single 
visual and olfactory conditioning trials to compare their memory retention over 
time. Differences in brain-scaling strategies and level of  miniaturization between 
these two species could have resulted in differences in the body-size effects on 
memory retention. The results of  this chapter revealed if  having small brains 
compromises learning abilities.

In Chapter 7, I address the genetic component of  relative brain size, which I 
excluded in the previous chapters. Relative brain size can determine the fraction 
of  neurons that is assigned to different neural processing areas and tasks. A 
relatively large brain may show improved cognitive abilities, but may also be 
costly due to the large amount of  energy that brain tissue requires. I created 
selection lines of  N. vitripennis wasps that genetically differ in brain-body size 
ratio, and limited phenotypic plasticity in body size. This allowed me to study 
the effects of  genetic variation in relative brain size on cognition, longevity and 
relative neuropil composition. 

Finally, I integrate the findings of  all previous chapters in a general discussion 
of  my work in Chapter 8. I aimed to answer the main questions of  my thesis 
in this final chapter. I focussed on the evolution of  differences in brain-scaling 
strategies, on neuroanatomical and cognitive consequences of  different brain-
scaling strategies, the consequences of  miniaturization of  body and brain size, 
and compared the consequences of  variation in brain size due to brain-scaling 
and due to genetic variation in relative brain size. I conclude with some future 
perspectives.
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Abstract

Throughout the animal kingdom, Haller’s rule holds that smaller individuals 
have larger brains relative to their body than larger-bodied individuals. Such 
brain-body size allometry is documented for all animals studied to date, ranging 
from small ants to the largest mammals. However, through experimental 
induction of  natural variation in body size, and 3D reconstruction of  brain 
and body volume, we here show an isometric brain-body size relationship 
in adults of  one of  the smallest insect species on Earth, the parasitic wasp 
Trichogramma evanescens. The relative brain volume constitutes on average  
8.2% of  the total body volume. Brain-body size isometry may be typical 
for the smallest species with a rich behavioural and cognitive repertoire: 
a further increase in expensive brain tissue relative to body size would be 
too costly in terms of  energy expenditure. This novel brain scaling strategy 
suggests a hitherto unknown flexibility in neuronal architecture and brain 
modularity. 
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Introduction

Across and within all animal species investigated so far, Haller’s rule holds that 
smaller animals have proportionally larger brains than larger-bodied forms 
(Rensch, 1948). In a double logarithmic plot, such an allometric brain-body 
size relationship is described by a straight line with a slope (the brain scaling 
coefficient b) smaller than 1. When b is smaller, the discrepancy in relative brain 
size between different-sized animals is larger. Brain-body size allometries that 
have been reported to date range from a within-species b = 0.20 for a tiny ant 
species to a between-species b = 0.77 for mammals, with a tendency of  within-
species coefficients to be smaller (Figure 1A; Martin, 1981; Wehner et al., 2007; 
Riveros and Gronenberg, 2010; Eberhard and Wcislo, 2011; Seid et al., 2011). In 
various species of  ants, for example, intraspecific coefficients have been found 
to range between 0.20 – 0.40, whereas the interspecific coefficient based on 
mean brain and body mass of  the same species is 0.57 (Wehner et al., 2007). In 
very small animals, brain-body size allometry implies that brain size becomes 
a limiting factor of  body miniaturization because costs for development and 
maintenance of  energetically expensive brain tissue (Aiello and Wheeler, 1995) 
will become an excessively high burden with increasing relative brain size (Kaas, 
2000; Beutel et al., 2005; Grebennikov, 2008; Polilov and Beutel, 2009; Polilov, 
2012). 

In this study, we investigate the brain-body size relationship in minute (~0.3 – 
0.7 mm long) parasitic Trichogramma evanescens wasps that complete their entire 
development inside eggs of  butterflies and moths. Body volume can vary up 
to a factor 7 (see below) between genotypically identical wasps (Figure 1B and 
2A), depending on the size of  a host egg, and number of  immatures developing 
inside it. Their brains are exquisitely miniaturized (Ø = 0.16 – 0.33 mm), and are 
thus only marginally larger than a single pyramidal motor neuron (Betz cell) in 
the human brain (Rivara et al., 2003). Nonetheless the wasps’ brains constitute 
a large proportion of  body volume (Table 1). The extreme small brain size in 
this species, however, does not seem to affect their behavioural performance. 
Female Trichogramma wasps, even the small phenotypes, display a rich behavioural 
and cognitive repertoire similar to much larger insects, including flight, walking, 
courtship, deciding over size and sex of  their progeny, vision, olfaction, learning, 
and long- and short-term memory formation (Suzuki et al., 1984; Dutton and 
Bigler, 1995; Pompanon et al., 1997; Huigens et al., 2000; Keasar et al., 2000; 
Huigens et al., 2004; Fatouros et al., 2005; Fatouros et al., 2008; Huigens et al., 
2009; Huigens et al., 2010; Huigens et al., 2011; Fatouros et al., 2012; Kruidhof  
et al., 2012). For example, to find suitable host eggs in nature, even small female 
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Figure 1. Brain-body size relationship in T. evanescens wasps. (A) Allometric within-
species brain scaling coefficients b in the bumblebee Bombus occidentalis, the ants 
Atta colombica, Camponotus japonicus, Camponotus obscuripes, Cataglyphis bicolor, Cataglyphis 
mauritanica, Cataglyphis viatica and Formica japonica, compared to T. evanescens. (B) Two 
phenotypically very different sized, but genotypically almost identical, T. evanescens sisters 
(from iso-female strain GD011) parasitising an egg of  the butterfly Pieris rapae (Photo 
N. E. Fatouros, www.bugsinthepicture.com). (C) 3D reconstruction of  brain and body 
volume of  a female wasp using AMIRA software. (D) Double logarithmic plot of  brain 
versus body volume with the slope of  the straight line representing the nearly isometric 
coefficient b = 0.96 (n = 87, r2 = 0.900). 1 data from Wehner et al. (2007), 2 data from 
Riveros and Gronenberg (2010), 3 data from Seid et al. (2011), 4 data from this study.
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T. evanescens wasps that developed in small host eggs can learn to respond to 
pheromones emitted by mated (and thus egg-laying) female butterflies. The 
wasps mount butterflies and when they hitch a single ride on a mated female 
butterfly that leads to an oviposition into freshly laid butterfly eggs, they learn to 
associate the butterfly’s pheromones to the reward of  fresh host eggs. After such 
a rewarding hitch-hiking experience, the wasps form either shorter or longer-
lasting memory depending on the reward value constituted by the butterfly eggs 
(Huigens et al., 2009; Huigens et al., 2010; Kruidhof  et al., 2012). These complex 
behavioural traits are essential to find and parasitise suitable host eggs in nature 
and might require a certain, minimal brain size. 

We hypothesized that T. evanescens has reached the limits of  brain scaling so 
that smaller wasps cannot further reduce brain size without compromising brain 
performance required for their complex parasitic lifestyle. In line with previous 
studies, we therefore expected to find a coefficient b within or even smaller than 
the 0.2 – 0.4 range documented for tiny insect species (Figure 1A; Wehner et al., 
2007; Riveros and Gronenberg, 2010; Seid et al., 2011).

 
Materials and methods

Wasp size variation 

To determine the relationship between brain and body volume, female 
Trichogramma evanescens Westwood wasps (Hymenoptera: Trichogrammatidae) of  
three iso-female strains (the genotypes GD011, GD025 and GD034) were used. 
The three females that were used to initiate the strains were collected in 2006 
from a cabbage field close to the city of  Wageningen, the Netherlands. Since 
then, the strains were cultured in small host eggs of  the Mediterranean flour 
moth Ephestia kuehniella in a climate room (22 ± 1°C, 50 – 70% rh, L16:D8; 
developmental time from egg to adult wasp is ±11 days). Wasps of  different 
sizes were reared by allowing female wasps to lay 1 – 2 eggs in E. kuehniella eggs 
(resulting in the smallest offspring) or to lay 1 – 4 eggs in larger host eggs of  
the cabbage moth Mamestra brassicae (Table 1, Figure 2). To obtain the largest 
offspring, female wasps were given the opportunity to lay only one fertilized 
(female) egg in a M. brassicae egg by observing their ovipositing behaviour as 
described previously (Suzuki et al., 1984; Huigens et al., 2000; Huigens et al., 
2004). The obtained variation in body size was representative for the variation in 
body size found in nature.  
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Preparing wasps for confocal laser scanning microscopy 

Wasps were fixed overnight in a mixture of  4% formaldehyde in 50% methanol 
in 0.1M phosphate buffer at neutral pH (Brandt et al., 2005). Fixation was 
followed by rinsing 3 times in 70% ethanol and subsequent dehydration in 
graded series of  ethanol (5 minutes of  90%, 96% and twice in 100% ethanol). 
Wasps were cleared in pure xylene for approximately 20 minutes and antennae, 
legs and wings were removed. Heads and bodies were separated and mounted in 
DePeX (Fluka) on the same microscope glass, heads with the neck and bodies 
with the lateral part facing towards the coverslide (Brandt et al., 2005).

Volume measurements 

Objects were scanned with a Zeiss LSM 510 confocal laser scanning microscope 
(CLSM) using a 488 nm wavelength argon laser (Smid et al., 2003; Bleeker et 
al., 2006). A Plan-Neofluar 40× oil-immersion objective was used for the heads 
and a Plan-Apochromat 10× lens for the bodies. To correct for refractive index 
mismatch between the oil-immersion lens and the dry lens, we used a correction 
factor of  1.6 for the z-axis of  the body preparations (Brandt et al., 2005). 
Transparent properties of  the cuticle allowed for complete scanning through 
the entire depth of  the tissues. Digital image stacks were saved and analysed 
using AMIRA 5.3 software (Visage Imaging GmbH; Brandt et al., 2005). Brains 
and bodies were traced using the segmentation editor and converted to labelled 
datasets. Parts of  the optic lobes were invisible because of  eye pigments; the 
inner linings of  the cuticle in these regions were used as boundaries. Microtome 
sections of  T. evanescens heads observed by conventional light microscopy 
confirmed that optic lobes were indeed tightly connected to the head capsule (not 
shown). Labelled datasets were subsequently converted to 3D reconstructions 
(Figure 1C) and volumes were calculated by the material statistics option in the 
software. To calculate the entire body volume, head volume was taken together 
with the volume of  thorax and abdomen. Body length was measured from the 
start of  the thorax to the tip of  the abdomen with the 3D line-measuring tool 
in AMIRA. 

Statistical analysis 

The natural logarithms of  brain volume and body volume were used to obtain 
the brain-body size relationship. Model II type regressions, i.e. (standardized) 
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major axis, are more appropriate than linear regression for determining allometric 
relationships, in which both X and Y values are measured with error. The aim 
of  the model is to summarize the relationship instead of  predicting values 
(Warton et al., 2006). We used standardized (reduced) major axis regression 
because it produces confidence intervals with a higher precision than major axis 
regression. All regression analyses were performed in the SMATR package for R 
(Falster et al., 2006). This software was used to calculate regression coefficients 
with confidence intervals, and to determine whether the slope of  the regression 
line (the brain scaling component b) significantly deviated from 1 (isometric 
brain-body volume relationship) or not. Also, likelihood ratio analyses were 
performed to test for a common slope among regression lines of  different 
genotypes and moth host species. When a common slope was found, SMATR 
was subsequently used to test for differences in elevation among the different 
regression lines. This determines the effect of  genotype and host species on the 
brain-body volume relationship as ANCOVA does for linear regression (Warton 
et al., 2006). We used an independent-samples Kruskal-Wallis test to compare 
body length, brain volume, body volume, and relative brain volume between 
genotypes. An independent-samples Mann-Whitney U test was used to compare 
the same proxies for brain and body size between wasps developing from either 

A B

Figure 2. Effect of  genotype and host species on the brain-body volume relationship 
in T. evanescens wasps. (A) Wasps belonging to the three iso-female T. evanescens strains 
(genotypes) GD011 (red; n = 29, r2 = 0.929), GD025 (green; n = 29, r2 = 0.930) and 
GD034 (purple; n = 29, r2 = 0.894). (B) Wasps emerging from eggs of  E. kuehniella 
(red; n = 29, r2 = 0.797) or M. brassicae moths (green; n = 58, r2 = 0.874). The slope of  
a straight line represents the brain scaling coefficient b.
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E. kuehniella eggs or M. brassicae eggs. All statistical tests were performed at 
α = 0.05 in R 2.15.

Results

In our wasp sample, body length varied substantially (0.286 – 0.624 mm, 
Table 1). We found absolute body volume to vary by a factor of  7.01 
(2,522,829 – 17,688,651 μm3, corresponding in theory (based on water) to a 
weight of  0.0025 – 0.018 mg) whereas absolute brain volume varied by a factor 
of  5.14 (257,547 – 1,326,117 μm3). Brain volume constituted on average 8.2% 
of  body volume (Table 1), with a maximum of  10.9%, which is much greater 
than the 2.9% for another, even slightly smaller, trichogrammatid wasp species, 
Megaphragma mymaripenne (with a body length of  ~0.2 mm; Polilov, 2012). Plotting 
brain volume against body volume after logarithmic transformation showed, in 
sharp contrast to what we expected, that b was on average 0.96 (Figure 1D). 
This is, to the best of  our knowledge, the highest such coefficient ever found 
in any animal taxon. This scaling coefficient b is not significantly different 

Table 1. Scaling coefficients b with confidence intervals and proxies for brain and body 
size in T. evanescens wasps depending on their genotype and the host species in which 
they developed. 

BodyL = body length, BrainV = brain volume, BodyV = body volume, Rel. BrainV 
= relative brain volume ((brain volume / body volume) × 100), CI = 95% confidence 
interval. Means are given ± SD. a,b,c indicate significant differences between genotypes 
or host species. *** p < 0.001.

n BodyL 
(μm)

BrainV  
(μm3)

BodyV  
(μm3)

Rel. BrainV 
(%) 

b CI for b

Genotype
GD011 29 447 ± 76 a 7.2 ± 2.9 × 105 a 9.3 ± 4.1 × 106 a 7.9 ± 0.8 a 0.959 a 0.864 – 1.065***
GD025 29 448 ± 91 a 6.8 ± 2.9 × 105 a 8.7 ± 4.2 × 106 a 8.2 ± 1.2  a 0.850 b 0.766 – 0.943***
GD034 29 447 ± 65 a 6.8 ± 2.9 × 105 a 7.9 ± 3.0 × 106 a 8.5 ± 1.2 a 1.182 c 1.040 – 1.344***

Host

E. kuehniella 29 390 ± 38 a 4.7 ± 1.2 × 105 a 5.7 ± 1.3 × 106 a  a8.2 ± 1.0 1.115 a 0.934 – 1.331***
M. brassicae 58 458 ± 72 b 7.4 ± 2.7 × 105 b 9.7 ± 4.0 × 106 b a7.8 ± 1.1 0.921 a 0.838 – 1.013***

Total 87 448 ± 77 6.9 ± 2.9 × 105 8.6 ± 3.8 × 106 8.2 ± 1.2 0.961 0.897 – 1.029***
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from 1 (r85 = -0.126, p = 0.247), indicating an isometric relationship between 
brain and body size. Common slope tests revealed no significant deviations of  
the scaling coefficients of  the different moth host species from the mean b 
of  0.96 (χ2

1 = 3.516, p = 0.061, Figure 2B). This homogeneity of  regression 
slopes allowed comparisons of  elevations, which showed that moth host species 
did not significantly affect the brain-body volume relationship (χ2

1 = 0.049, 
p = 0.825). There was a small, but significant difference in slopes between the 
three genotypes (χ2

2 = 14.3, p < 0.001, Figure 2A). This implies that although the 
b values of  the three genotypes all approach 1 (ranging between 0.85 and 1.18, 
Table 1), there is an effect of  genotype on the brain-body size relationship.

Discussion

An isometric brain-body size relationship in extremely miniaturized animals with 
a rich sensory and behavioural repertoire, such as T. evanescens, is in contrast 
to what was expected from previous applications of  Haller’s rule. A trade-
off  between brain performance and energetic costs of  having a large brain 
may explain this: a further increase in relative brain size may be too costly for 
this wasp species in terms of  energy expenditure (Aiello and Wheeler, 1995; 
Chittka and Niven, 2009; Navarrete et al., 2011). Although very small beetles, 
strepsipterans and spiders can partially or completely relocate nervous tissue to 
other body parts to prevent the formation of  an excessively large brain (Beutel 
et al., 2005; Polilov and Beutel, 2009; Eberhard and Wcislo, 2011; Quesada et 
al., 2011), this does not overcome the high energetic costs of  maintaining a 
relatively large central nervous system (CNS). It therefore seems unlikely that 
T. evanescens displays a strong allometric relationship between whole CNS size 
and body size, even though such CNS – body size allometries were recently 
found for orb-weaving and cleptoparasitic spiders (Quesada et al., 2011).

We used iso-female strains to reduce genotypic variation that might obscure 
the brain-body size relationship. It is unlikely that the use of  these iso-female 
strains caused the isometric relationship found in this study, because genes 
that affect the structure of  the brain would be expected to determine numbers 
and morphology of  all neurons in the brain, which ultimately would result in a 
brain of  a certain absolute size. Thus, a fixed genotype would be expected to 
determine a more constant absolute brain size. The unique variation that we 
found in absolute, but not in relative brain size within a genotype can only be 
explained by a yet unknown flexibility in size, morphology and/or number of  
neurons, and potentially even in brain modularity (compartmentalisation; Kaas, 
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2000). This suggests the presence of  specific plasticity genes that facilitate an 
unusually high level of  plasticity in neuron numbers and/or neuron properties. 

A recent estimate suggests that the adult brain of  T. evanescens has 37,000 
nucleated neurons (Polilov, 2012), 8 times more than the approximately 4600 
neurons in the adult brain (and ~7400 in the whole CNS) of  a related parasitic 
wasp species, M. mymaripenne. In that study by Polilov (2012), it was estimated 
that the brain volume of  M. mymaripenne was on average ~13× smaller than in 
T. evanescens (corresponding body size of  T. evanescens not known), suggesting 
that the average volume per neuron was higher in T. evanescens. Of  these 4600 
neurons in the brain of  M. mymaripenne, however, approximately 95% were 
anucleate neurons, of  which the somata were almost twice as small as those of  
the (< 300) nucleated neurons in the adult brain (Polilov, 2012). This suggests 
that nucleated neurons must be relatively small in T. evanescens when compared 
to nucleated neurons of  other insects, including M. mymaripenne. A benefit of  
smaller neurons over larger ones is that they are energetically less expensive 
both at rest and whilst signaling (Niven and Laughlin, 2008), and may be packed 
more densely (Beutel et al., 2005). Biophysical theory and stochastic simulations 
indicate that neurite diameter can, however, not be reduced much below 0.1 μm 
because channel noise would disrupt communication (Faisal et al., 2005). The 
smallest diameters of  neuron cell bodies documented for minute insects so far 
are 2 – 3 μm, possibly because neuron cell body diameter is restricted by the size 
of  the nucleus (Grebennikov, 2008; Eberhard and Wcislo, 2011; Quesada et al., 
2011). Interestingly, adult M. mymaripenne seem to have solved the latter problem 
by having anucleate neurons (Polilov, 2012). The question remains whether such 
anucleate neurons are as functional as nucleate neurons.  

In conclusion, the isometric brain – body size relation found in T. evanescens 
suggests a strong constraint on the upper limit of  relative brain size in extremely 
miniaturized insects. This is most likely an energetic limitation that determines 
a constant, relative brain size by preventing an increase of  the brain – body size 
ratio in the smallest individuals. Since their complex behaviour sets a strong 
constraint on minimal cognitive performance as well, we expect that specific 
genes have evolved to facilitate extreme plasticity in absolute brain size by 
adjusting the number and/or properties of  neurons. The use of  tiny parasitic 
wasps that display brain isometry and a large variation in body size provides 
unique opportunities to study physical constraints on the smallest dimensions 
of  neurons and adaptations in brain modularity, and the consequences on 
behaviour.
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Abstract 

While Haller’s rule states that small animals have relatively larger brains, 
minute Trichogramma evanescens Westwood (Hymenoptera: Trichogrammatidae) 
parasitic wasps scale brain size linearly with body size. This linear brain 
scaling allows them to decrease brain size beyond the predictions of  Haller’s 
rule, and is facilitated by phenotypic plasticity in brain size. In the present 
study, we addressed whether this plasticity resulted in adaptations to the 
complexity of  the morphology of  the olfactory system of  small and large 
T. evanescens. We used confocal laser scanning microscopy to compare size 
and number of  glomeruli in the antennal lobe in the brain, and scanning 
electron microscopy to compare length and number of  olfactory sensilla 
on the antennae. Results show a similar level of  complexity of  the olfactory 
system morphology of  small and large wasps. Wasps with a similar genotype 
but very different brain and body size have similarly sized olfactory sensilla 
and most of  them occur in equal numbers on the antennae. Small and 
large wasps also have a similar number of  glomeruli in the antennal lobe. 
Glomeruli in small brains are, however, smaller in both absolute and relative 
volume. These similarities between small and large wasps may indicate that 
plasticity in brain size does not require plasticity in the gross morphology 
of  the olfactory system. It may be vital for wasps of  all sizes to have a 
large number of  olfactory receptor types, to maintain olfactory precision in 
their search for suitable hosts, and consequently maintain their reproductive 
success and Darwinian fitness.
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Introduction

Small animals have larger brains relative to their body size than large animals. 
This phenomenon is known as Haller’s rule, and applies to vertebrate and 
invertebrate species (Rensch, 1948). The relationship between brain weight and 
body weight follows a power law, in which the exponent (the scaling coefficient) 
determines how brain size scales with body size. Scaling coefficients smaller than 
1 result in the negative allometry that is described by Haller’s rule. The closer 
a scaling coefficient is to 0, the stronger relative brain size increases in smaller 
animals. 

Haller’s rule generally holds for interspecific (Pagel and Harvey, 1989; Harvey 
and Krebs, 1990; Wehner et al., 2007; Isler et al., 2008) and intraspecific (Kruska, 
1996; Stuermer et al., 2003; Wehner et al., 2007; Riveros and Gronenberg, 2010; 
Gonda et al., 2011; Seid et al., 2011) comparisons. Scaling coefficients, however, 
tend to be much smaller in intraspecific comparisons than in interspecific 
comparisons (Kruska, 2005; Wehner et al., 2007; Isler et al., 2008; Seid et al., 
2011). This shows that small-bodied species have relatively larger brains than 
large-bodied species, but that relative brain size increases much stronger with 
decreasing body size within the same species. 

The need for relatively larger brains in small animals may be caused by a requirement 
for a certain number and size of  neurons and their projections for adequate 
brain performance (Chittka and Niven, 2009; Eberhard and Wcislo, 2011). If  
the size and complexity of  a neural network are reduced below a threshold of  
functional network size, smaller brains could suffer from an unwanted loss of  
cognitive and behavioural complexity (Kaas, 2000; Faisal et al., 2005). The costs 
of  maintaining a larger brain are mainly energetic, because brain tissue has a 
high metabolic activity (Aiello and Wheeler, 1995). Small animals consequently 
spend a larger proportion of  their energy on maintaining their (relatively large) 
brains than large animals. These costs increase with increasing relative brain size, 
and may at some point outweigh the benefits of  maintained brain performance. 
Unaffordable energetic costs of  larger relative brain sizes may eventually limit 
the evolution towards smaller absolute body sizes (Eberhard and Wcislo, 2011). 

So far, the only known species that does not scale brain size according to the 
predictions of  Haller’s rule is Trichogramma evanescens Westwood (Hymenoptera: 
Trichogrammatidae; Chapter 2). These are minute (~0.5 mm long) parasitic 
wasps that develop from egg to adult inside the eggs of  butterflies and moths. 
The size of  adult Trichogramma wasps depends on the size of  the host eggs in 
which they developed, and on the number of  conspecifics developing inside 



Chapter 3

42

3

these eggs. This developmental strategy can cause scramble competition that 
results in strong phenotypic plasticity in body size: body length of  genetically 
identical adult females can range between 0.3 – 0.6 mm (Chapter 2). Interestingly, 
T. evanescens of  very different body sizes show a unique, linear relationship 
between body and brain volume (Chapter 2). This indicates that, in contrast to 
the predictions of  Haller’s rule, wasps of  all body sizes have the same relative 
brain volume. Brain volume in this species is on average 8.2% of  body volume 
(Chapter 2), which is rather large compared to larger animals (Mares et al., 2005; 
Roth and Dicke, 2005). The energetic costs of  this relatively large brain are 
expected to be very high, and may prevent small wasps from forming an even 
larger brain as would be expected from Haller’s rule. Maintaining relative brain 
size may therefore be a strategy required for extreme body miniaturization. 

Trichogramma evanescens wasps rely on cognitive and olfactory abilities to find 
and use suitable host eggs. As a result these abilities are vital for the wasps’ 
reproductive success and Darwinian fitness. Female wasps have been shown to 
mount mated female butterflies and hitch-hike to the place where the butterflies 
will lay their eggs (Fatouros et al., 2005). The wasps can form short- and long-
term memory of  these events by associating butterfly pheromones that they 
experienced during the hitch-hiking phase with the reward of  an oviposition 
in butterfly eggs (Huigens et al., 2009; Kruidhof  et al., 2012). The wasps show 
more behaviours that require complex sensory and cognitive abilities, including 
vision, flight, and responding to sex pheromones of  conspecifics and plant-cues 
induced by butterfly oviposition (Dutton and Bigler, 1995; Pompanon et al., 
1997; Keasar et al., 2000; Pashalidou et al., 2010; Fatouros et al., 2014). 

The wasps probably experience strong evolutionary pressures on cognition 
and miniaturization, which drive them to develop in small lepidopteran host 
eggs while maintaining the cognitive abilities to locate suitable hosts. The large 
relative brain size in large and small wasps suggests that a large investment in 
neural tissue is necessary to maintain their complex behavioural and cognitive 
repertoire. A reduction of  sensory detection and neural processing abilities 
could have consequences for the wasps’ behaviour, and ultimately their fitness. 

An important implication of  linear brain scaling is that it results in exceptionally 
small brains in the smallest individuals. Animals that scale their brains in 
accordance with Haller’s rule form relatively larger brains at smaller body sizes, 
whereas linear brain scaling results in maintained relative brain size. This indicates 
that T. evanescens wasps display a level of  brain size plasticity that is higher than 
in other species that have been investigated so far. 
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Linear brain scaling in T. evanescens is facilitated by plasticity in brain size: there 
can be a 5-fold difference in brain volume of  genetically identical adult females 
(Chapter 2). There are two possible strategies through which the wasps could have 
accomplished this plasticity: through plasticity in neuron size while maintaining 
neural complexity, or through plasticity in the complexity of  neural network 
structure by changing the number of  neurons and their arborisations. Plasticity 
in neuron size, however, is limited by the minimum size neurons need to have 
to be functional. A reduction of  axon diameter results in reduced neural firing 
rates because less space is available for energy-providing mitochondria (Perge et 
al., 2012). Axons with diameters below 0.1 µm malfunction because they cannot 
compensate for noise in the ionic membrane current, which is caused by random 
opening and closing of  ion channels (Faisal et al., 2005). The smallest size of  
a neural cell body is determined by the size of  its organelles. The majority of  
this volume is determined by the size of  the nucleus, which in turn depends on 
genome size (Gregory, 2001). Cell body diameters as small as 1 – 2 µm have 
been recorded in insects (Beutel et al., 2005; Makarova and Polilov, 2013). It 
may be possible to form even smaller cell bodies by forming anucleate neurons; 
a strategy that is applied by the minute parasitic wasp Megaphragma mymaripenne 
(Polilov, 2012). In this insect 95% of  the neural nuclei undergo lysis during 
the pupal stage, resulting in a functional nervous system consisting of  mainly 
anucleate neurons. 

The second strategy through which T. evanescens could have accomplished the 
observed plasticity in brain size, is through plasticity in the complexity of  its 
neural networks. Specific plasticity genes could enable variation in neuron 
numbers, neuropil composition and complexity of  neural arborisations. This 
neural plasticity could respond to the developmental conditions that cause 
variation in body size, i.e. the space and nutrition that is available inside the 
host egg (Lanet and Maurange, 2014). Such plasticity in neural complexity could 
result in simpler brain structures in small T. evanescens, and more complex ones 
in larger individuals. 

The insect olfactory system is exceptionally well suited for studies of  neural 
plasticity. On the olfactory antennal sensilla, odour molecules contact olfactory 
receptor proteins on dendrites of  olfactory receptor neurons. These olfactory 
receptor neurons project to the antennal lobe in the brain, where neurons 
expressing similar receptor types synapse with projection- and interneurons in 
the same glomeruli, thereby forming functional morphological units (Gao et al., 
2000; Vosshall et al., 2000; Luo and Flanagan, 2007). The number of  glomeruli 
is consequently a measure of  the number of  genes that encode olfactory 
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receptor proteins, and the number of  olfactory receptor types that are expressed 
(Couto et al., 2005, Robertson and Wanner, 2006). Comparisons of  the number 
of  glomeruli and olfactory sensilla thus allow analysis of  neural plasticity in 
the complexity of  the olfactory system, of  which the results can be linked to 
olfactory performance. 

In social insects, environmental signals affect the developmental process that 
eventually results in a caste-specific phenotype (Hölldobler and Wilson, 2009). 
Neural plasticity in the olfactory system can then result in genetically similar 
individuals having a different number of  glomeruli and olfactory sensilla. In Atta 
vollenweideri ants, for example, workers can show three different phenotypes of  
the antennal lobe (Kelber et al., 2010). These have either a high or low number 
of  glomeruli, and part of  the workers with a high number of  glomeruli form 
an additional macroglomerulus. These antennal lobe phenotypes correlate with 
behaviour and size of  the worker, and result in the formation of  clear sub-castes. 
This plasticity extends to the antennae, where the ants form fewer olfactory 
sensilla at smaller body sizes (Kelber et al., 2010). A similar relationship between 
olfactory sensilla and body size was found in bumblebees (Spaethe et al., 2007). 
Similarly, such plasticity may have allowed differences in the complexity of  
neuropil structures in T. evanescens of  different sizes. This could have enabled very 
small body sizes, but at the potential cost of  reduced behavioural complexity.

The aim of  the present study was to find out  if  the plasticity in brain size that 
facilitates linear brain scaling in T. evanescens resulted in body size dependent 
adaptations to the complexity of  olfactory system morphology. We focused 
on the antennal lobe in the brain, and on the sensory system on the antenna 
that projects towards the antennal lobe. Glomerular number and volume can 
be easily quantified, and the sensilla on the antenna can be measured in length 
and number. We assume that genetic variation between the wasps that we use 
in our study is virtually absent, because they are of  an iso-female strain that has 
been subjected to 8 years of  inbreeding. We can therefore study phenotypic 
plasticity in olfactory system morphology in response to variation in body size, 
without interference of  genetic differences that could otherwise obscure this 
relationship. We expect that T. evanescens wasps facilitate the observed plasticity in 
brain size by adaptations in complexity of  the olfactory system similar to those 
in other hymenopterans (Spaethe et al., 2007; Kelber et al., 2010), i.e. by reducing 
the number of  glomeruli and antennal sensilla at smaller body sizes.
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Materials and methods

Insects

We used two day old naive female T. evanescens Westwood (Hymenoptera: 
Trichogrammatidae) wasps of  iso-female strain GD011, which have been reared 
since 2006 on eggs of  the Mediterranean flour moth Ephestia kuehniella (Koppert 
Biological Systems, Berkel en Rodenrijs, the Netherlands) in a climate room 
(22 ± 1°C, 50 – 70% rh, L16:D8). Manduca sexta pupae were kindly provided 
by the Max Planck Institute for Chemical Ecology (Jena, Germany) and kept in 
a climate cabinet at 25 ± 1°C (L14:D10). Emerged moths of  both sexes were 
placed in a flight cage with an approximately 20 cm tall tobacco plant (Nicotiana 
tabacum SR1) and a 30% sugar solution. Eggs were harvested daily from this 
cage.

Induction of  body size variants

Body size variation was induced by rearing wasps on host eggs of  different size, 
and by artificially manipulating the number of  eggs laid into a host egg. Host 
eggs of  two species were used: the Mediterranean flour moth E. kuehniella, and 
the tobacco hornworm M. sexta. Development times are similar on these two 
host species (approximately 11 days at 22 ± 1°C, 50 – 70% rh, L16:D8). Small 
wasps were reared in E. kuehniella eggs as described previously (Huigens et al., 
2009; Chapter 2). These eggs are shaped as prolate spheroids of  approximately 
0.58 mm high, 0.38 mm in diameter and with a volume of  0.038 mm3. Rearing 
Trichogramma in these eggs resulted in offspring with a length of  0.3 – 0.4 mm, 
measured from start of  the thorax to the abdomen tip, thereby excluding the 
head (Chapter 2). The larger M. sexta eggs are spheroids of  approximately 1.40 
mm in diameter and 1.44 mm3 in volume, and rearing in these hosts resulted in 
offspring with thorax-abdomen length of  0.4 – 0.8 mm (this study). To increase 
the proportion of  large wasps emerging from M. sexta eggs, the number of  eggs 
laid into this host was influenced by masking the surface of  some host eggs. 
Female wasps can be manipulated to lay few eggs in M. sexta host eggs if  the 
surface that can be perceived through antennal drumming appears smaller than 
it actually is (Schmidt and Smith, 1985; 1987). To achieve this, we distributed 
M. sexta eggs on top of  5 – 10 ml cooling 1% agarose (Sigma) in a petridish 
(Greiner Bio-One, 94 × 15 mm). This resulted in approximately half  of  the 
host egg surface being masked by agarose. As few as 6 wasps were observed 
to emerge from individual masked host eggs, which reached thorax-abdomen 
lengths of  up to 0.8 mm. Up to 40 wasps per host egg were observed to emerge 
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from unmasked eggs, resulting in smaller wasps with thorax-abdomen lengths as 
small as 0.4 mm. A small proportion of  unmasked host eggs also yielded large 
wasps, indicating that 0.4 – 0.8 mm is the natural body size range of  T. evanescens 
wasps that emerge from M. sexta eggs.

Immunolabeling and confocal laser scanning microscopy for glomerular analysis

Female T. evanescens wasps reared on M. sexta or E. kuehniella eggs were used to 
ensure a large variation in body sizes. Approximately 60 wasps were cooled on 
ice, decapitated and the entire frontal cuticle of  the head was removed with fine 
tweezers (Dumont no. 5, Sigma-Aldrich) in ice-cold phosphate buffered saline 
(PBS, Oxoid, Dulbecco `A’ tablets). This allowed penetration of  chemicals into 
the brain and exposed the antennal lobe for subsequent imaging procedures. 
Immediately after removal of  the frontal cuticle, the head was transferred 
into ice-cold 4% formaldehyde in 0.1M phosphate buffer (pH = 7.2), freshly 
prepared from paraformaldehyde (Merck). When all opened heads were in the 
fixative, the dissection tray was moved to room temperature to allow fixation 
for 3 hours. The heads were then rinsed 6 times 30 minutes in PBS, incubated 
in 0.05% collagenase in PBS for 45 minutes at room temperature, and rinsed 4 
times 5 minutes in PBS-T (0.5% Triton X-100 in PBS). A 1 hour pre-incubation 
in 10% normal goat serum (Dako Denmark) in PBS-T (PBS-T-NGS) was 
followed by incubation in a 1:125 final dilution of  neuropil marker mouse mAb 
nc82  (NC82-c, Developmental Studies Hybridoma Bank, University of  Iowa, 
Cat# nc82, RRID:AB_528108; Wagh et al., 2006) in PBS-T-NGS. This neuropil 
marker recognizes presynaptic active zone Bruchpilot (BRP) proteins, which 
form protein bands of  170 and 190 kDa in Western blots of  homogenized 
Drosophila heads (Wagh et al., 2006). Immunolabeling was absent in Drosophila 
BRP null mutants (Kittel et al., 2006). Staining patterns in T. evanescens are similar 
to previous reports in Drosophila and ants (Lucas and Sokolowski, 2009; Wagh 
et al., 2006). After rinsing 6 times 30 minutes in PBS-T, a secondary antiserum 
of  goat-anti-mouse antibodies linked to Alexa fluor 488 (Molecular Probes 
- Invitrogen Cat# A11008, RRID:AB_143165) was used at 1:200 dilution in 
PBS-T-NGS together with propidium iodide diluted 1:500 (Sigma-Aldrich) to 
visualize nuclei. Heads were then rinsed 4 times 30 minutes in PBS-T, and 4 
times 30 minutes in PBS. Finally, the heads were mounted in Vectashield (Vector 
H-1000) with frontal side facing the coverslip. 

A Zeiss LSM 510 confocal laser scanning microscope equipped with a 488-nm 
argon laser was used to scan the samples. A band pass emission filter was used 
at 505 – 550 nm to visualize Alexa fluor 488, and a long pass emission filter 
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was used at 560 nm to visualize propidium iode. Whole brains were scanned 
using a Plan-Neofluar 40× oil immersion objective (1.3 NA) and details of  the 
antennal lobe using a Plan-Apochromat 63× oil immersion objective (1.4 NA). 
Resolution was kept at 1024 × 1024 pixels and 8 bit, and pixel area ranged 
between 0.06 × 0.06 and 0.49 × 0.49 µm2. A z-section thickness of  0.8 µm 
was used for overview scans of  whole brains, and 0.5 µm for detailed scans of  
the antennal lobe. We measured the volume of  the brain and glomeruli in the 
antennal lobe by image segmentation, using the TrakEM2 plugin (Cardona et al., 
2012) in the Fiji package of  ImageJ 1.48s (RRID:SciRes_000137; Schindelin et 
al., 2012). We only segmented a single antennal lobe per brain, choosing the one 
with the clearest staining. Every glomerulus was segmented in a separate area list, 
which simplified counting of  glomeruli per antennal lobe and allowed volume 
measurements of  separate glomeruli. Brain volume measurements include the 
subesophageal ganglion. Measured brain volumes are slightly underestimated 
because the small size and the tight attachment to the eye pigments invariably 
caused damage to brain tissue after removal of  frontal cuticle. When tracing 
the entire brain was not possible due to damaged tissue of  one hemisphere, the 
volume of  the undamaged hemisphere was duplicated. In total 15 antennal lobes 
and brains were analysed. Surface reconstructions of  Figure 1 were smoothed in 
AMIRA 5.4 (Visage Imaging, Berlin, Germany).

Scanning electron microscopy for sensilla analysis

Approximately 100 female T. evanescens wasps that emerged from M. sexta eggs 
were CO2 sedated and sorted in order of  ascending body length. The smallest 
25 and largest 25 of  the sedated wasps were transferred into a clean glass vial 
with ice-cold 2% glutaraldehyde (Sigma-Aldrich) in 0.5M sodium cacodylate 
buffer (pH = 7.4, Merck Schuchardt) and fixed for 2 hours, followed by rinsing 
3x in 0.5M sodium cacodylate buffer and 1 hour postfixation in 1% OsO4 (Agar 
Scientific) in 0.5M sodium cacodylate buffer. Wasps were subsequently 5x rinsed 
with water and stored overnight in CCl4 at room temperature, followed by 3 
short boiling steps in fresh CCl4 (Bleeker et al., 2004). Wasps were transferred 
into 100% ethanol, critical point dried and sputtered with a 12 nm thick layer of  
iridium for observation with a FEI Magellan 400 scanning electron microscope 
at 2 kV. SEM pictures were analysed with the Fiji package of  ImageJ 1.48s 
(Schindelin et al., 2012) using the cell counter plugin (De Vos, 2010) to count 
the number of  sensilla of  different types on the clava, and the measurement 
tool for body and sensillum lengths. In total 38 wasps were analysed for body 
and antennal length, and length and number of  sensilla. Figure contrast of  SEM 
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photographs was optimized in Adobe Photoshop CS6, which was also used to 
smooth the background for Figure 3.

Statistical analysis

To study the effects of  body or brain size on the size and number of  glomeruli 
and sensilla, we used linear regression models. Thorax-abdomen length and brain 
volume were used as independent variables. Length and number of  antennal 
sensilla, and number and size of  glomeruli (total volume, average volume, and 
volume and diameter of  smallest and largest glomerulus) were used as dependent 
variables. Glomerular diameters were calculated from their volumes, assuming 
every glomerulus to be a perfect sphere. To test whether sensilla length and 
number, and glomerular volume and number depend on body or brain size, 
F-tests were used to test the slopes of  the regression lines against zero.

If  there is a difference in relative investment in glomeruli between large and 
small brained wasps, this would show as an allometric relationship between brain 
volume and glomerular volumes. To test for allometry, we used standardized 
major axis regression on the relationship between the natural logarithms of  
brain volume and glomerular volumes. The slope of  the regression line was 
tested against 1 by analysing the correlation between fitted values and residuals 
as described by Warton et al. (2006). A slope (the scaling coefficient in allometric 
relationships) that is significantly smaller than 1 would be the result of  negative 
allometry, whereas a slope larger than 1 is caused by positive allometry. All 
analyses were performed at α = 0.05 with statistical software R version 3.0.2., in 
combination with packages smatr (Warton et al., 2012) and car (Fox, 2011). All 
values are shown as mean ± SD.

Results

Body and brain size

Wasps used for the analysis of  the antennal sensilla ranged in thorax-abdomen 
length between 0.40 – 0.80 mm, and in total body length between 0.47 – 0.90 mm. 
We will continue to use thorax-abdomen length as proxy for total body length 
because variation in the orientation of  the head makes measurements of  total 
body length less accurate. These wasps were all reared on M. sexta eggs, which 
resulted in slightly larger wasps than those emerging from Mamestra brassicae and 
E. kuehniella eggs (thorax – abdomen length 0.3 – 0.6 mm), which were used in 
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a previous study (Chapter 2). We did 
not measure body length of  wasps 
used for the analysis of  the glomeruli 
in the antennal lobe, because they 
were not processed individually 
after decapitation. Measured brain 
volumes of  these wasps differed 
by a factor 2.8; ranging between 
0.82 × 106 – 2.32 × 106 µm3. Because 
brain – body size isometry found 
in T. evanescens results in a linear 
relationship between brain volume 
and body volume (Chapter 2), we 
assume that the level of  variation 
in brain volume is similar to that in 
body volume. 

D
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L M
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VVVVVVVVV
L
AA

P

2.5 µm

5 µm

7.5 µm

10 µm

12.5 µm

15 µm

17.5 µm

20 µm

22.5 µm

A B C

◄ Figure 1. Morphology of  glomeruli 
in the antennal lobe of  T. evanescens. 
(A) Optical cross sections of  an 
immunolabeled antennal lobe, shown 
from anterior to posterior with a 2.5 
µm interval. Green areas show NC82-
stained neuropil; magenta shows 
propidium iodide-stained cell bodies. 
(B) Segmentations of  glomeruli 
shown in A. Glomeruli were randomly 
coloured. (C) Anterior view of  the 
3-dimensional surface reconstruction 
of  segmentations shown in B. 
Glomeruli were hidden when they were 
in a more anterior position than the 
segmentations in the corresponding 
image in B. Surface reconstructions 
were smoothed in AMIRA 5.4 (Visage 
Imaging, Berlin, Germany). D: dorsal; 
M: medial; V: ventral; L: lateral; A: 
anterior; P: posterior. Bars equal 10 µm.
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Figure 2. Number and size of  antennal lobe glomeruli of  wasps that differ in brain 
volume. Red markers indicate wasps that emerged from small E. kuehniella hosts, black 
markers indicate wasps that emerged from large M. sexta hosts. Dashed lines show 
regression lines of  the relationships between brain volume and glomerular volumes and 
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Counts of  immunolabeled and segmented glomeruli (Figure 1) ranged between 
91 – 108 per antennal lobe, with an average of  99.9 ± 5.1 (n = 15). There 
was no significant effect of  brain volume on the number of  glomeruli in the 
antennal lobe (F1,13 = 1.914, p = 0.190; Figure 2A). Size of  glomeruli, however, 
did increase with increasing brain size. This relationship was observed for total 
glomerular volume (F1,13 = 138.670, p < 0.001; Figure 2C), average glomerulus 
volume (F1,13 = 173.070, p < 0.001; Figure 2D), and the volume of  the smallest 
(F1,13 = 30.366, p < 0.001; Figure 2E) and largest glomerulus (F1,13 = 156.310, 
p < 0.001; Figure 2F). Diameters of  individual glomeruli ranged between 2.4 and 
10.5 µm (Figure 2B), and volumes ranged between 7.2 and 598.5 µm3 (Figure 
2E,F). Standardized major axis regression analysis revealed a scaling coefficient 
of  1.38 in the relationship between brain volume and total glomerular volume, 
which significantly deviated from isometry (r13 = 0.754, p = 0.001). This shows 
that small wasps have a relatively smaller proportion of  brain volume assigned to 
glomeruli than large wasps. Similar positively allometric relationships were found 
for average, smallest and largest glomerular volume, with scaling coefficients 
of  1.32, 1.32 and 1.41 respectively, all significantly different from 1 (average: 
r13 = 0.698, p = 0.004; smallest: r13 = 0.459, p = 0.085; largest: r13 = 0.759, 
p = 0.001). Relative volume of  glomeruli ranged between 0.40% and 0.67% of  
brain volume (Table 1). 

Antennal sensilla

Antennal length, measured from clava to radicle (Figure 3A), ranged between 
165.6 – 380.2 µm, with an average length of  264.0 ± 53.8 µm. The length of  the 
clava ranged between 64.2 – 112.9 µm, and was on average 92.7 ± 10.9 µm long. 
There was a significant relationship between these lengths and thorax-abdomen 
length (antenna: F1,21 = 40.592, n = 23, p < 0.001; clava: F1,34 = 87.337, n = 36, 
p < 0.001).

diameters. (A) Number of  glomeruli per antennal lobe for wasps with different brain 
volumes. On average 100 glomeruli are present inside the antennal lobe, which does not 
correlate with brain volume. (B) Diameter of  smallest (triangles) and largest (circles) 
glomerulus in the antennal lobe of  wasps with different brain volumes. Diameters 
increase with increasing brain volume (regression line smallest glomerulus: y = 8.213 
× 10-7 x + 1.828; largest glomerulus: y = 2.613 × 10-6 x + 4.773). Total (C) and average 
(D) glomerular volume, and the volume of  the smallest (E) and largest (F) glomerulus 
correlate with brain volume. Regression lines: total volume: y = x1.377 – 10.579; average 
volume y = x1.323  – 14.421; smallest volume y = x 1.320  – 16.022; largest volume y = 
x1.414  – 14.221.
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An elaborate description of  the different sensilla types of  various Trichogramma 
species has been given before (Voegelé et al., 1975; Olson and Andow, 1993; 
Isidoro, 1996; Amornsak et al., 1998; Consoli et al., 1999; Ruschioni et al., 
2012; Zhang et al., 2012). For our analysis of  antennal sensilla, we followed 
the classification system previously used for several Trichogramma species (Olson 
and Andow, 1993; Consoli et al., 1999) for most sensilla types, but for clarity we 
applied Isidoro’s (1996) nomenclature of  the “multiporous gustatory sensilla” 
on the ventral side of  the clava, which were previously described as multiporous 
trichoid sensilla type C (Olson and Andow, 1993) or falcate sensilla (Zhang et 
al., 2012). 

We categorized the sensilla based on the suspected function derived from the 
number and location of  pores on the surface (Olson and Andow, 1993; Isidoro, 
1996; Consoli et al., 1999). Although our focus was on olfactory sensilla, we 
also briefly described other types. Aporous trichoid sensilla were classified as 
mechanosensilla, whereas uniporous trichoid sensilla contain both chemo- and 
mechanosensory neurons and are therefore likely to have a shared mechano- 
and gustatory function (Olson and Andow, 1993; Isidoro, 1996). Multiporous 
gustatory sensilla were present on the ventral clava side that touches the 
surface during host examination, i.e. the touch-and-taste area (Isidoro, 1996). 
These flattened sensilla contain pores on the outer margin where longitudinal 
grooves merge and contact the substrate. Although previously assumed to 
have a combined mechanosensory and gustatory function (Olson and Andow, 
1993), they lack mechanosensory neurons and are consequently likely to be 
solely gustatory sensilla (Isidoro, 1996; Ruschioni et al., 2012). We classified all 
other multiporous sensilla (trichoid type A, placoid and basiconic) as olfactory. 
Coeloconic and campaniform sensilla were not present on the clava (Olson and 
Andow, 1993; Amornsak et al., 1998; Consoli et al., 1999; Zhang et al., 2012).

Olfactory sensilla

The multiporous trichoid sensilla type A (MTS) had an average length of  
37.3 ± 4.6 µm (Figure 4B), which did not correlate with thorax-abdomen length 
(F1,26 = 1.767, p = 0.195, n = 28). Counts of  MTS ranged between 8 and 11 on 
the dorsal clava side (mean 9.8 ± 1.2; Figure 5D), which showed a significant 
correlation with thorax-abdomen length (F1,4 = 10.559, p = 0.0314, n = 6). We 
analysed the number of  MTS on the “lateral” (the outer clava side, i.e. the left 
half  of  the left antenna and the right half  of  the right antenna) and “medial” 
(the inner clava side, i.e. the right half  of  the left antenna and the left half  of  
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Figure 3. Position and morphology of  sensilla on the antennae of  T. evanescens. Left: 
Schematic overview showing the different segments on the antenna (A) and the different 
sensilla types on the clava (C, E, G, I). Right: SEM photographs showing the natural 
orientation of  the antennae on the head (B) and different sensilla types on the antennal 
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the right antenna) antennal side, up to the dorsal clava median. Average MTS 
number was found to be 6.0 ± 1.2 on the medial side and 4.7 ± 1.2 on the 
lateral side. Only the number of  MTS on the medial side showed a significant 
relationship with thorax-abdomen length (medial: F1,13 = 10.500, p = 0.006, 
n = 15; lateral: F1,18 = 1.210, p = 0.290, n = 20), indicating that the significant 
correlation for total MTS number on the dorsal views is caused by plasticity of  
the medial antennal side. The slope of  the dorsal and medial regression lines 
were 0.008 ± 0.005 and 0.007 ± 0.008 respectively, suggesting that an extra 
MTS is formed for every 125 – 148 µm increase in thorax-abdomen length. The 
absolute range was 8 – 11 MTS on the dorsal side, and 4 – 8 on the medial side, 
with thorax-abdomen length ranging between 0.40 – 0.80 mm. 

All wasps had 5 multiporous placoid sensilla (MPS) on the dorsal side of  the 
clava. Average length of  these sensilla was 46.8 ± 5.4 µm (Figure 4C), which did 
not correlate with thorax-abdomen length (F1,32 = 1.584, p = 0.217, n = 34). The 
small, bulb-shaped basiconic sensilla (BS) had an average length of  3.2 ± 0.4 µm, 
and average width of  1.6 ± 0.2 µm (Figure 4D). Both were unrelated to thorax – 
abdomen length (length: F1,25 = 0.217, p = 0.646, n = 27; diameter: F1,26 = 0.017, 
p = 0.898, n = 28). Location and number of  BS did not vary between wasps of  
different sizes. All wasps had a total number of  4 BS on the clava; 1 located near 
the tip on the ventral side of  the clava, 2 at the base of  the dorsal side of  the 
clava and 1 at the lateral side of  the tip of  the median MPS on the dorsal clava 
side. 

Mechano- and gustatory sensilla

Length of  multiporous gustatory sensilla (MGS) was on average 16.1 ± 1.4 µm, 
which did not significantly differ between wasps of  different thorax-abdomen 
lengths (F1,30 = 0.020, p = 0.889, n = 32, Figure 4A). Small and large wasps had 
on average 38.0 ± 6.0 MGS per antenna, ranging between 25 in the smallest and 
46 in the largest wasps (Figure 5A). There was a significant relationship between 
thorax-abdomen length and number of  MGS (F1,15 = 44.400, p < 0.001, n = 17). 

clava (D, F, H, J). Schematic overviews and SEM photographs are shown for lateral 
(C, D), ventral (E, F), medial (G, H) and dorsal (I, J) view. Fu: funicles; An: anelli; 
Ra: radicle. Blue: multiporous placoid sensillum (MPS); green: multiporous trichoid 
sensillum (MTS); yellow: basiconic sensillum (BS); red: multiporous gustatory sensillum 
(MGS); pink: aporous trichoid sensillum (ATS); orange: uniporous trichoid sensillum 
(UTS). Also shown are setiform structures (SS); protective structures without a sensory 
function. Bars equal 50 µm in (B) and 20 µm in (D,F,H,J). Figure contrast of  SEM 
photographs was optimized and background was smoothed in Adobe Photoshop CS6. 
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The number of  MGS also significantly depends on the size of  the ventral touch-
and-taste area (F1,12 = 18.837, p < 0.001, n = 14, Figure 5B) with an average 
density of  0.030 ± 0.004 MGS per µm2, which is similar for wasps of  all sizes 
(F1,12 = 0.050, p = 0.830, n = 14, Figure 5C). 

The number of  aporous trichoid sensilla (ATS) did not vary between differently 
sized wasps. All wasps had 3 ATS on the dorsal side of  the clava (2 at the tip, 1 at 
the base), 2 at the ventral side (among the setiform structures above the touch-
and-taste area) and 2 at the medial side (located between the first and second 
MPS). Similarly, all wasps contain a single uniporous trichoid sensilla trichoidea 
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Figure 4. Measurements of  sensillum lengths (A-D) and diameter (D) for wasps that 
differ in thorax-abdomen lengths. Length of  multiporous gustatory sensilla (MGS; 
A), length of  multiporous trichoid sensilla (MTS; B), length of  multiporous placoid 
sensilla (MPS; C) and length (circles) and diameter (triangles) of  basiconic sensilla (BS; 
b). None of  these measurements correlate with thorax-abdomen length, which shows 
that sensillum size does not depend on the size of  the wasps. 
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(UTS) at the tip of  the clava. Upright orientation and the small number of  these 
sensilla prevented analysis of  the length. 

Discussion

In this study, we addressed how the olfactory system of  T. evanescens is adapted 
to enable the level of  plasticity in brain size that facilitates linear brain scaling 
in these wasps. We expected that T. evanescens adapts the morphology of  the 
olfactory system to variation in body size in a similar way as other hymenopterans 
(Spaethe et al., 2007; Kelber et al., 2010), i.e. by reducing the number of  glomeruli 
and antennal sensilla at smaller body sizes. Our results show, however, a similar 
level of  complexity of  olfactory system morphology in small and large wasps. 
The olfactory sensilla of  wasps with a similar genotype but very different brain 
and body size occur in equal numbers on the antennae, with the exception of  
MTS. Small and large wasps also have a similar number of  glomeruli in the 
antennal lobe. This suggests that there is no difference in the number olfactory 
receptor types, and therefore in the dynamic range of  odour molecules that can 
be perceived. Identification of  complex odour blends may be an important host-
finding trait for even the smallest wasps, and reduced olfactory precision might 
result in an unaffordable reduction of  reproductive success and Darwinian 
fitness.

Glomeruli in small brains are, however, smaller in both absolute and relative 
volume. A relatively smaller size of  glomeruli suggests that there are fewer 
olfactory receptors of  each type, or that the number of  synaptic contacts 
between olfactory receptor neurons, projection neurons and local interneurons 
are reduced. This could be related to the difference in MTS number between 
small and large wasps. The difference in relative glomerular volume could also 
be caused by a change in relative size of  other neuropil areas. Overall, the results 
of  our study may indicate that plasticity in brain size does not require plasticity 
in gross morphology of  the olfactory system of  T. evanescens. Still, plasticity in 
connectivity, for instance between olfactory receptor neurons and interneurons 
in the antennal lobe, may be involved in this process. The observed plasticity in 
brain size could, however, also be achieved through plasticity in neuron size and 
neuron number, which remains to be investigated.  

Olfactory sensilla

Of  all olfactory sensilla that we analysed, only the number of  MTS was correlated 
to thorax-abdomen length. This resulted in wasps having an extra MTS for every 
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125 – 148 µm increase in thorax-abdomen length (in total 8 – 11 MTS were 
counted on the dorsal clava side). Previous studies have reported fixed numbers 
of  8 MTS in T. evanescens, T. nubilale and T. australicum (Voegelé et al., 1975; Olson 
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Figure 5. Number and density of  multiporous gustatory sensilla (MGS; A-C) and 
multipouros trichoid sensilla (MTS; D) on the clava of  differently sized T. evanescens 
wasps. (A) Relationship between the number of  MGS and thorax-abdomen length 
shows that large wasps have more gustatory sensilla than small wasps (regression line 
formula y = 0.048x + 7.280). (B) The number of  MGS increases with the size of  the 
ventral touch-and-taste area that contains them (regression line formula y = 0.017x + 
15.290). (C) Relationship between the density of  MGS and thorax-abdomen length, 
which shows that all wasps form a similar number of  MGS per µm2 of  touch-and-taste 
area. (D) Relationship between thorax-abdomen length and number of  MTS on dorsal 
(squares, regression line formula y = 0.007x + 5.424), medial (circles, regression line 
formula y = 0.007x + 1.821) and lateral (grey triangles) side. The number of  MTS only 
increases with increasing thorax-abdomen length on the dorsal and medial side of  the 
clava.
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and Andow, 1993; Amornsak et al., 1998), but body size of  the wasps in these 
studies is unknown and may not have varied much between individuals. 

The difference in MTS number between small and large wasps could be related to 
the difference in relative glomerular volume that we found in our study. Trichoid 
sensilla contain 1 – 3 olfactory receptor neurons in Drosophila (Shanbhag et al., 
1999) and 2 – 3 in locusts (Cui et al., 2011), which project to a small subset of  
glomeruli. The number of  olfactory receptor neurons per MTS in T. evanescens 
is unknown, but it is not likely that all different olfactory receptor types are 
present in individual MTS. The larger number of  MTS that we found in larger 
wasps, could therefore result in a larger number of  olfactory receptor neurons 
that provide additional input to a subset of  glomeruli. This could increase the 
volume of  these glomeruli, and consequently result in a relatively larger total 
glomerular volume in large brains.

Our results show an equal number of  5 MPS on the antennae of  large and small 
wasps, consistent with findings in all Trichogramma species studied so far (Voegelé 
et al., 1975; Olson and Andow, 1993; Amornsak et al., 1998; Consoli et al., 1999; 
Zhang et al., 2012). The number of  4 BS found in our study confirms previous 
reports on T. evanescens, T. nubilale, T. galloi and T. pretiosum (Voegelé et al., 1975; 
Olson and Andow, 1993; Consoli et al., 1999), whereas only 3 BS were reported 
on the clava in T. australicum and T. dendrolimi (Amornsak et al., 1998; Zhang et al., 
2012). Our findings of  fixed numbers of  MPS and BS on wasps with different 
body sizes are in contrast with findings in other hymenopterans. The number of  
BS correlates with body size in leaf-cutting ants, leading to an approximate 10× 
difference in sensillum number for ants with at 4.6× wider head (Kelber et al., 
2010). In bumblebees the number of  pore plate sensilla is 3.7× times larger with 
a 1.6× increase in head width (Spaethe et al., 2007). Brain scaling in these insects 
is most likely in accordance with Haller’s rule, because brain allometry has been 
observed in related bumblebee and ant species (Riveros and Gronenberg, 2010; 
Seid et al., 2011). We expected that linear brain scaling led to an even stronger 
effect of  body size on the number of  olfactory sensilla in T. evanescens than in 
insects that scale their brains allometrically. It is therefore surprising that in T. 
evanescens the number of  olfactory sensilla hardly changes with body size. 

Gustatory sensilla

We found a large difference in gustatory sensilla numbers between large and 
small wasps: the largest wasp in our study had almost twice as many MGS as the 
smallest. It is remarkable that brain scaling affects gustatory sensillum number, 
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while olfactory sensillum number hardly changes. We did not analyse how this 
difference in MGS number relates to the complexity of  the gustatory processing 
area that is present in the subesophageal ganglion. Studying this complexity is 
complicated by the lack of  quantifiable gustatory substructures (Vosshall and 
Stocker, 2007). As a consequence, it is not possible to obtain information about 
gustatory system complexity in a similar way as from the antennal lobe glomeruli, 
that provide information about olfactory system complexity.  

Female Trichogramma wasps determine sex ratio and number of  eggs to be laid 
based on information they obtain while walking over the host egg and drumming 
on its surface with their antennae (Suzuki et al., 1984; Schmidt and Smith, 1985), 
and MGS have been suggested to be the main sensilla responsible for transferring 
this information (Olson and Andow, 1993). Having more MGS may, therefore, 
enable large wasps to measure host volume more precisely and allocate offspring 
in a more advantageous way.

Sensillum size

Sensillum length was independent of  thorax-abdomen length. This corresponds 
to findings in other insects, where olfactory sensilla lengths appear to be 
independent of  antennal length (Payne et al., 1973; Ramirez-Esquivel et al., 
2014). If  sensilla length is indeed similar in large and small T. evanescens wasps, 
the wasps should have an equal number of  olfactory receptors. This could result 
in an equal ability to respond to low odour concentrations. Unfortunately, our 
sensilla length measurements show large variation, possibly caused by slight 
deviations from a horizontal orientation in the SEM pictures that increased 
errors in length measurements. For this reason, we cannot exclude that sensilla 
length depends on body size.

Glomeruli number

Antennal lobe glomeruli are considered as separate functional units because 
olfactory receptor neurons expressing a certain olfactory receptor protein type 
project to the same glomerulus (Gao et al., 2000; Vosshall et al., 2000; Luo and 
Flanagan, 2007). This suggests that the number of  glomeruli is a measure of  the 
diversity of  olfactory receptor types, and therefore of  the dynamic range of  odour 
molecules that can be perceived. Trichogramma evanescens forms more glomeruli in 
the antennal lobe than recorded in much larger insects in other orders (e.g. 54 in 
Drosophila melanogaster flies (Grabe et al., 2015), 50 in Anopheles gambiae mosquitos 
(Ignell et al., 2005), and 62 in female M. sexta moths (Heinbockel et al., 2013)). 
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Within hymenopteran insects, however, the 100 glomeruli in T. evanescens is the 
lowest number found so far. Hymenopterans generally have large numbers of  
glomeruli, for example approximately 165 in honeybee workers (Arnold et al., 
1985), and approximately 190 in parasitic wasps of  the genus Cotesia (Smid et al., 
2003; Das and Fadamiro, 2013). Even larger numbers of  glomeruli are found 
in ants; e.g. up to 630 in Apterostigma cf. mayri (Nishikawa et al., 2008; Zube et 
al., 2008; Kelber et al., 2009; Kuebler et al., 2010; Stieb et al., 2011). All these 
insects are, however, several times larger than T. evanescens. The only similarly 
sized arthropod of  which the glomeruli have been analysed is the 0.5 mm long 
predatory mite Phytoseiulus persimilis (van Wijk et al., 2006). The olfactory system 
of  this mite consists of  only 5 olfactory sensilla on the tarsi of  the front leg 
pair, and only 14 – 21 glomeruli in the olfactory lobe. This suggests that a small 
number of  olfactory receptor types is present in P. persimilis, and therefore that 
the olfactory range that can be perceived is much narrower than in T. evanescens.

The average of  100 glomeruli found both in small and large T. evanescens wasps 
consequently indicates that the diversity in the expressed types of  olfactory 
receptors is not different, and thus that olfactory discrimination abilities may 
be comparable. The constant number of  glomeruli in T. evanescens is in contrast 
with findings in Atta vollenweideri ants, where neural plasticity results in three 
distinct antennal lobe phenotypes (Kelber et al., 2010). Workers form either 
high or low numbers of  glomeruli in their antennal lobes (around 443 and 383 
respectively), and among the workers with high glomerular numbers there are 
phenotypes that do and do not form a macroglomerulus. These differences in 
antennal lobe phenotype correlate with worker size and behaviour, and result 
in the formation of  sub-castes that may require different levels of  olfactory 
performance. The lack of  such antennal lobe plasticity in T. evanescens shows 
that brain size plasticity can occur without adaptations to the gross morphology 
of  the olfactory system in these wasps. Large wasps already form the lowest 
number of  glomeruli found so far in hymenopterans, and it is possible that the 
level of  antennal lobe complexity cannot be further reduced in smaller wasps.

Glomerular size 

Glomeruli in T. evanescens range in volume from 7.2 to 598.5 µm3, and in diameter 
from 2.4 to 10.5 µm. Their glomeruli are very small compared to those of  other 
(larger-sized) hymenopterans, where the smallest glomeruli in e.g. Apterostigma 
ants and Cotesia parasitic wasps are approximately 100 µm3 (Smid et al., 2003; 
Kelber et al., 2009). The only glomeruli of  similarly small size are found in  
P. persimilis, which is also of  similar body size as T. evanescens. Glomerular 
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diameters range between 3 – 10 µm in this tiny predatory mite (van Wijk et al., 
2006). This suggests that small glomeruli are associated with small bodies among 
arthropods. 

Differences in glomerular volume relative to brain volume could provide 
additional information on the investment in olfactory processing centres in 
small and large wasps. Despite the isometric relationship between body volume 
and brain volume in T. evanescens (Chapter 2), we found a positively allometric 
relationship between brain volume and volume of  glomeruli. This shows that 
small wasps have a relatively smaller proportion of  the brain assigned to glomeruli 
than large wasps. Their antennal lobes might contain fewer synaptic contacts 
between olfactory receptor neurons, projection neurons and local interneurons. 
The difference in MTS number between small and large wasps suggests that 
large wasps have more olfactory receptor neurons than small wasps, which could 
cause a relatively larger total glomerular volume. Alternatively, a larger relative 
glomeruli size could also be caused by more arborisations of  projection neurons 
and local interneurons, or by a decrease in relative size of  other neuropil areas. 

Conclusion

Our study is the first to compare olfactory structures in genetically similar 
individuals that show an exceptional plasticity in body size. While we expected 
that the linear brain scaling in T. evanescens resulted in body size dependent 
adaptations to the structure and complexity of  the olfactory system, we found 
a similar size and number of  most olfactory sensilla on the antennae, and 
number of  glomeruli in the antennal lobe of  small and large individuals. This 
remarkable similarity in olfactory perception and processing centres shows 
that plasticity in brain size might not affect olfactory precision. The wasps rely 
on the identification of  complex odour blends for finding suitable hosts and 
maintaining reproductive success, and their olfactory abilities are therefore 
directly related to their Darwinian fitness. As a consequence, the morphology of  
the olfactory system may be fixed to ensure accurate olfactory discrimination in 
wasps of  all sizes.

Additional brain morphology comparisons are required, however, to see if  
plasticity in brain size is achieved through plasticity in neuron size and neuron 
number, and if  plasticity occurs in the complexity of  other neuropil areas and 
sensory systems.  Further TEM studies of  the antennae are required to show 
how our findings are reflected in number and size of  olfactory receptor neurons, 
and behavioural studies need to show if  olfactory discrimination abilities are 
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indeed similar in small and large wasps. The question remains, however, how 
the wasps’ escape from Haller’s rule compromises their complex behavioural 
repertoire.
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Abstract 

Trichogramma evanescens parasitic wasps are extremely small insects, with body 
lengths as small as 0.3 mm. To facilitate this miniaturization, their brains may 
have evolved to contain smaller neural components and/or reduced neural 
complexity than larger insects. Here, we studied if  the size and number of  
neurons are reduced in the miniaturized brain of  T. evanescens, focussing on 
neurons that express serotonin (5HT), octopamine (OA), and dopamine 
(DA). We provide a first description of  the distribution, projection patterns 
and number of  5HT-, OA-, and DA-like immunoreactive cell bodies in T. 
evanescens, and compare our observations to descriptions of  much larger 
insects. Our results show that brains of  T. evanescens contain comparable 
numbers of  monoaminergic neurons as those of  larger insects. The 
serotonergic neurons appear to be especially conserved; most of  the clusters 
contain a similar number of  neurons as described in Apis mellifera and 
Drosophila melanogaster. This maintained complexity may have been facilitated 
by miniaturization of  neuron size. However, many dopaminergic and some 
octopaminergic neuron clusters in T. evanescens contain fewer neurons than 
in larger insects. Modification of  the complexity of  these monoaminergic 
systems may have been necessary to maintain neuron functionality during 
brain miniaturization in T. evanescens. The results of  our study reveal some 
of  the evolutionary adaptations that may enable behavioural and cognitive 
complexity with miniaturized brains.
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Introduction

Trichogramma evanescens (Hymenoptera: Trichogrammatidae) parasitic wasps are 
extremely small gregarious parasitoids that lay their eggs inside the eggs of  
butterflies and moths. Adult body size of  the wasps strongly depends, by means 
of  phenotypic plasticity, on the level of  nutrient availability inside the host egg. 
Genetically identical sister wasps reach body lengths as small as 0.3 mm when 
they develop in small host eggs or in competition with many developing larvae 
(Chapter 2), and as large as 0.9 mm when they develop in large hosts without 
competition from other wasp larvae (Chapter 3). 

Trichogramma evanescens show isometric brain scaling, exhibiting a linear 
relationship between brain and body volume. This deviates from the situation 
that is described by Haller’s rule, which states that small animals have relatively 
larger brains. As a result of  brain isometry, the smallest T. evanescens have brains 
that are even smaller than predicted by Haller’s rule. Their brain volume can be 
as small as 0.26 × 106 μm3 (Chapter 2), which is almost 2500× times smaller than 
the brain of  a honeybee (Mares et al., 2005).

Despite these extremely small brains, Trichogramma wasps can walk, fly, 
discriminate between odours and colours, live for several weeks, and control the 
size, number and sex of  their offspring (Suzuki et al., 1984; Waage and Ming, 
1984; Dutton and Bigler, 1995; McDougall and Mills, 1997; Pompanon et al., 
1997; Keasar et al., 2000; Fatouros et al., 2008). Furthermore, they detect their 
host eggs by hitch-hiking on butterflies that are ready to lay their eggs, and learn 
to associate odours and colours to the presence of  suitable hosts (Fatouros et 
al., 2005; Huigens et al., 2009). This indicates that strongly miniaturized brains 
can still generate a level of  behavioural complexity and modulation that is, even 
in the smallest individuals, comparable to much larger insects.

Evolution of  miniaturized brains could have resulted in reductions in the size 
of  neural components, reductions in neural complexity, or both. Indications 
of  such modifications can be found through comparisons to larger species. 
For example, parasitic wasps of  the genus Cotesia have body lengths that are 
a 10-fold larger than T. evanescens. Depending on the size of  the wasps, there 
is a 10–100-fold difference in total volume of  glomeruli inside the antennal 
lobes of  the two wasps. However, there is only a 2-fold difference in antennal 
lobe complexity: Cotesia wasps have almost 200 glomeruli in the antennal lobe 
(Smid et al., 2003; Das and Fadamiro, 2013), whereas T. evanescens wasps have 100 
glomeruli (Chapter 3). 
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Similar modifications may occur at neuron level: neuronal cell bodies and neurites 
are probably miniaturized as much as possible within physical limits, and further 
miniaturization can be achieved through modifications of  neuron number and 
arborisation complexity. The physical limits of  neuron size are determined by the 
minimum size that neurites need for adequate firing, and that cell bodies need to 
contain their cell organelles. A decrease beyond these limits may severely affect 
the physical performance of  neurons. Thinner axons, for example, have reduced 
neural firing frequencies and are more sensitive to the effects of  random opening 
and closing of  ion channels (Faisal et al., 2005; Perge et al., 2012). A decrease 
of  cell body volume affects the available space for cell organelles, of  which the 
nucleus is the largest. Neuron performance may be affected when nucleus size 
is reduced, because it can require a reduction of  genome size (Gregory, 2001) or 
even the formation of  anucleate neurons (Polilov, 2012).

To further miniaturize brain size, while avoiding the compromised performance 
of  undersized neurons, the number of  neurons and neuronal connections 
may need to be reduced. A reduction of  neuron numbers can occur through a 
proportional reduction of  neurons in all neural pathways, or by removing some 
pathways entirely while maintaining others. For example, Nasonia parasitic wasps 
form fewer octopaminergic neurons in their brains than much larger honeybee 
workers (Sinakevitch et al., 2005; Haverkamp and Smid, 2014). This lower 
number of  neurons is due to the formation of  fewer octopaminergic neurons in 
the neuron clusters that are present in both honeybees and Nasonia, but also due 
to the complete absence of  some other clusters. Even more severe modifications 
of  neuronal complexity may have been required to achieve even smaller brain 
sizes in T. evanescens.

In the present study, we investigated how the size and number of  neurons 
are affected in the miniaturized brain of  T. evanescens. We studied quantifiable 
subpopulations of  neurons that release serotonin (5HT), octopamine (OA) 
and dopamine (DA) as neurotransmitter. The morphology and distribution 
of  these neurons are well defined in a variety of  insect species. This allowed 
us to compare the number, size and location of  monoaminergic neurons in 
T. evanescens to larger hymenopterans, such as Nasonia and Cotesia parasitic wasps 
(Bleeker et al., 2006; Haverkamp and Smid, 2014) and the even larger honeybee 
(Schürmann and Klemm, 1984; Schafer and Rehder, 1989; Schürmann et al., 
1989; Kreissl et al., 1994; Sinakevitch et al., 2005). It also allowed comparisons 
to the more distantly related, but well-characterized, fruit fly (Monastirioti, 
1999; Sinakevitch and Strausfeld, 2006; Busch et al., 2009; Mao and Davis, 2009; 
Blenau and Thamm, 2011). Serotonergic, octopaminergic, and dopaminergic 
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neurons are known to play critical roles in basic neural functioning. They are 
involved in a large variety of  behavioural and physiological processes, including 
learning (Roeder, 2005; Blenau and Thamm, 2011; Burke et al., 2012; Yamamoto 
and Seto, 2014). With the present study, we provide a first description of  the 
distribution, projection patterns and number of  5HT-like immunoreactive 
(5HT-L-IR), OA-like immunoreactive (OA-L-IR) and DA-like immunoreactive 
(DA-L-IR) neurons in the miniaturized brain of  T. evanescens, and aimed to find 
out if  the number of  5HT-L-IR, OA-L-IR and DA-L-IR neurons is smaller 
compared to larger insects. 

Materials and methods

Insects

Trichogramma evanescens Westwood (Hymenoptera: Trichogrammatidae), inbred 
isofemale strain GD011, was reared in a climate room (22 ± 1°C, 50 – 70% 
rh, L16:D8) using differently-sized hosts, as described before (Chapter 2; 
Chapter 3). Body size of  the wasps depends on the level of  nutrient availability 
inside the host egg. Hence, using differently-sized hosts ensured that wasps 
with body sizes within the entire natural range emerged. We used host eggs of  
three species: small eggs of  the Mediterranean flour moth Ephestia kuehniella, 
intermediate-sized eggs of  the cabbage moth Mamestra brassicae and large eggs 
of  the tobacco hornworm Manduca sexta. From the wasps that emerged from 
these hosts, we randomly selected individuals of  a large variety of  body sizes 
for our experiments, to ensure that the entire natural range of  body sizes was 
represented by our study. Eggs of  E. kuehniella were obtained as UV-irradiated 
eggs from Koppert Biological Systems (Berkel en Rodenrijs, the Netherlands). 
Mamestra brassicae were reared on cabbage plants (Brassica oleracea) in a climate 
room (21 ± 2°C, 50 – 70% rh, L16:D8). Adult moths oviposited on filter paper, 
and their eggs were used fresh for rearing procedures. Manduca sexta were 
obtained as pupae from the Max Planck Institute for Chemical Ecology (Jena, 
Germany) and kept in a flight cage with tobacco plants (Nicotiana tabacum SR1) 
inside a climate cabinet (25 ± 1°C, L16:D8). Eggs were collected from the plants 
and frozen until use in rearing procedures. 

Analysis of  5HT-immunoreactivity

Two-day-old female T. evanescens (body lengths ranging between 0.3 and 0.9 
mm) were immersed in ice-cold 4% formaldehyde in 0.1M phosphate buffer 
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(pH = 7.2), freshly prepared from paraformaldehyde (Merck, Darmstadt, 
Germany). The wasps were subsequently decapitated, antennae were removed 
and the eyes were carefully opened with fine tweezers (Dumont no. 5, Sigma-
Aldrich) to allow optimal infiltration of  the fixative. Heads were fixed either for 
four hours at room temperature or overnight at 4°C, and subsequently rinsed in 
four changes of  phosphate-buffered saline (PBS; Oxoid, Dulbecco ‘A’ tablets). 
Access to the brain for further procedures and microscopic analysis was achieved 
by removing either the anterior or posterior cuticle with fine tweezers in PBS 
at room temperature. Permeability of  the tissue was improved by incubating 
heads in 0.05% collagenase (Sigma-Aldrich) in PBS for 45 minutes at room 
temperature, followed by rinsing 4 × 10 minutes in 0.5% Triton X-100 in PBS 
(PBS-T). The heads were then pre-incubated for one hour in 10% normal goat 
serum (NGS; Dako, Denmark) in PBS-T (PBS-T-NGS), and subsequently 
incubated in a 1:200 dilution of  rabbit anti-5HT antibodies (Millipore Cat# 
AB938, RRID:AB_92263) in PBS-T-NGS overnight at room temperature. After 
rinsing 6x30 minutes in PBS-T at room temperature, the heads were incubated 
in a secondary antiserum of  goat-anti-rabbit antibodies linked to Alexa fluor 
488 (Molecular Probes, Cat# A11008, RRID:AB_143165) at a 1:200 dilution 
and propidium iodide (Sigma-Aldrich) at 1:500 dilution in PBS-T-NGS, for 
four hours at room temperature. The heads were then rinsed 4 × 30 minutes 
in PBS-T, and 4 × 30 minutes in PBS, dehydrated in graded series of  ethanol 
(30–50–70–90–96–100–100%, 2 minutes each) and cleared in  xylene. Finally, 
the heads were mounted in DPX (Sigma-Aldrich) with the opened side of  the 
head facing the cover slide. 

Analysis of  OA-immunoreactivity 

Two-day-old female T. evanescens (body lengths ranging between 0.3 and 0.9 mm) 
were given an oviposition experience on fresh M. brassicae eggs 30 minutes 
before dissection. Such an oviposition experience has previously been shown 
to increase immunolabelling in Nasonia parasitic wasps (Haverkamp and Smid, 
2014). Ovipositing wasps were removed from the host eggs by their wings, using 
fine tweezers. The wasps were directly placed in a dissection tray containing 
fixative at room temperature, which consisted of  three parts saturated picric 
acid, one part 25% glutaraldehyde (Sigma-Aldrich) and 0.1% acetic acid. The 
head capsule was opened to allow infiltration of  the fixative, and the heads were 
subsequently fixed at room temperature for four hours or overnight.

After fixation, heads were rinsed in several changes of  70% ethanol, after which 
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either the anterior or posterior cuticle was removed with fine tweezers. The 
heads were subsequently dehydrated using graded series of  ethanol (30–50–
70–90–96–100–100%, 2 minutes each), degreased in xylene for 20 seconds and 
rehydrated with the same graded series in reversed order to PBS. Oxidization 
of  OA was reduced by a treatment of  0.1% or 1% sodium borohydride (Sigma-
Aldrich) in PBS for 20 minutes, followed by four changes of  PBS. A treatment 
of  0.05% collagenase in PBS (45 minutes at room temperature) was used to 
increase permeability of  the tissue. This was followed by rinsing 4 × 5 minutes 
in PBS-T, and one hour pre-incubation in PBS-T-NGS. The heads were then 
incubated in a 1:200 dilution of  rabbit anti-OA antibodies (MoBiTec Cat# 
1003GE, RRID:AB_2314999) in PBS-T-NGS. After rinsing 6 × 30 minutes in 
PBS-T, a secondary antiserum of  goat-anti-rabbit antibodies linked to Alexa 
fluor 488 (Molecular Probes, Cat# A11008, RRID:AB_143165) was used at 
1:200 dilution in PBS-T-NGS together with 1:500 propidium iodide. Heads were 
then further processed as described above for mounting in DPX. 

Analysis of  DA-immunoreactivity

Immunohistochemical procedures for dopamine analysis were similar to those 
for octopamine analysis, except that the wasps did not receive an oviposition 
experience prior to dissection. The wasps were directly placed in the fixative, 
and after opening of  the cuticle all heads were fixed for three hours at room 
temperature. Further processing was identical as described above, using as 
primary antibody mouse anti-DA (Millipore Cat# MAB5300, RRID:AB_94817) 
at a 1:200 dilution in PBS-T-NGS overnight at room temperature. After rinsing 
6 × 30 minutes in PBS-T, a secondary antibody of  rabbit-anti-mouse (Dako 
Cat# Z0259, RRID:AB_2532147) was applied at a 1:200 dilution for three hours 
at room temperature. Finally, a tertiary antiserum of  goat-anti-rabbit antibodies 
linked to Alexa fluor 488 (Jackson ImmunoResearch Labs Cat# 115-545-003, 
RRID:AB_2338840) was used at a 1:200 dilution together with 1:500 propidium 
iodide overnight at 4°C. Heads were then further processed as described above 
for mounting in DPX.

 

Antisera specificity

Specificity of  the rabbit anti-serotonin antibody was provided by the 
manufacturer (Mobitec, Germany). Evaluation of  the antisera showed positive 
immunofluorescence staining in serotonin-containing human ileum structures. 
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Specificity of  the rabbit anti-octopamine antibody was determined as specified 
by the manufacturer (Mobitec, Germany) using conjugate octopamine-
glutaraldehyde-proteins: OA-G-BSA 1; Noradrenaline-G-BSA 1 : 90; Tyramine-
G-BSA 1 : 142; L-DOPA-G-BSA 1 : 285; OA=G=BSA 1 : 442; DA-G-BSA 1 
: 1120; Adrenaline-G-BSA 1 : >10,000; OA 1 : >10,000. Cross-reactivity of  the 
mouse anti-dopamine antibody was determined as specified by the manufacturer 
(Mobitec, Germany): 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 using preparations 
without primary antisera. These did not reveal any immunolabelling. 

Microscopy

A Zeiss LSM 510 confocal laser scanning microscope with a 488-nm argon laser 
was used with a band pass emission filter at 505 – 550 nm to visualize Alexa 
Fluor 488, and a long pass emission filter at 560 nm for propidium iodide. Heads 
were scanned using a Plan-Apochromat ×63 oil immersion objective (N.A. 1.4). 
The resolution was kept at 1024 × 1024 pixels and 8 bit, and voxel size ranged 
between 0.14 × 0.14 × 0.70 µm for overview scans of  whole brains, and 0.07 × 
0.07 × 0.20 µm for detailed scans of  cell clusters. We did not correct for Z-axis 
refractive index mismatch because the refractive index of  the used immersion oil 
matched the index of  the mounting medium. 

Orientation and nomenclature

The head of  T. evanescens has a vertical orientation with ventral mouthparts. 
The orientations that were used in this study to indicate locations inside the 
brain, therefore, refer to the position along the anterior-posterior body axis. To 
identify clusters, we followed nomenclature as described for OA-L-IR neurons 
in Nasonia vitripennis and Nasonia giraulti parasitic wasps (Haverkamp and Smid, 
2014). In this system, cell clusters are numbered from anterior to posterior. A 
similar nomenclature system was previously used for Apis mellifera (Schürmann 
and Klemm, 1984; Sinakevitch et al., 2005). We followed numbering of  
corresponding clusters in previous studies where possible, but deviated from 
these descriptions when clusters appeared in a different order. 

We base our description of  the location and projection of  neurons on the general 
morphology of  brain compartments that was described for A. mellifera (Brandt et 
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al., 2005) and Nasonia (Haverkamp and Smid, 2014). To identify corresponding 
areas in T. evanescens, we used the propidium iodide and background staining in 
preparations of  the present study, in combination with previous preparations 
stained with neuropil marker mouse monoclonal antibody nc82 (Chapter 3). 
General morphology of  brain compartments in T. evanescens corresponds to the 
descriptions of  Nasonia (Haverkamp and Smid, 2014) and A. mellifera (Brandt 
et al., 2005) with three exceptions. First, only a single mushroom body calyx 
was visible in T. evanescens, whereas Nasonia and A. mellifera both have elaborate 
double calyces. The formation of  single calyces is not uncommon among wasps 
of  the superfamily Chalcidoidea (which includes Trichogramma, but also Nasonia), 
and has been suggested to be the consequence of  miniaturization (Farris and 
Schulmeister, 2011). Second, there was no clear transition of  the sub- into the 
supraoesophageal zone. Hence, we do not distinguish between these two and 
define ‘brain’ as the combination of  the sub- and supraoesophageal zones. Third, 
we could not observe the distinction of  the mandibular, maxillary and labial 
neuromeres in the suboesophageal zone of  T. evanescens. This complicated the 
nomenclature of  octopaminergic ventral unpaired median neurons (OA-VUM). 
These neurons are located in the midline of  the suboesophageal zone in various 
insect species, and are usually named after the neuromere in which they occur 
(Schroter et al., 2007; Haverkamp and Smid, 2014). The OA-VUM cell bodies 
were located very close together in T. evanescens. We therefore combine them all 
into one cluster: OA-VUM. 

Neuron analysis

We selected the 30 best-stained brains per monoamine analysis for cell body 
counts. Diameter and number of  cell bodies were only analysed in brains in 
which the cluster of  interest was clearly visible, and the best-stained hemisphere 
was selected for analysis of  the cluster. To count cell bodies that were located 
close together, we used image segmentation to manually trace cell bodies. We 
used either the segmentation editor of  Amira 5.4 (Visage Imaging GmbH, Berlin, 
Germany) or the TrakEM2 plugin (Cardona et al., 2012) in the Fiji package of  
ImageJ 1.50c (Schindelin et al., 2012). Cell body diameters were measured with 
the measuring tool in the Fiji package of  ImageJ. Each cell was measured twice, 
and measurements of  all cells within a cluster were averaged to obtain a single 
average value per cluster per brain. The measuring tool was also used to measure 
brain width, which was measured from medulla to medulla to avoid lamina areas 
that were damaged by the dissection procedures. 
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We included brains within the entire natural size range into our analysis. The 
size of  the wasps did not affect the distribution and number of  monoaminergic 
neurons in the brain, but there was an effect on neuron diameter (Chapter 
5). Hence, we presently report the average diameter of  cell bodies from the 
total body size range to cover the natural variation. Descriptions of  neuron 
projection patterns were prepared from those preparations in which they were 
best visible, which were mostly large brains. We used the z-project function in 
the Fiji package of  ImageJ 1.50c to create z-stack projections of  cell bodies and 
neurites. Contrast of  these images was enhanced in Adobe Photoshop CS6 (San 
Jose, CA). 

Results

Overall quality of  the immunolabelling 

All antisera yielded good staining qualities in which many neuron clusters were 
visible, but the 5HT-L-IR staining was more intense than OA- and DA-L-IR 
staining. There were no visible differences in staining quality between brains of  
different sizes, nor in number or distribution of  the monoaminergic neuronal 
cell bodies. However, neurites were better visible in large than in small brains 
due to their larger diameter and length. We will further compare the specific 
differences between small and large sister wasps in Chapter 5.

Average brain width (measured from medulla to medulla) was 136 ± 30 µm (n = 30) 
in wasps that were analysed for 5HT-like immunoreactivity, 123 ± 19 µm (n = 30) 
in wasps that were analysed for DA-like immunoreactivity, and 125 ± 18 µm 
(n = 30) in wasps that were analysed for OA-like immunoreactivity. Although 
dissecting brains of  such small sizes was possible without severe damages to 
neuropil tissue, our methods induced some specific difficulties. Our method 
of  dissecting the brains after tissue fixation made the brain less fragile and 
therefore easier to separate from the cuticle, but also reduced tissue elasticity. 
There were three specific areas that were rather vulnerable to consequent tissue 
damage during the dissection procedures. First, the ventral rim of  the brain 
was sometimes damaged because of  its tight attachment to the inflexible area 
close to the mouthparts. This may have influenced our analysis of  the clusters 
that are located in the ventro-medial brain area, such as OA-VUM and DA-4. 
Second, the lamina was often damaged due to its close attachment to the retina, 
which had to be removed for laser penetration during imaging procedures. We 
therefore only included descriptions of  lamina innervation from preparations in 
which this area was not damaged, and excluded the laminas in our estimations 
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of  brain width. Third, the area around the oesophageal foramen was often 
damaged during decapitation, when the connection between the oesophagus 
and the remaining digestive tract was severed. This may have caused variation in 
our analysis of  cluster OA-3 in this area. 

Distribution of  5HT-L-IR neurons 

The 5HT-L-IR staining was very intense and revealed many 5HT-L-IR neuron 
clusters and neurites (Figure 1). Average diameter of  5HT-L-IR cell bodies was 
2.1 ± 0.44 µm (n = 175). Neurites were approximately 0.5 µm in diameter, and 
varicose terminals approximately 1 µm in diameter. 

Cluster 5HT-0 (Figure 2A) is the most anterior serotonergic cell cluster in 
T. evanescens, located directly underneath the frontal cuticle and dorsal to the 
lobula. We indicate these cell bodies as 5HT-0 because they do not correspond to 
any of  the clusters that are present in A. mellifera, and are located more anteriorly 
than 5HT-1 (Schürmann and Klemm, 1984). The close location to the cuticle 
resulted in damage of  this cluster when the anterior head cuticle was removed. 
We therefore only analysed this cluster in heads of  which the posterior cuticle 
had been removed. Cluster 5HT-0 invariably consists of  two pairs of  neurons, 
with an average diameter of  2.0 ± 0.33 µm (n = 6). The primary neurites of  this 
cluster were not visible.

Cluster 5HT-1 (Figure 2C) is located ventro-lateral to the anterior side of  the 
lobula, and innervates the optic lobes in the same hemisphere. This cluster 
contains up to six pairs of  neurons, on average 4.5 ± 1.04 pairs, with an average 
diameter of  2.0 ± 0.38 µm (n = 30). Cluster 5HT-2 (Figure 2E) is located lateral 
to the mushroom body calyx, and contains only a single pair of  serotonergic 
neurons in most preparations. In two preparations, however, respectively two 
and three pairs were found in this cluster. This results in an average count of  
1.1 ± 0.40 neurons per cluster, with an average diameter of  2.1 ± 0.39 µm 
(n = 30).

Cluster 5HT-3 (Figure 2B) is the most pronounced group of  serotonergic cell 
bodies in T. evanescens. These neurons are located posterior and medial to the 
calyx of  the mushroom body and their position is lateral to the ocellar tract, 
close to the posterior cuticle. They are always well-stained and innervate a large 
part of  the anterior neuropil.  We counted up to 16 neuron pairs in this cluster, 
on average 12.1 ± 1.70 pairs (n = 21), with an average diameter of  2.1 ± 0.48 µm 
(n = 21). The cell clusters that have been described as 5HT-4 and 5HT-5 in 
A. mellifera (Schürmann and Klemm, 1984) were not observed in T. evanescens.
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Figure 1. Schematic overview of  the location of  serotonin-like immunoreactive 
(5HT-L-IR) cell bodies (A,C,E) and  projections (B,D,F) in the brain of  T. evanescens, 
shown dorsal side up at three locations in depth of  the brain. (A-B) Anterior view 
at approximately one quarter in depth of  the brain. (A) Location of  clusters 5HT-0, 
5HT-1 and 5HT-6a. (B) The most anterior neurite (grey arrow) projects in lateral 
direction from the brain midline. Slightly more posteriorly, a neurite runs in a dorsal 
direction along the brain midline (feathered arrows). The neurites of  the 5HT-1 cluster 
(open arrowheads) project along the lateral rims of  the lobula and medulla. The 5HT-6a 
neurons on the lateral side of  the antennal lobe project in a dorso-posterior direction 
(black arrowheads), following the brain midline before bending in a more lateral 
direction towards the dorso-lateral neuropil rim. Neurites of  the medial 5HT-6a neurons 
(black arrow) form a network of  fine bifurcations and varicose terminals in the ventro-
posterior part of  the brain. (C-D) Anterior view halfway in depth of  the brain. (C) 
Location of  clusters 5HT-2 and 5HT-6b. (D) The neurites of  5HT-2 (black arrowheads) 
innervate the medulla and dorso-posterior side of  the lamina. The ventro-anterior side 
of  the lamina is innervated by a bifurcation of  5HT-1 (open arrowheads) that projects 
from the cluster shown in B (grey cell body and dashed line show continuation from 
B). Neurites of  5HT-6b (black arrows) join the network of  bifurcations and varicose 
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terminals formed by 5HT-6a. (E-F) Posterior view three quarters in depth of  the brain. 
(E) Location of  clusters 5HT-3 and 5HT-6c. (F) The projections from the 5HT-3 cell 
bodies (arrowheads) innervate most neuropil areas. Primary neurites project towards 
the brain midline and form a dense network. Neurites from this network project in 
lateral, dorso-anterior and ventro-anterior direction, innervating the mushroom body 
pedunculus and calyx and projecting towards the optic lobes and antennal lobes. 
Neurites of  5HT-6c (arrows) join the network of  bifurcations and varicose terminals 
formed by 5HT-6a and 5HT-6b. Bifurcations also project anteriorly and posteriorly. 
(AL antennal lobe, LA lamina, ME medulla, LO lobula, LH lateral horn, CA calyx, PED 
pedunculus, VL vertical lobe, ML medial lobe, FB fan-shaped body, EB ellipsoid body, 
PB protocerebral bridge, NO noduli, OCT ocellar tract, D dorsal, V ventral, L lateral). 
Scale bar equals 50 µm for an average-sized brain.

Three clusters of  5HT-L-IR cell bodies are present at the ventral rim of  the 
brain, directly ventro-posterior to the antennal lobe and further posteriorly. 
Their location corresponds to the location of  5HT-6 neurons in A. mellifera 
(Schürmann and Klemm, 1984), which are located in the labial, maxillary and 
mandibular neuromeres of  the suboesophageal zone (Seidel and Bicker, 1996). 
We could distinguish between three subclusters and named them 5HT-6a, 
5HT-6b and 5HT-6c, from anterior to posterior.

The 5HT-6a neurons (Figure 2H) lie directly ventro-posterior to the antennal 
lobes, where they can be found both on the lateral and medial side of  the 
antennal lobe. We counted up to four pairs of  neurons in this cluster, on average 
2.3 ± 1.05 (n = 30), with an average diameter of  2.2 ± 0.48 µm. Cluster 5HT-6b 
(Figure 2H) lies in the ventral rim of  the brain, approximately central in depth 
of  the brain. We counted up to four pairs of  neurons in this cluster, on average 
2.1 ± 0.99 (n = 30), with an average diameter of  2.1 ± 0.41 µm. Cluster 5HT-6c 
(Figure 2I) is the most posterior cluster in the ventral rim of  the brain. We 
counted up to three pairs of  neurons in this cluster, on average 2.1 ± 0.89 
(n = 28), with an average diameter of  2.2 ± 0.50 µm.

Projection patterns of  5HT-L-IR neurons

Although 5HT-L-IR neurites are thin (approximately 0.5 µm in diameter), the 
primary neurites of  5HT-L-IR cell bodies could be traced for all clusters, except 
5HT-0. The most anterior neurite projects in lateral direction from the brain 
midline and gives off  varicose terminals dorsal to 5HT-0 cell bodies (Figure 2A). 
Just posteriorly, a neurite runs in dorsal direction along the brain midline. These 
anterior neurites could not be traced further, so their origin and destination 
remain unknown.
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Figure 2. Z-stack projections of  confocal images showing serotonin-like immunoreactive 
(5HT-L-IR) cell bodies and projection patterns in T. evanescens. (A) Cell cluster 5HT-
0 is the most anterior cluster of  two neuron pairs (arrows), located directly beneath 
the anterior cuticle. Arrowheads show the most anterior neurite that projects in lateral 
direction from the brain midline and gives off  varicose terminals dorsal to 5HT-0 
cell bodies. (B) The most prominent cell cluster in T. evanescens is 5HT-3, of  up to 16 
neuron pairs (arrows). The neurites (arrowheads) project medially and form a network 
of  bifurcations (as indicated in Figure 1F) that project anteriorly and innervate most of  
the central brain. (C) Cell cluster 5HT-1 is located anterior between the lobula (LO) and 
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medulla (ME) and consists of  up to six neuron pairs (arrows). Neurites (arrowheads) 
from this cluster bifurcate, project along the rim of  the medulla and innervate the 
lamina. (D) Overview of  the posterior central brain showing the innervation of  
the central complex (CX), neurites that run along the dorsal rim of  the brain (black 
arrowheads) and neurites from the 5HT-3 network (open arrowheads, also shown in B). 
(E) The single neuron of  the cell cluster 5HT-2 (arrow) is located on the lateral side of  
the mushroom body calyx (CA), and its neurites (arrowheads) innervate the optic lobes. 
(F) Innervation of  the mushroom body calyx (CA) by a neurite of  the 5HT-3 network 
(arrowhead). (G) Overview of  the innervation of  the medulla (ME) and lamina (LA), 
which contain a layered pattern of  varicose terminals originating from bifurcations of  
5HT-1 (black arrowheads, also shown in C) and 5HT-2 (open arrowheads, also shown 
in E). (H) Neurons of  cluster 5HT-6b (up to four neuron pairs, arrows) in the ventral 
rim of  the brain project towards the brain midline (black arrowheads). The lateral 
5HT-6a neuron (up to four neuron pairs, arrow) projects in dorsal direction (open 
arrowheads). (I) The most posterior cell cluster is 5HT-6c, of  up to three neuron pairs 
(arrow). Neurites (arrowheads) project medially and join the network of  bifurcations 
of  5HT-6a and 5HT-6b neurons. (LA lamina, ME medulla, LO lobula, CA calyx, CX 
central complex, D dorsal, V ventral, A anterior, P posterior). Scale bars equal 10 µm, 
figures are oriented with dorsal side pointing upwards. Contrast of  z-stack projections 
was enhanced in Adobe Photoshop CS6 (San Jose, CA).

The neurites that originate from neurons in clusters 5HT-1 and 5HT-2 innervate 
the optic lobes. The primary neurites of  cluster 5HT-1 (Figure 2C, Figure 2G) 
project in dorso-posterior direction along the lateral rim of  the lobula, and 
bifurcate at the edge of  the medulla. One bifurcation continues along the lateral 
rim of  the lobula in dorso-posterior direction. Two other bifurcations run along 
the lateral rim of  the medulla: one in ventro-anterior direction, and one in 
ventro-posterior direction. The latter bifurcation innervates the ventro-anterior 
side of  the lamina. 

The primary neurite of  cluster 5HT-2 (Figure 2E, Figure 2G) projects in ventral 
direction towards the optic lobes, where it bifurcates into three neurites. One of  
these continues in ventro-anterior direction along the lateral rim of  the medulla. 
It gives off  a dense network of  varicose terminals on the posterior side of  the 
medulla. Another bifurcation projects in ventro-posterior direction along the 
medial rim of  the lobula, but could not be traced further. A third bifurcation 
continues in ventro-posterior direction along the lateral rim of  the medulla, and 
innervates the dorso-posterior side of  the lamina. Together with the 5HT-1 
bifurcation that innervates the ventro-anterior side of  the lamina, it forms a 
single layer of  varicose terminals parallel to the surface of  the eye. Compared 
to the lamina and medulla, the innervation of  the lobula is sparse and consists 
of  weakly labelled varicose terminals without a clear pattern. The origin of  this 
innervation could not be traced.



Chapter 4

80

4

The projections that originate from cluster 5HT-3 (Figure 2B, Figure 2D) are 
very prominent in T. evanescens. These neurites appear to innervate most neuropil 
areas. The primary 5HT-3 neurites project towards the brain midline, where 
they form a dense network. Neurites from this network project in lateral, dorso-
anterior and ventro-anterior directions. The dorso-anteriorly projecting neurites 
follow the dorsal neuropil rim in the direction of  the optic lobes. The neurite 
that projects laterally enters the mushroom bodies through the pedunculus 
and projects towards the calyx, where it bifurcates and gives off  many varicose 
terminals (Figure 2F). The most pronounced neurite from the 5HT-3 neurite 
network runs in ventro-anterior direction (Figure 1F) and bifurcates close to 
the dorsal rim of  the medulla. One bifurcation continues in the direction of  the 
medulla, but could not be traced further. The other projects ventro-anteriorly 
in the direction of  the posterior side of  the antennal lobe, where it bifurcates 
again. These bifurcations could not be traced further. A second ventro-
anteriorly projecting neurite from the 5HT-3 neurite network projects in the 
direction of  the medulla, where it bifurcates on the dorsal side of  the medulla. 
The bifurcations then run along the lateral and medial medulla rim, but could 
not be traced further. 

The central brain contains many small varicose terminals, which appear to 
mainly originate at neurites of  the 5HT-3 network. The only neuropil area that 
is completely devoid of  any 5HT immunoreactivity, is the antennal lobe. Within 
the central complex, the ellipsoid body and fan-shaped body are clearly visible 
because they are richly innervated (Figure 2D), in contrast to the protocerebral 
bridge and noduli. The origin of  innervation of  the central complex could not 
be traced. 

The 5HT-6a neurons on the lateral side of  the antennal lobe project in dorso-
posterior direction, following the brain midline before bending in a more lateral 
direction towards the dorso-lateral neuropil rim. Neurites of  the medial 5HT-6a 
neurons join the neurites of  5HT-6b and 5HT-6c, and together form a network 
of  fine bifurcations and varicose terminals in the ventro-posterior part of  the 
brain (Figure 2H). Besides contributing to this network, the 5HT-6c neurons 
also bifurcate into a posteriorly and anteriorly projecting neurite. The posteriorly 
projecting neurite may descend to the thoracic ganglia, but we did not study this. 
The anteriorly projecting neurite could not be traced further. 

Distribution of  OA-L-IR neurons 

The OA-L-IR staining was clear, but less intense than 5HT-L-IR staining. The 
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staining revealed many OA-L-IR neuron clusters, and several neurites (Figure 3). 
Average diameter of  OA-L-IR cell bodies was 3.3 ± 0.75 µm (n = 88). Neurites 
and varicose terminals had average diameters of  approximately 0.6 µm.

Cluster OA-1 (Figure 4A) is the most anterior cluster of  OA-L-IR neurons. 
It consists of  a single pair of  cell bodies, located close to the anterior cuticle 
with an average diameter of  3.9 ± 0.91 µm (n = 9). Neurons of  this pair are 
approximately 6 – 10 µm apart from each other. 

Cluster OA-2 (Figure 4A) also consists of  a single pair of  OA-L-IR neurons, 
located directly posterior and ventral to cluster OA-1. Cell bodies of  this pair are 
slightly closer together: approximately 3 – 7  µm. The average diameter of  these 
cells was 3.9 ± 0.76 µm (n = 9).

Cluster OA-3 (Figure 4B) is the most pronounced OA-L-IR neuron cluster in 
T. evanescens. It is located ventro-posterior to cluster OA-2 and directly adjacent 
to the oesophageal foramen. We counted up to nine neuron pairs, on average 
4.7 ± 1.61 (n = 22), with an average diameter of  3.1 ± 0.66 µm (n = 22). 

The OA-L-IR cluster in the dorsal rim of  the brain, which has been described as 
OA-4 in A. mellifera (Sinakevitch et al., 2005), Drosophila melanogaster (Sinakevitch 
and Strausfeld, 2006) and N. vitripennis (Haverkamp and Smid, 2014) was not 
observed in T. evanescens. 

Cluster OA-5 (Figure 4C) is located latero-posterior to the antennal lobe. We 
found up to three pairs of  OA-L-IR cell bodies in this cluster, on average 
2.1 ± 0.83, with an average diameter of  3.1 ± 0.68 µm (n = 14). 

Cluster OA-6 (Figure 4D) consists of  a single neuron pair in the ventro-lateral 
rim of  the brain, ventro-posterior to the antennal lobes and medial to the 
medulla. The average diameter of  these cells was 3.5 ± 0.74 µm (n = 11). 

Cluster OA-7 (Figure 4D) is the most posterior OA-L-IR neuron cluster, located 
ventro-lateral to the oesophageal foramen and close to the posterior cuticle. It 
consists of  a single pair of  neurons, which are also the smallest octopaminergic 
neurons with an average diameter of  2.8 ± 0.35 µm (n = 5).

The OA-VUM neurons (Figure 4E) in T. evanescens lie at the ventral base of  
the brain, very close to the mouthparts. This location is vulnerable to damage 
caused by the dissection procedure, as was described above. We counted up to 
13 OA-VUM neurons in two exceptionally well-stained preparations, but on 
average only 4.4 ± 3.36 neurons were visible (n = 18) with an average diameter 
of  3.0 ± 0.58 µm (n = 18).
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Figure 3. Schematic overview of  the location of  octopamine-like immunoreactive 
(OA-L-IR) (A,C,E) cell bodies and (B,D,F) projections in the brain of  T. evanescens, 
shown dorsal side up at three locations in depth of  the brain. (A-B) Anterior view at 
approximately one quarter in depth of  the brain. (A) Location of  clusters OA-1 and 
OA-2. (B) The umbrella-shaped projection (OA-USP, arrow) originates at the ventro-
medial side of  the brain, and runs in dorsal direction along the brain midline. It passes 
the posterior side of  the OA-3 cluster and bifurcates at the dorso-posterior side of  the 
brain. (C-D) Anterior view halfway in depth of  the brain. (C) Location of  clusters 
OA-3, OA-5, OA-6 and OA-VUM. (D) Several neurites form a network that surrounds 
the oesophageal foramen. The most anterior neurite from this network (arrowhead) 
projects laterally and innervates the antennal lobe. The stag-like projection (OA-SLP, 
arrow) projects in dorso-lateral direction and innervates the mushroom body calyx. (E-
F) Posterior view three quarters in depth of  the brain. (E) Location of  cluster OA-7. 
(F) The optic lobes are innervated by a posterior neurite (arrowheads) that bifurcates 
into a neurite that innervates the dorso-posterior side of  the medulla, and a neurite that 
projects anteriorly along the medial rim of  the lobula and innervates the ventro-anterior 
side of  the medulla. (AL antennal lobe, LA lamina, ME medulla, LO lobula, LH lateral 
horn, CA calyx, PED pedunculus, VL vertical lobe, ML medial lobe, FB fan-shaped 
body, EB ellipsoid body, PB protocerebral bridge, NO noduli, OCT ocellar tract, D 
dorsal, V ventral, L lateral). Scale bar equals 50 µm for an average-sized brain.
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Projection patterns of  OA-L-IR neurons 

The connections of  OA-L-IR neurites to their corresponding cell bodies were 
mostly invisible, but some projections into neuropil areas could be distinguished. 
The most pronounced neurite (Figure 4J) in our preparations was a projection that 
appears similar to the umbrella-shaped projection (OA-USP) that has previously 
been described for Nasonia (Haverkamp and Smid, 2014). This neurite originates 
at the ventro-medial side of  the brain, but a connection with cell bodies was not 
visible. It passes very close to the posterior side of  the OA-3 cluster, and then 
projects in dorsal direction along the brain midline, close to the oesophageal 
foramen. The neurite bends at the dorso-posterior side of  the brain, and runs in 
ipsilateral direction where it bifurcates (Figure 4F) and continues in the direction 
of  (but could not be observed to innervate) the mushroom bodies.

Several neurites form a network that surrounds the oesophageal foramen. The 
origin of  these neurites could not be traced, but they are located close to clusters 
OA-3 and OA-VUM and may therefore originate at these clusters. Neurites 
from this network innervate the antennal lobe, the mushroom bodies and the 
optic lobes. The most anterior neurite from this network projects laterally and 
innervates the antennal lobe at its posterior side (Figure 4J). Another neurite 
from the anterior side of  the network projects dorso-laterally and innervates 
the mushroom body calyx. This neurite resembles the stag-like projection 
(OA-SLP) that was described for Nasonia (Haverkamp and Smid, 2014). It is less 
pronounced than OA-USP and too faint to catch in z-stack projections. 

The optic lobes are innervated by a neurite that projects from the ventro-anterior 
to the dorso-posterior side of  the oesophageal foramen  (Figure 3F). Close to 
the posterior cuticle, the neurite bends and projects laterally towards the optic 
lobes. It bifurcates into a neurite that innervates the dorso-posterior side of  
the medulla, and a neurite that follows the medial rim of  the lobula in anterior 
direction and innervates the ventro-anterior side of  the medulla. Two distinct 
layers of  sparsely distributed varicose terminals are visible in the medulla (Figure 
4G).

There is little variation in the density of  OA-L-IR varicose terminals across the 
different neuropil areas. The overall density of  these terminals is lower than 
the density of  5HT-L-IR varicose terminals, but not a single neuropil area is 
completely devoid of  OA-like immunoreactivity. In the antennal lobes, the 
density of  varicose terminals is higher in the centre than at the rim. Specific 
innervation of  antennal lobe substructures, such as glomeruli, could not be 
analysed in these preparations. 
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Figure 4. Z-stack projections of  confocal images showing octopamine-like 
immunoreactive (OA-L-IR) cell bodies and projection patterns in T. evanescens. (A) OA-1 
consists of  a single pair of  neurons (arrows), and is located directly beneath the anterior 
cuticle, close to the brain midline. Cluster OA-2 also consists of  a single pair of  neurons 
(arrows) and is located directly ventro-posterior to OA-1. (B) Cluster OA-3 (arrows, 
also shown in J) consists of  up to nine neuron pairs and is located directly adjacent 
to the oesophageal foramen (OF). (C) Cluster OA-5 (arrows) consists of  up to three 
neuron pairs and is located latero-posterior to the antennal lobe. (D) Cluster OA-6 
(arrows) contains a single neuron pair at the lateral part of  the ventral rim of  the brain, 
and cluster OA-7 (arrows) is located more posteriorly ventro-lateral to the oesophageal 
foramen and also contains a single neuron pair. (E) Cluster OA-VUM (arrows) lies at 
the ventro-medial base of  the brain and contains up to 13 unpaired neurons. (F) An 
arch of  varicose terminals (open arrowheads) outlines the dorsal rim of  the fan-shaped 
body (FB). The ellipsoid body (EB) contains a high density of  varicose terminals. Dorsal 
to the fan-shaped body, the umbrella-shaped projection (OA-USP, black arrowheads) 
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bifurcates and projects laterally. (G) OA-like immunoreactivity in the lobula (LO) and 
medulla (LO). Arrowheads show a layer of  varicose terminals in the medulla. (H) The 
protocerebral bridge (PB) is clearly visible due to a high density of  varicose terminals. 
(I) The mushroom body calyx (CA) is contains several OA-L-IR varicose terminals. (J) 
Cluster OA-3 (arrows, also shown in B) may contribute neurites to the neurite network 
around the oesophageal foramen (OF). A neurite of  this network projects towards the 
antennal lobes (AL, open arrowheads). The umbrella-shaped projection (OA-USP, black 
arrowheads) originates at the ventral side of  the brain and projects in dorsal direction 
along the brain midline. (AL antennal lobe, LA lamina, ME medulla, LO lobula, CA 
calyx, OF oesophageal foramen, PB protocerebral bridge, FB fan-shaped body, EB 
ellipsoid body). Scale bars equal 10 µm, figures are oriented with dorsal side pointing 
upwards. Contrast of  z-stack projections was enhanced in Adobe Photoshop CS6 (San 
Jose, CA).

The central complex shows pronounced varicose terminals, especially in the 
ellipsoid body (Figure 4F). This high density of  varicose terminals makes the 
ellipsoid body stand out from the surrounding tissue. An arch of  varicose 
terminals surrounds the central complex dorsal to the fan-shaped body (Figure 
4F). The protocerebral bridge is also clearly visible due to a high density of  
varicose terminals (Figure 4H). There are several varicose terminals in the centre 
and rim of  the mushroom body calyx (Figure 4I), whereas the mushroom body 
lobes cannot be distinguished from the surrounding neuropil tissue due to 
similarities in the intensity of  background staining. 

Distribution of  DA-L-IR neurons 

The DA-L-IR staining was less intense than the 5HT-L-IR staining. Many DA-
L-IR neuron clusters were visible, but only few neurites (Figure 5). The average 
diameter of  DA-L-IR cell bodies was 2.3 ± 0.38 µm (n = 160). Neurites and 
varicose terminals were approximately 0.5 µm in diameter. The orientation of  
dopaminergic neurons in T. evanescens differs from the descriptions in A. mellifera 
(Schafer and Rehder, 1989; Schürmann et al., 1989) and D. melanogaster (Nässel 
and Elekes, 1992; Monastirioti, 1999; Mao and Davis, 2009). Our numbering of  
cell clusters does, therefore, not correspond to the numbering that was used for 
those species.

Cluster DA-1 (Figure 6A) is the most anterior cell cluster, located latero-anteriorly 
in the central brain, directly underneath the frontal cuticle. We counted up to 5 
pairs of  neurons in this cluster. On average 2.6 ± 0.89 (n = 27) neurons were 
present, with an average diameter of  2.5 ± 0.33 µm (n = 27). Cell bodies of  this 
cluster are somewhat scattered, located 3 – 16 µm apart from each other. 
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Figure 5. Schematic overview of  the location of  dopamine-like immunoreactive 
(DA-L-IR) (A,C,E) cell bodies and (B,D,F) projections in the brain of  T. evanescens, 
shown dorsal side up at three locations in depth of  the brain. (A-B) Anterior view at 
approximately one quarter in depth of  the brain. (A) Location of  clusters DA-1, DA-2 
and DA-3. (B) A small network of  neurites (arrowhead) project in medial direction 
along the ventral rim of  the brain. (C-D) Anterior view halfway in depth of  the brain. 
(C) Location of  clusters DA-4 and DA-5a. Cluster DA-5a is located anterior to the 
calyx (CA, shown by dashed outline). (D) A thick bundle of  DA-L-IR fibres (arrow) 
runs anteriorly to the mushroom body pedunculus and medially to the calyx. A single 
neurite (arrowheads) projects along the pedunculus in the direction of  the calyx. (E-
F) Posterior view three quarters in depth of  the brain. (E) Location of  clusters DA-4, 
DA-5b, DA-6 and DA-7. (F) A DA-L-IR neurite (arrow) projects ventro-laterally from 
the dorsal side of  the oesophageal foramen to the ventral side of  the oesophageal 
foramen. A single neurite (open arrowhead) projects dorsally along the brain midline 
and bifurcates just ventral to the oesophageal foramen. The most posterior neurite 
(black arrowhead) projects dorsally from the ventral rim of  the brain, and may innervate 
the thoracic ganglia. (AL antennal lobe, LA lamina, ME medulla, LO lobula, LH lateral 
horn, CA calyx, PED pedunculus, VL vertical lobe, ML medial lobe, FB fan-shaped 
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body, EB ellipsoid body, PB protocerebral bridge, NO noduli, OCT ocellar tract, D 
dorsal, V ventral, L lateral). Scale bar equals 50 µm for an average-sized brain.

Cluster DA-2 (Figure 6A) lies posterior to cluster DA-1, medial to the lobula and 
dorso-lateral to the antennal lobes. It consists of  up to four pairs of  neurons, 
and on average 2.3 ± 0.86 (n = 28). Their average diameter was 2.3 ± 0.35 µm 
(n = 28). 

Cluster DA-3 (Figure 6A) is located in the ventral rim of  the brain, ventral to the 
antennal lobes. We counted up to four pairs of  neurons in this cluster, and on 
average 2.7 ± 0.66 (n = 29). Their diameter was 2.0 ± 0.24 µm (n = 29). 

Cluster DA-4 (Figure 6A) is located medially in the ventral rim of  the brain, at an 
approximately similar location as OA-VUM. This cluster consists of  up to four 
unpaired neurons. Sometimes one of  these unpaired neurons is located more 
posteriorly, and we consider this part of  the same cluster because this neuron is 
unpaired and occurs in the same ventro-medial location. On average 2.5 ± 0.82 
(n = 25) neurons were present, with an average diameter of  2.5 ± 0.49 µm 
(n = 25).

Cluster DA-5 is located ventral and posterior to the lateral rim of  the calyx, and 
dorsal to the lobula. It consists of  up to eight pairs of  neurons, and on average 
3.9 ± 2.16 (n = 28). Average diameter of  these neurons was 2.2 ± 0.33 µm 
(n = 28). This cluster appears to consist of  two subclusters, indicated as DA-5a 
(Figure 6C) and DA-5b (Figure 6E). Cell bodies of  DA-5a are oriented in a 
cluster ventro-anterior to the calyx. Slightly more posteriorly, cell bodies of  
cluster DA-5b are oriented in  a dorso-ventral line at the lateral rim of  the calyx. 
The two subclusters are located very close together, and we therefore do not 
distinguish between them in our analyses. 

Cluster DA-6 (Figure 6D) is located posterior to the calyx and the central 
complex. Cell bodies of  this cluster are positioned on the medial and lateral sides 
of  the ocellar tract. We counted up to six pairs of  neurons in this cluster, on 
average 3.2 ± 1.74 (n = 13), with an average diameter of  2.3 ± 0.32 µm (n = 13).

Cluster DA-7 (Figure 6F) is the most posterior dopaminergic cell cluster, located 
in the ventro-posterior rim of  the brain. This cluster contained up to three pairs 
of  neurons, on average 1.4 ± 0.70 (n = 10). Average diameter of  these neurons 
was 2.4 ± 0.26 µm (n = 10).
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Figure 6. Z-stack projections of  confocal images showing dopamine-like immunoreactive 
(DA-L-IR) cell bodies and projection patterns in T. evanescens. (A) Cluster DA-1 (up to 
five neuron pairs, arrows) is located in the latero-anterior central brain. Cluster DA-2 
(up to four neuron pairs, arrows) is located medial to the lobula (LO) and dorso-laterally 
from the antennal lobe (AL). Cluster DA-3 (up to four neuron pairs, arrows) is located 
ventral to the AL. Cluster DA-4 (up to four unpaired neurons, arrows) is located medial 
in the ventral rim of  the brain. (B) The pedunculus (PED), medial lobes (ML) and 
vertical lobes (VL) of  the mushroom bodies show higher densities of  varicose terminals 
than the surrounding neuropil. Arrowheads show a small anterior network of  neurites 
that project in medial direction, dorsal to DA-4 (arrows). (C) Cluster DA-5 consists of  
up to eight neuron pairs (arrows), of  which subcluster DA-5a is located on the ventro-
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anterior side of  the calyx (CA) and dorsal to the medulla (ME). (D) Cluster DA-6 (up 
to six neuron pairs, arrows) are located on the medial side of  the CA, and surround the 
ocellar tract (OCT). (E) The calyx and optic lobes are the only neuropils that are devoid 
of  DA-like immunoreactivity. Subcluster DA-5b (arrow) is located on the ventro-
lateral side of  the calyx. Black arrowhead shows the location of  the neurite bundle that 
occurs on the ventro-medial side of  the calyx, open arrowheads show the neurite that 
follows the pedunculus in the direction of  the calyx. (F) Cluster DA-7 consists of  up 
to three neuron pairs (arrow), located posterior in the ventral rim of  the brain. The 
most posterior neurite runs parallel to the brain midline from the ventral rim of  the 
brain in the direction of  the oesophageal foramen (black arrowheads). Medial to this 
neurite, another neurite (open arrowheads) follows the brain midline and bifurcates just 
ventral to the oesophageal foramen. (G) Varicose terminals surround the oesophageal 
foramen (outlined area) and are present in the ventral rim of  the brain (arrowheads). 
(AL antennal lobe, LA lamina, ME medulla, LO lobula, CA calyx, PED pedunculus, 
VL vertical lobe, ML medial lobe, CX central complex, OCT ocellar tract). Scale bars 
equal 10 µm, figures are oriented with dorsal side pointing upwards. Contrast of  z-stack 
projections was enhanced in Adobe Photoshop CS6 (San Jose, CA).

Projection patterns of  DA-L-IR neurons 

Projections of  DA-L-IR neurons were sparsely visible. The connections of  
the neurites to the corresponding cell bodies could not be traced in any of  
the clusters. The most pronounced DA-like immunoreactivity was found at the 
ventral base of  the mushroom body calyx, where a bundle of  DA-L-IR fibres 
(approximately 1.4 µm in diameter) is located anterior to the mushroom body 
pedunculus and medial to the calyx (Figure 6E). It is closely located to cluster 
DA-5, but we could not observe a connection. Close to this bundle, a single 
neurite appears to project dorso-laterally in the direction of  the calyx (Figure 
5D). 

On the anterior side of  the brain, there is a small network of  neurites that 
project in medial direction through the ventral rim of  the brain (Figure 6B). 
These neurites are located ventro-posterior to the antennal lobes and medial to 
the neurons of  the DA-3 cluster. Although these neurites may originate from the 
DA-3 neurons, this could not be observed.  

The most posterior neurite runs parallel to the brain midline, from the ventral 
rim of  the brain in the direction of  the oesophageal foramen (Figure 6F). This 
neurite may innervate the thoracic ganglia. Medial to this neurite, another neurite 
follows the brain midline and bifurcates just ventrally to the oesophageal foramen 
(Figure 6F). The bifurcations bend and project in ventro-lateral direction, where 
they could not be traced further. Another neurite projects ventro-laterally from 
the dorsal side of  the oesophageal foramen (ventro-posterior to the medial 
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mushroom body lobe) to the ventral side of  the oesophageal foramen (Figure 
5F). This neurite could not be traced further. Neurites innervating other major 
neuropil areas (i.e. optic lobes, antennal lobes, lateral horn and central complex) 
were not visible.

The density of  DA-L-IR varicose terminals is lower than the densities of  5HT- 
and OA-L-IR terminals. The entire brain appears equally innervated by similar, 
low levels of  varicose terminals. Only the mushroom body calyces and optic 
lobes appear to be completely devoid of  varicose terminals (Figure 6E). Higher 
densities of  varicose terminals are visible in the pedunculus, and medial and 
vertical lobes of  mushroom bodies (Figure 6B), and in the ventro-posterior part 
of  the brain (in the ventral rim of  the brain and surrounding the oesophageal 
foramen; Figure 6G). 

Discussion

Our study provides a first description of  the morphology of  5HT-, OA-, and 
DA-L-IR neurons in the brains of  the minute parasitic wasp T. evanescens. In 
the sections below, we show that these miniaturized brains contain comparable 
numbers of  monoaminergic neurons as much larger insects; i.e. A. mellifera, 
D. melanogaster and larger parasitic wasps of  the genera Nasonia and Cotesia. 
Some neuron clusters in T. evanescens contain similar numbers of  neurons as 
comparable clusters in larger insects, others contain fewer neurons and others 
are entirely absent. The 5HT-L-IR neuron clusters appear to be especially 
conserved in complexity. Some 5HT-L-IR clusters that are present in other 
insects are absent in T. evanescens, but most of  the remaining clusters contain 
a similar number of  neurons as in other species. There are more differences 
between the OA-L-IR neuron clusters of  T. evanescens and larger insects, although 
the distribution and number of  OA-L-IR neurons is very similar to descriptions 
of  the related parasitic wasps of  the genus Nasonia. The complexity of  DA-L-IR 
neuron clusters appears to be severely reduced compared to other insects. We 
will elaborate on the differences in distribution, number and size of  the neurons 
between T. evanescens and other insects in the following sections.

Immunohistochemistry

The OA-L-IR staining was less intense in T. evanescens than in a previous study 
of  the larger parasitic wasps of  the genus Nasonia (Haverkamp and Smid, 2014), 
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despite large similarities in methodologies of  these two studies. The lower 
intensity in T. evanescens may relate to the small size of  neuronal cell bodies and 
neurites in this wasp, and the thin optical sections that were required to accurately 
visualize these. This indicates that studying the smallest neurons in miniaturized 
species such as T. evanescens is technically challenging. 

The 5HT-L-IR staining was more intense than OA- and DA-L-IR staining in 
our study. There may be more 5HT present in the brains than OA and DA, 
although titres of  DA are much higher than titres of  OA and 5HT in the brains 
of  honeybees, bumblebees and ants (Harris and Woodring, 1992; Bloch et al., 
2000; Cuvillier-Hot and Lenoir, 2006). Methodological differences could provide 
alternative explanations for the higher detectability of  5HT than OA and DA. 
The methods to visualize OA and DA used a glutaraldehyde-based fixative, 
which crosslinks proteins more strongly than the formaldehyde-based fixative 
used for 5HT-like immunoreactivity (Hopwood, 1967). Strong crosslinking 
could have reduced permeability of  the tissues and partially masked antigens 
in a more severe way than occurred during the procedures to visualize 5HT. 
Furthermore, antibodies against OA and DA do not bind the oxidized form of  
their target amines, whereas this problem does not occur for antibodies against 
5HT. Although we used sodium borohydride to reduce oxidized forms, it is not 
clear how effective this method is. 

Antibodies against enzymes that are involved in the biosynthesis of  OA and 
DA may provide complementary data to aid identification of  OA- and DA-
L-IR neurons. Antibodies against tyramine beta-hydroxylase have been used 
successfully to reveal OA-like immunoreactivity (Monastirioti et al., 1996; Koon 
et al., 2011; Wu et al., 2013), and antibodies against tyrosine hydroxylase have 
been used for DA-like immunoreactivity (Nässel and Elekes, 1992; Mao and 
Davis, 2009). Using these antibodies may enhance the detection of  OA and DA 
in future studies in T. evanescens.

Distribution and projections of  5HT-L-IR neurons

We counted up to 38 5HT-L-IR neuron pairs in T. evanescens (Table 1). This is 
comparable to the number of  5HT-L-IR neuron pairs in D. melanogaster, where 
up to 41 neuron pairs were counted (Sitaraman et al., 2008). More neuron pairs 
were observed in A. mellifera: approximately 75 (Schürmann and Klemm, 1984). 
The difference in number of  5HT-L-IR neurons between T. evanescens and 
A. mellifera is partially caused by clusters 5HT-4 and 5HT-5. These were not 
visible in T. evanescens, but contain up to 24 neuron pairs in A. mellifera. Cluster 
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5HT-1 explains the remaining difference; this cluster contains up to 30 neuron 
pairs in A. mellifera, but only up to six in T. evanescens. In D. melanogaster, this cluster 
contains up to twice as many neurons as in T. evanescens. All other clusters contain 
an approximately equal number of  neuron pairs in T. evanescens, A. mellifera and 
D. melanogaster. These striking similarities in neuron numbers indicate that the 
5HT-L-IR neuron clusters in T. evanescens are very conserved compared to other 
insects.

The distribution pattern of  5HT-L-IR neuron clusters in T. evanescens largely 
corresponds to the pattern in A. mellifera and D. melanogaster (Schürmann and 
Klemm, 1984; Monastirioti, 1999; Blenau and Thamm, 2011), but there were 
some differences, which we describe in detail in the Supplementary Information. 

Distribution and projections of  OA-L-IR neurons

We counted up to 16 OA-L-IR neuron pairs, and up to 13 unpaired OA-L-IR 
neurons in the brain of  T. evanescens. The number of  paired OA-L-IR neurons 
is larger in other insects (Table 1). On average 24 OA-L-IR neuron pairs were 

Table 1. Comparison of  monoaminergic neurons between T. evanescens and larger insects. 
Shown are total number and diameter of  serotonin-like immunoreactive (5HT-L-IR) 
cell bodies, octopamine-like immunoreactive (OA-L-IR) cell bodies and dopamine-like 
immunoreactive (DA-L-IR) cell bodies. Diameters are shown as average values or as 
reported total range. 

Data from: a Schürmann and Klemm, 1984; b Sinakevitch et al., 2005; c Schroter et al., 
2007; d Schürmann et al., 1989; e Sitaraman et al., 2008; f Sinakevitch and Strausfeld, 
2006; g Mao and Davis, 2009; h Budnik and White, 1988; i Haverkamp and Smid, 2014.

T. evanescens  
(this study)

A. mellifera D. melanogaster N. vitripennis  
and N. giraulti

5HT-L-IR 38 pairs 75 pairs a 41 pairs e -

2.1 ± 0.4 µm 8 – 30 µm a -

OA-L-IR 16 pairs  
13 unpaired

80 pairs b  
14 unpaired c

41 pairs 
26 unpaired f

24 pairs 
12 – 14 unpaired i

3.3 ± 0.8 µm 8 – 45 µm b 5 – 10 µm f 6 – 11 µm i

DA-L-IR 30 pairs  
4 unpaired

119 pairs d 282 pairs g  
2 unpaired h

-

2.3 ± 0.4 µm 8 – 30 µm d - -
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present in the Nasonia brain (Haverkamp and Smid, 2014), 41 in D. melanogaster 
(Sinakevitch and Strausfeld, 2006), and up to 80 in A. mellifera (Sinakevitch 
et al., 2005). This difference in number of  neurons between T. evanescens and 
other insects is partially caused by differences in the number of  neurons per 
cluster, and partially by differences in the number of  clusters that are present in 
these species. The clusters that were observed in both T. evanescens and Nasonia 
contained equal numbers of  neurons in both species. In contrast, almost all 
paired clusters in A. mellifera and D. melanogaster contain more neurons than 
in T. evanescens. However, there was a remarkable similarity in the number of  
OA-VUM neurons in T. evanescens and other hymenopterans. We counted up to 
13 OA-VUM neurons in two well-stained T. evanescens brains, which is comparable 
to A. mellifera (14 neurons; Schroter et al., 2007), Nasonia wasps (12 – 14 neurons; 
Haverkamp and Smid, 2014) and Cotesia wasps (14 – 20 neurons; Bleeker et al., 
2006).

The distribution pattern of  OA-L-IR neuron clusters in T. evanescens largely 
corresponds to previous findings in the parasitic wasps Nasonia vitripennis 
and Nasonia giraulti (Haverkamp and Smid, 2014). These similarities could be 
explained by the close relation of  these parasitic wasps; they both belong to 
the superfamily Chalcidoidea. The distribution of  OA-L-IR neuron clusters in 
T. evanescens is also very similar to the distribution in A. mellifera (Kreissl et al., 
1994; Sinakevitch et al., 2005) and D. melanogaster (Sinakevitch and Strausfeld, 
2006; Busch et al., 2009). Mostly the same clusters are present in the three species, 
but they occur at slightly different locations, in more subclusters and with more 
neurons per cluster in A. mellifera and D. melanogaster. A full comparison of  the 
distribution of  OA-L-IR neurons between T. evanescens and other insects can be 
found in the Supplementary Information. 

Distribution and projections of  DA-L-IR neurons

The most striking difference in DA-like immunoreactivity between T. evanescens 
and other insects is the difference in the total number of  DA-L-IR neurons. 
We counted up to 30 paired and four unpaired DA-L-IR neuron pairs in 
T. evanescens, whereas much higher numbers were observed in other insects 
(Table 1). Apis mellifera has up to 119 DA-L-IR neuron pairs (Schürmann et al., 
1989), and Calliphora erythrocephala and Phormia terraenovae blowflies up to 152 
DA-L-IR neuron pairs (Nässel and Elekes, 1992). An antibody against tyrosine 
hydroxylase, a precursor of  dopamine, revealed 282 immunoreactive neuron 
pairs in the protocerebrum of  D. melanogaster (Mao and Davis, 2009). Most DA-
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L-IR neurons were observed in the locust Schistocerca gregaria: up to 127 neurons 
in the midbrain, and more than 3000 in the optic lobes (Wendt and Homberg, 
1992).

We expected that the distribution of  DA-L-IR neuron clusters in T. evanescens would 
be similar to the distribution of  DA-L-IR clusters in other insects, especially those 
of  other hymenopterans. However, the distribution of  dopaminergic neurons in 
T. evanescens differs much from the distribution in A. mellifera (Schafer and Rehder, 
1989; Schürmann et al., 1989), C. erythrocephala and P. terraenovae blowflies (Nässel 
and Elekes, 1992), D. melanogaster (Budnik and White, 1988; Monastirioti, 1999; 
Mao and Davis, 2009) and locusts (Wendt and Homberg, 1992). Comparison 
to other insects is further complicated by the lack of  connections of  DA-L-
IR neurites to cell bodies in T. evanescens. This obstructed the identification of  
similarities in neuron clusters across insects based on similarities in the areas 
they innervate. A different antibody, for example against tyrosine hydroxylase, 
might reveal more DA-like immunoreactivity and aid the comparison with other 
species. A full comparison of  the distribution of  DA-L-IR neurons between 
T. evanescens and other insects can be found in the Supplementary Information.

Neuron numbers in comparison with other insects

Overall, our study shows that miniaturized T. evanescens brains contain comparable 
numbers of  monoaminergic neurons as much larger insects (Table 1). This is 
surprising, given the difference in total number of  neurons between T. evanescens 
and larger insects. For example, the total number of  neurons in the brains 
of  A. mellifera has been estimated to be around 960,000 (Menzel and Giurfa, 
2001). This is approximately 26 times more than the 37,000 neurons that were 
estimated to be present in the brains of  T. evanescens (Makarova and Polilov, 
2013). However, when comparing the number of  monoaminergic neurons of  
T. evanescens to A. mellifera, much smaller differences are found. Apis mellifera have 
only approximately twice as many 5HT-L-IR neurons (Schürmann and Klemm, 
1984), 3.5 times as many DA-L-IR neurons (Schürmann et al., 1989) and five 
times as many OA-L-IR neurons (Sinakevitch et al., 2005). This indicates that 
a certain level of  neural complexity is required to preserve the performance of  
the monoaminergic neurons. Maintaining such a high level of  complexity may 
have been enabled by more extreme reductions in numbers of  other types of  
neurons, and by miniaturization of  neuron size (on which we elaborate in the 
section below). 

Of  the three types of  monoaminergic neurons that we studied, the 5HT-L-
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IR neuron clusters appear to be most conserved. The comparison of  5HT-
L-IR neuron counts shows a striking similarity in number of  neurons in all 
clusters that are present in T. evanescens and other insects, except for 5HT-1. 
This conserved distribution of  5HT-L-IR neurons indicates that modifications 
to these clusters could compromise vital physiological functions. Differences 
in total cell count of  5HT-L-IR neurons between T. evanescens and other insects 
are mostly caused by clusters that are lacking in T. evanescens and present in other 
insects, and a difference in neuron number of  the cluster that innervates the 
optic lobes; 5HT-1. In A. mellifera, this cluster contains approximately five-fold 
more neuron pairs than in T. evanescens, and in D. melanogaster this cluster contains 
approximately two-fold more neuron pairs than in T. evanescens. The optic lobes 
have a strong columnar structure, which relates to the organization of  ommatidia 
in the compound eyes (Paulk et al., 2013). The number of  5HT-L-IR neurons 
that modulate functioning of  the optic lobes may directly relate to the size of  the 
eye and number of  ommatidia. Hence, the differences in numbers of  ommatidia 
between T. evanescens (approximately 128; Fischer et al., 2011), D. melanogaster 
(approximately 750; Paulk et al., 2013) and A. mellifera (approximately 4500; 
Srinivasan, 2010), may underlie the difference in numbers of  5HT-1 neurons 
between these insects. 

The OA-L-IR neuron clusters appear to be less conserved than the 5HT-L-
IR clusters, although there were large similarities in the number of  neurons in 
those OA-L-IR neuron clusters that were present in both T. evanescens and the 
related parasitic wasp Nasonia. Only two clusters that were visible in Nasonia 
were absent in T. evanescens: OA-0 and OA-4. Almost all paired OA-L-IR clusters 
in A. mellifera and D. melanogaster contain more neurons than in T. evanescens and 
Nasonia, except clusters OA-3 and OA-VUM. Cluster OA-3 was the only paired 
OA-L-IR neuron cluster that consists of  an approximately equal number of  
neurons in T. evanescens, Nasonia (Haverkamp and Smid, 2014), Cotesia (Bleeker 
et al., 2006), A. mellifera (Sinakevitch et al., 2005), and D. melanogaster (Busch et 
al., 2009). The number of  OA-VUM neurons in T. evanescens is similar to the 
number of  OA-VUM neurons that were described in other hymenopterans: i.e. 
A. mellifera (Schroter et al., 2007), Nasonia (Haverkamp and Smid, 2014) and 
Cotesia (Bleeker et al., 2006).

The large similarity in numbers of  neurons in OA-3 and OA-VUM in T. evanescens 
and other insects indicates that adequate functioning requires a conserved number 
of  neurons, despite large differences in brain size. Neurites of  cluster OA-3 and 
OA-VUM could contribute to the network of  neurites around the oesophageal 
foramen, and they may have vital functions for the neuropil areas that they 



Chapter 4

96

4

innervate (i.e. optic lobes, mushroom bodies and antennal lobes). Furthermore, 
OA-VUM neurons are important in the neural processing pathways that lead 
to memory formation in insects (Hammer and Menzel, 1995; Schroter et al., 
2007). The conservation of  OA-VUM neuron numbers among hymenopterans 
has been hypothesized to be related to the complex learning abilities that are 
required for a parasitic life style (Haverkamp and Smid, 2014), which evolved at 
the base of  the Euhymenoptera (Whitfield, 2003; Farris and Schulmeister, 2011). 
The conserved number of  OA-VUM neurons in bees and wasps, including the 
miniaturized T. evanescens with a ~2500× smaller brain volume than A. mellifera 
(Mares et al., 2005; Chapter 2), supports this hypothesis.

The DA-L-IR neuron clusters appear to be least conserved of  the three 
monoaminergic systems that we studied. There was a large difference in 
distribution of  DA-L-IR neurons between T. evanescens and other insects, and 
most clusters can therefore not be directly compared. Furthermore, the total 
number of  DA-L-IR neurons is much higher in other insects. This may indicate 
that a severe modification of  the dopaminergic neuron clusters facilitated the 
evolution of  small brain sizes, and that these modifications were possible without 
compromising vital physiological functions.

Neuron size in comparison with other insects 

As expected, monoaminergic neurons are smaller in T. evanescens than in larger 
insects (Table 1). For example, the diameter of  OA-L-IR cell bodies was on 
average 3.3 µm in T. evanescens, 6 – 11 µm in Nasonia wasps (Haverkamp and Smid, 
2014), 5 – 10 µm in Cotesia wasps (Bleeker et al., 2006), 5 – 10 µm in D. melanogaster 
(Sinakevitch and Strausfeld, 2006) and 8 – 45 µm in A. mellifera (Sinakevitch et al., 
2005). Diameters of  DA- and 5HT-L-IR cell bodies are even smaller; on average 
2.3 µm and 2.1 µm respectively in T. evanescens and 8 – 30 µm in A. mellifera 
(Schürmann and Klemm, 1984; Schafer and Rehder, 1989; Schürmann et al., 
1989). More accurate comparisons of  neuron size between species would require 
volumetric data on cell body and brain volumes. Such comparisons could reveal 
if  neuronal cell bodies are more or less miniaturized than would be expected 
from the difference in brain size between T. evanescens and larger insects.

Neuronal cell bodies have previously been reported to range between 1.2 and 2.8 
μm in diameter in T. evanescens (Makarova and Polilov, 2013). The monoaminergic 
cell bodies that we measured in our study were larger, ranging in diameter 
between 1.4 and 5.7 μm (Chapter 5). This could indicate that monoaminergic 
cell bodies are larger than those of  other types of  neurons. However, cell body 
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diameters in our study may also be larger because we included wasps of  up to 
0.9 mm in body length.  

Neuronal cell body diameters in T. evanescens are among the smallest that have 
been described in insects, which may be a consequence of  brain miniaturization 
(Niven and Farris, 2012; Makarova and Polilov, 2013). The smallest insects show 
a strongly reduced volume of  cytoplasm in their neurons (Makarova and Polilov, 
2013). As a result, the nucleus can occupy up to 90% of  neuronal cell body 
volume (Polilov, 2005). This indicates that the size of  the nucleus limits neuronal 
cell body size. The volume of  the nucleus in turn relates to the size of  the genome 
(Gregory, 2001). Genome size has, to our knowledge, not been established for 
T. evanescens. However, genome sizes of  related species are surprisingly similar to 
those of  larger insects. For example, Trichogramma platneri has a similar genome 
size (i.e. ~176 Mb; Ardila-Garcia et al., 2010) as D. melanogaster (i.e. ~180 Mb; 
Adams et al., 2000), and the genome of  Trichogramma brassicae was found to be 
similar in size (i.e. ~246 Mb; Johnston et al., 2004) as the genome of  A. mellifera 
(i.e. ~235 Mb; Ardila-Garcia et al., 2010). Hence, the smaller size of  cell bodies 
in T. evanescens compared to those of  A. mellifera and D. melanogaster (as outlined 
above) may not be caused by a difference in genome size. The evolutionary 
process of  miniaturization of  neuron size may instead have resulted in densely 
packed chromatin inside the nucleus (Makarova and Polilov, 2013; Polilov, 2015). 
Further miniaturization of  cell body size may require modifications that also 
negatively affect the functionality of  the neurons, such as lysis of  neuronal 
nuclei (Polilov, 2012). Lower numbers of  neurons or neuron clusters, such as we 
observed in this study, may have been a necessary modification that prevented 
the loss of  functionality of  neurons during the evolutionary process of  brain 
miniaturization in T. evanescens.

The average diameter of  OA-L-IR cell bodies is considerably larger than 5HT- 
and DA-L-IR cell bodies: approximately 53% and 42% larger respectively. There 
appears to be a similar trend in A. mellifera: OA-L-IR cell bodies can reach 
diameters of  up to 45 µm (Sinakevitch et al., 2005), whereas the largest 5HT- and 
DA-L-IR cell bodies have a diameter of  30 µm (Schürmann and Klemm, 1984; 
Schafer and Rehder, 1989). This difference in neuron size is not reflected by the 
size of  the varicose terminals. The 5HT-L-IR varicose terminals are almost twice 
as large (approximately 1 µm in diameter) as OA- and DA-L-IR terminals (0.6 
and 0.5 µm respectively), indicating that release sites of  5HT-L-IR neurons are 
larger.
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Conclusion

Our study shows that the monoaminergic neuron systems in the minute brain 
of  T. evanescens are highly comparable in complexity to those in much larger 
insects. However, reductions of  complexity do occur in the neuronal systems 
that we studied, possibly as a consequence of  the miniaturized brain sizes in 
these wasps. Monoaminergic cell body diameters are smaller in T. evanescens than 
in larger insects. Miniaturization of  neuron size may have enabled maximized 
complexity of  neuronal systems; the monoaminergic neuron clusters contain 
more neurons than expected from the differences in total number of  neurons in 
the brains of  T. evanescens and larger insects. We observed that these reductions in 
neuron numbers are not proportional, but vary for the different monoaminergic 
systems.

Some neuron clusters are similar in complexity as in larger insects, other clusters 
are partially reduced, and others are entirely absent in T. evanescens. The neuron 
clusters of  which the complexity was maintained were mostly serotonergic and 
some octopaminergic clusters. The complexity of  these clusters may have been 
maintained because they play key roles in brain performance. The clusters that 
were partially reduced or completely absent were mostly dopaminergic and some 
octopaminergic clusters. Modifications of  these clusters may have facilitated 
brain miniaturization, and appear to have been possible without compromises 
to vital brain functions.

The results of  our study reveal some of  the evolutionary adaptations that may 
facilitate optimal behavioural and cognitive complexity with miniaturized brains. 
These results are especially interesting in comparison with the modification of  
monoamine neuron clusters that arise as a result of  intraspecific differences in 
body size between small and large sister wasps (Chapter 5). Further research 
should unravel what the functional consequences are of  the absence of  some 
neuron clusters and innervation patterns in T. evanescens compared to larger 
insects, such as the unique absence of  5HT-like innervation of  the antennal 
lobe. Furthermore, it would be interesting to compare the numbers of  5HT- 
and DA-L-IR neurons between T. evanescens and the related but larger Nasonia 
parasitic wasps, which show a large similarity in OA-L-IR neuron distribution. 
This could reveal if  the numbers of  different monoaminergic neurons are 
similarly conserved between these two species. 
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Supplementary Information

Distribution and projections of  5HT-L-IR neurons in comparison to other insects

The distribution pattern of  5HT-L-IR neuron clusters in T. evanescens largely 
corresponds to the pattern in A. mellifera and D. melanogaster (Schürmann and 
Klemm, 1984; Monastirioti, 1999; Blenau and Thamm, 2011), but there were 
some differences. Cluster 5HT-0 in T. evanescens has not been described for 
A. mellifera (Schürmann and Klemm, 1984), but the location of  this cluster appears 
similar to the most anterior cell cluster in D. melanogaster in the anterior lateral 
protocerebrum (Blenau and Thamm, 2011). Furthermore, we did not observe 
the deutocerebral giant cell that was described for A. mellifera (Rehder et al., 
1987), nor the clusters in the anterior medial and posterior lateral protocerebrum 
that were described for D. melanogaster (Blenau and Thamm, 2011).

The deutocerebral giant cell innervates the antennal lobes in A. mellifera (Rehder 
et al., 1987; Seidel and Bicker, 1996). Interestingly, the absence of  this neuron 
in T. evanescens co-occurs with an absence of  5HT-L-IR neurites and varicose 
terminals in the antennal lobes. The cell body of  the neuron that innervates 
the antennal lobes could also not be found in Harpegnathos saltator ants, but 
serotonergic innervation of  the antennal lobe was present in this species (Hoyer 
et al., 2005) and all other insects species studied so far (Dacks et al., 2006). 
Serotonergic antennal lobe innervation was found to be sparse and incomplete 
in various families of  parasitic wasps, but never completely absent (Dacks et al., 
2006). Our study suggests that chemical modulation of  antennal lobe neurons 
may not be serotonergic in T. evanescens.   

Cluster 5HT-1 is located anteriorly between the lobula and medulla in T. evanescens. 
This cluster has previously been described in A. mellifera, where it occurs in two 
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subclusters: one located directly between the lobula and medulla, and one that is 
located more ventrally at the rim of  the brain (Schürmann and Klemm, 1984). In 
D. melanogaster, a single 5HT-L-IR neuron cluster has been described at a similar 
location, located in the lateral protocerebrum between the medulla and central 
neuropil (Blenau and Thamm, 2011).

The innervation pattern of  the optic lobes shows a single layer of  varicose 
terminals in both the medulla and lamina of  T. evanescens, which corresponds 
to observations in A. mellifera (Schürmann and Klemm, 1984; Nässel, 1988). 
However, the origin of  innervation of  the medulla and lamina in T. evanescens 
differs from the descriptions for A. mellifera and D. melanogaster. In A. mellifera and 
D. melanogaster, the optic lobes are only innervated by neurites of  the clusters that 
correspond with 5HT-1 (Schürmann and Klemm, 1984; Nässel, 1988), whereas 
cluster 5HT-2 also contributes to optic lobe innervation in T. evanescens. The 
neurites of  cluster 5HT-2 could not be traced in A. mellifera (Schürmann and 
Klemm, 1984), and a similar cluster has not been described for D. melanogaster 
(Blenau and Thamm, 2011). The involvement of  cluster 5HT-2 in the innervation 
of  the optic lobes of  T. evanescens suggests that this cluster has similar functions 
as cluster 5HT-1, which has been hypothesized to modulate optic lobe neurons, 
visual processing and diurnal activity (Nässel et al., 1985; Nässel, 1988).

Cluster 5HT-3 had most cell bodies in T. evanescens, and neurites that innervated 
many neuropil areas by projecting in lateral, dorso-anterior and ventro-anterior 
direction. A similar cluster is described in A. mellifera, which innervates anterior 
neuropil areas (Schürmann and Klemm, 1984). Cluster 5HT-3 could be similar 
to the cluster described in the posterior medial protocerebrum in D. melanogaster, 
which is located in the posterior cell body rind, medial to the calyx (Blenau and 
Thamm, 2011).

The mushroom bodies are among the neuropil areas that are innervated by 5HT-3 
neurites. A single neurite enters the mushroom bodies through the pedunculus 
and bifurcates inside the calyx. The other components of  the mushroom 
bodies lack serotonergic innervation. This is in contrast to the mushroom body 
innervation pattern that was described for A. mellifera (Schürmann and Klemm, 
1984). Here, the calyces completely lack 5HT-like immunoreactivity, whereas the 
pedunculus, medial-, and vertical lobes contain a pronounced pattern of  layered 
5HT-like immunoreactivity. Similar mushroom body innervation patterns were 
shown in ants, but here the calyx is innervated by a few neurites (Hoyer et al., 
2005). These differences could suggest that modulation of  mushroom body 
functioning differs between hymenopterans.
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We did not observe the 5HT-4 and 5HT-5 clusters that were described for 
A. mellifera (Schürmann and Klemm, 1984). Cluster 5HT-4 is located in the 
pars intercerebralis in A. mellifera, at the posterior medial rim of  the medial 
calyx. Cluster 5HT-5 is located more posteriorly in the pars intercerebralis 
in A. mellifera, ventral to 5HT-4. These clusters may be completely lacking in 
T. evanescens. Alternatively, the 5HT-4 and 5HT-5 clusters could be located too 
close to the cluster of  5HT-3 neurons to distinguish between them, because the 
second calyx that is present in A. mellifera is absent in T. evanescens. In A. mellifera, 
the 5HT-4 cluster causes the layered innervation pattern of  the mushroom 
bodies (Schürmann and Klemm, 1984), and innervates the central complex 
(Seidel and Bicker, 1996). This layered mushroom body innervation was absent 
in T. evanescens. The central complex did show 5HT-L-IR innervation, but the 
origin could not be traced.

We observed three clusters of  5HT-L-IR cell bodies in the ventral rim of  the 
brain of  T. evanescens, and grouped these as 5HT-6. This corresponds to findings 
in A. mellifera, where the labial, maxillary and mandibular neuromeres of  the 
suboesophageal zone each contain a cluster of  5HT-L-IR cell bodies (Rehder 
et al., 1987; Seidel and Bicker, 1996). There are also three clusters at similar 
locations in D. melanogaster (Monastirioti, 1999; Blenau and Thamm, 2011). There 
was a difference in the number of  cell bodies per cluster between A. mellifera 
and T. evanescens. In A. mellifera there are only two cell body pairs per cluster 
(Blenau and Thamm, 2011), whereas we counted up to four pairs per cluster in 
T. evanescens. There may be some variability in our neuron counts that is caused 
by different clusters lying too close together to distinguish between in some of  
the samples. However, many brains have more than six 5HT-6 neurons in total. 
This indicates that cluster 5HT-6 does contain more neurons in T. evanescens than 
in A. mellifera.

The lateral 5HT-6a neuron projects dorsally towards the brain midline. This 
projection pattern is in contrast to that of  the other 5HT-6 neurons, which 
project medially and form a network of  bifurcations in the ventral rim of  the 
brain, similar as in A. mellifera (Rehder et al., 1987). We cannot exclude that the 
lateral 5HT-6a neuron is part of  a different cell cluster. The location of  the lateral 
5HT-6a neuron resembles the location of  the ventral 5HT-1 cluster in A. mellifera 
(Schürmann and Klemm, 1984) and the deutocerebral giant interneuron (Rehder 
et al., 1987). However, the projection patterns of  both clusters differ from the 
projection that was observed for the lateral 5HT-6a neuron: the ventral 5HT-1 
neurons project towards the optic lobes (Schürmann and Klemm, 1984), and 
the deutocerebral giant interneuron innervates the antennal lobe (Rehder et al., 
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1987). We decided to consider the lateral 5HT-6a neuron as part of  the 5HT-6a 
cell cluster, because it is located very close to the medial 5HT-6a neuron and 
cannot be distinguished from it when its neurites are not visible.

Distribution and projections of  OA-L-IR neurons in comparison to other insects

The distribution pattern of  OA-L-IR neuron clusters in T. evanescens largely 
corresponds to previous findings in the parasitic wasps Nasonia vitripennis 
and Nasonia giraulti (Haverkamp and Smid, 2014). These similarities could be 
explained by the close relation of  these parasitic wasps; they both belong to the 
superfamily Chalcidoidea. Only the clusters that were described in Nasonia as 
OA-0 and OA-4 were not found in T. evanescens. Cluster OA-0 was found in only 
a single preparation of  N. giraulti (n = 20) and not at all in N. vitripennis (n = 24)
(Haverkamp and Smid, 2014). This low detection frequency may explain why we 
did not find this cluster in T. evanescens. 

We observed more OA-L-IR clusters in T. evanescens than were described for the 
parasitic wasps Cotesia glomerata and Cotesia rubecula (Bleeker et al., 2006). Only 
the clusters that correspond to OA-3 and OA-VUM were described for Cotesia 
wasps, and an additional OA-L-IR cluster in the pars intercerebralis that we 
did not observe in T. evanescens. However, the staining intensity in Cotesia was 
low compared to the intensity in Nasonia (Haverkamp and Smid, 2014). The 
low numbers of  neurons that were detected in Cotesia may therefore not reflect 
a difference in OA-like immunoreactivity, but instead relate to methodological 
differences. 

The distribution of  OA-L-IR neuron clusters in T. evanescens is also very similar 
to the distribution in A. mellifera (Kreissl et al., 1994; Sinakevitch et al., 2005) and 
D. melanogaster (Sinakevitch and Strausfeld, 2006; Busch et al., 2009). Mostly the 
same clusters are present in the three species, but they occur at slightly different 
locations, in more subclusters and with more neurons per cluster in A. mellifera 
and D. melanogaster. There were some OA-L-IR clusters that were present in 
D. melanogaster and A. mellifera, but that we did not observe in T. evanescens. These 
were the dorso-medial OA-4 neuron clusters, the cluster between the lobula and 
calyx, some of  the subclusters, and the ventral paired median neuron cluster in 
A. mellifera. 

The most anterior OA-L-IR neuron clusters in T. evanescens were OA-1 and OA-2. 
They appear at similar locations as the equivalent clusters that were described for 
Nasonia wasps, and consist of  a single neuron pair per cluster in both T. evanescens 
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and Nasonia (Haverkamp and Smid, 2014). Similar clusters were described for 
A. mellifera, but cluster OA-2 occurs at a more ventral location in A. mellifera than 
in T. evanescens (Kreissl et al., 1994; Sinakevitch et al., 2005). In D. melanogaster, 
OA-1 occurs at a similar location as in T. evanescens, but OA-2 is located more 
laterally: between the ventro-medial and lateral protocerebrum (Sinakevitch and 
Strausfeld, 2006). Clusters OA-1 and OA-2 were not observed in Cotesia wasps 
(Bleeker et al., 2006).

The most pronounced OA-L-IR neuron cluster in T. evanescens was OA-3, in 
the area around the oesophageal foramen. This cluster was also the cluster with 
the most pronounced OA-like immunoreactivity in Nasonia (Haverkamp and 
Smid, 2014) and Cotesia wasps (Bleeker et al., 2006). A similar cluster is located 
around the oesophageal foramen in A. mellifera and D. melanogaster, and is divided 
into anterior and posterior subclusters (Sinakevitch et al., 2005; Sinakevitch and 
Strausfeld, 2006). Cluster OA-3 was the only paired OA-L-IR neuron cluster 
that consists of  an approximately equal number of  neurons in T. evanescens and 
in other insects. We counted up to nine neuron pairs in T. evanescens, whereas 
11 neuron pairs were counted in Nasonia (Haverkamp and Smid, 2014) and 
A. mellifera (Sinakevitch et al., 2005), and up to eight in Cotesia (Bleeker et al., 
2006) and D. melanogaster (Busch et al., 2009). 

Cluster OA-5 consists of  up to three neuron pairs in T. evanescens. A similar cluster 
with a three neuron pairs has been described for Nasonia wasps (Haverkamp and 
Smid, 2014), but not for Cotesia (Bleeker et al., 2006). Cluster OA-5 consists 
of  two subclusters in A. mellifera (Sinakevitch et al., 2005). Subcluster OA-5a is 
located at a similar location as OA-5 in T. evanescens, and consists of  only a single 
neuron pair. Subcluster OA-5b is located at a more posterior location, but we 
did not observe an equivalent neuron cluster in T. evanescens. Three subclusters 
of  OA-5 have been described for D. melanogaster, of  which OA-5a resembles the 
location of  OA-5 in T. evanescens most (Sinakevitch and Strausfeld, 2006).

The location of  cluster OA-6 in T. evanescens (latero-posterior to OA-VUM in the 
ventral rim of  the brain) corresponds to the location of  the posterior subcluster 
of  OA-6 in A. mellifera (Sinakevitch et al., 2005), and a similar cluster was also 
found in D. melanogaster (Sinakevitch and Strausfeld, 2006). Cluster OA-6 has 
not been described for Nasonia wasps. There are two clusters lateral to the 
OA-VUM neurons in Nasonia: the ventral median paired neuron cluster in the 
anterior suboesophageal zone and the posterior median paired neuron cluster 
in the posterior suboesophageal zone (Haverkamp and Smid, 2014). However, 
these are located ventro-medially, close to the midline, whereas OA-6 is located 
ventro-laterally in T. evanescens.
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The location of  the most posterior OA-L-IR neuron cluster (OA-7) corresponds 
to the location of  the dorsal median paired neuron cluster in the dorso-posterior 
suboesophageal zone of  Nasonia wasps (Haverkamp and Smid, 2014). This 
cluster has not been described for A. mellifera (Kreissl et al., 1994; Sinakevitch et 
al., 2005), nor for D. melanogaster (Sinakevitch and Strausfeld, 2006; Busch et al., 
2009).

The OA-VUM neurons in T. evanescens lie at the ventral rim of  the brain, very 
close to the mouthparts. The OA-VUM cluster has been described for many 
insects, for instance in A. mellifera (Sinakevitch et al., 2005; Schroter et al., 2007), 
Nasonia (Haverkamp and Smid, 2014), Cotesia (Bleeker et al., 2006), D. melanogaster 
(Sinakevitch and Strausfeld, 2006; Busch et al., 2009), Phaenicia sericata blowflies 
(Sinakevitch and Strausfeld, 2006), and Manduca sexta hawk-moths (Dacks et 
al., 2005). The OA-VUM cluster is usually divided into subclusters named after 
the neuromere in which they occur; either the mandibular, maxillary or labial 
neuromere of  the suboesophageal ganglion. We could not distinguish between 
different subclusters in T. evanescens, because the neurons are too close together. 
The average count of  approximately four OA-VUM neurons in T. evanescens 
was rather low because the area around the mouthparts is fragile and was often 
damaged in our preparations, but we counted up to 13 OA-VUM neurons in 
two well-stained brains. This is remarkably similar to the number of  OA-VUM 
neurons that are present in other hymenopterans: i.e. 14 in A. mellifera (Schroter 
et al., 2007), 12 – 14 in Nasonia wasps (Haverkamp and Smid, 2014) and 14 – 20 
in Cotesia wasps (Bleeker et al., 2006).

The neurites of  OA-L-IR neurons were less intensely stained than those of  
5HT-L-IR neurons. They could not be traced throughout their entire length, 
and their connections to cell bodies could not be observed at all. However, most 
of  the neurites that were described for Nasonia wasps (Haverkamp and Smid, 
2014) were also visible in T. evanescens. Only the neurite tracts that project from 
the OA-VUM in the direction of  the oesophageal foramen were not found in 
T. evanescens.

The OA-USP was the most pronounced neurite in T. evanescens. Its projection 
pattern is largely similar to the pattern of  OA-USP in Nasonia, but differs in one 
aspect: in T. evanescens it does not bifurcate into an ipsilateral and contralateral 
projecting neurite. Only one hemisphere is innervated by a neurite that bends in 
ipsilateral direction at the dorsal rim of  the brain. In this aspect, the projection 
pattern of  OA-USP in T. evanescens seems identical to the projection of  OA-
VUMmd4 in A. mellifera (Schroter et al., 2007). This neurite runs along the brain 
midline and bends in ipsilateral direction at the dorsal rim of  the brain. We did 
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not observe a connection of  OA-VUM cell bodies to neurites in T. evanescens, 
and the OA-USP could not be traced further ventrally from the oesophageal 
foramen. We can therefore only speculate about the equivalence of  OA-USP in 
T. evanescens and the OA-VUMmd4 projection in A. mellifera.   

The network of  neurites around the oesophageal foramen was also described for 
Nasonia (Haverkamp and Smid, 2014). Neurites from this network innervate the 
optic lobes, mushroom bodies and antennal lobes in T. evanescens. The neurites 
that innervate the optic lobes show a generally similar projection pattern in 
both Nasonia and T. evanescens, but the projections differ in two points. First, in 
T. evanescens there appears to be only a single neurite that innervates the optic 
lobes, whereas five neurites are responsible for this in Nasonia. Second, only the 
medulla appears to be innervated in T. evanescens by this network, whereas both 
the lobula and medulla are innervated in Nasonia.   

The mushroom body calyx of  T. evanescens is innervated by another neurite of  
the network around the oesophageal foramen. Its projection pattern resembles 
the pattern of  the stag-like projection (OA-SLP) that was described for Nasonia 
(Haverkamp and Smid, 2014), and the projections from OA-VUMmx1 and OA-
VUMmd1 in A. mellifera (Schroter et al., 2007). Innervation of  the mushroom 
body calyx by OA-SLP has not been described for Nasonia. Instead, this neurite 
innervates the mushroom body pedunculus. In A. mellifera, OA-VUMmx1 and 
OA-VUMmd1 do innervate the mushroom body calyces. Furthermore, OA-SLP 
in Nasonia and OA-VUMmx1 and OA-VUMmd1 in A. mellifera innervate the 
antennal lobe and lateral horn. We observed a neurite that projects laterally from 
the network around the oesophageal foramen in T. evanescens and innervates the 
antennal lobe, but we could not distinguish a connection between this neurite 
and OA-SLP. The neurites that innervate the lateral horn were not visible in 
T. evanescens.

Distribution and projections of  DA-L-IR neurons in comparison to other insects

The most anterior cell clusters that we observed in T. evanescens were not described 
for A. mellifera (Schafer and Rehder, 1989; Schürmann et al., 1989). These are the 
dorsal DA-1 cluster, and cluster DA-2 medial to the lobula and dorso-lateral to 
the antennal lobes. These two clusters may be equivalent to the two clusters in 
the anterior protocerebrum in D. melanogaster: the protocerebral anterior medial 
(PAM) or protocerebral anterior lateral (PAL) cluster (Budnik and White, 1988; 
Mao and Davis, 2009). The PAM cluster has been shown to be important for 
both aversive and appetitive learning in D. melanogaster (Aso et al., 2010; Burke 
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et al., 2012; Liu et al., 2012; Waddell, 2013). However, cluster DA-2 is located 
more ventro-laterally than both of  these clusters in D. melanogaster. Cluster DA-2 
may also be equivalent to the protocerebral posterior lateral cluster 2 (PPL2) in 
D. melanogaster, which is located more posteriorly than cluster DA-2 in T. evanescens, 
but resembles DA-2 in its location on the lateral rim of  the central brain, medial 
to the optic lobes (Mao and Davis, 2009). 

Cluster DA-3 is located in the ventral rim of  the brain, ventral to the antennal 
lobes. The close location to the antennal lobes suggests that these neurons 
may be similar to the neurons that were described in the suboesophageal zone 
of  A. mellifera, which project in anterior direction and innervate the antennal 
lobes (Schafer and Rehder, 1989; Schürmann et al., 1989). Although we did 
not observe any neurites that innervate the antennal lobes in T. evanescens, the 
immunoreactivity that we did observe in the antennal lobes may originate at 
DA-3. In D. melanogaster, two clusters are located ventro-posterior to the antennal 
lobe. These are the protocerebral posterior medial 3 (PPM3) and protocerebral 
posterior lateral 3 (PPL3) clusters (Mao and Davis, 2009). The location of  these 
clusters is slightly more posterior than the location of  DA-3 in T. evanescens, 
although the more ventral location of  the antennal lobe in T. evanescens makes it 
difficult to compare clusters between the two species.

Cluster DA-4 is located medially in the ventral rim of  the brain, and consists of  
up to four unpaired neurons in T. evanescens. Three of  these neurons are located 
in the ventro-anterior rim of  the brain and another unpaired neuron occurs more 
posteriorly. A similar situation occurs in D. melanogaster and blowflies (Budnik 
and White, 1988; Nässel and Elekes, 1992). Here, two DA-L-IR neurons are 
located right next to a ventral unpaired median neuron in the anterior part of  the 
suboesophageal zone, and a second ventral unpaired median neuron is located 
at a more posterior location. No clusters of  ventral unpaired median neurons 
were described in A. mellifera (Schafer and Rehder, 1989; Schürmann et al., 1989).

Cluster DA-5 consists of  two adjacent subclusters that are located ventro-
anterior and lateral to the calyx and dorsal to the optic lobes. Clusters of  DA-
L-IR neurons occur at similar locations on the lateral side of  the calyces in 
A. mellifera and D. melanogaster (Schafer and Rehder, 1989; Schürmann et al., 
1989; Mao and Davis, 2009). In A. mellifera, cluster C3 is located ventral to the 
lateral calyx (Schafer and Rehder, 1989), and an additional DA-L-IR cluster was 
observed lateral to the medial calyx (Schürmann et al., 1989). In D. melanogaster, 
the cluster on the lateral side of  calyx is indicated as protocerebral posterior 
lateral 1 (PPL1; Mao and Davis, 2009). The PPL1 cluster functions together 
with PAM in the regulation of  appetitive and aversive learning in flies (Aso et al., 
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2010; Burke et al., 2012; Liu et al., 2012; Waddell, 2013). The DA-5 cluster may 
perform similar functions in T. evanescens.

Cluster DA-6 is located in the neural tissue that surrounds the ocellar tracts, 
dorso-posterior to the mushroom bodies and the central complex. This cluster 
could be similar to the DA-L-IR neuron cluster that is located dorso-posterior 
to the central complex in A. mellifera (Schafer and Rehder, 1989; Schürmann et 
al., 1989), and to two protocerebral posterior medial clusters (PPM 1 and 2)  in 
D. melanogaster (Mao and Davis, 2009).

Cluster DA-7 is the most posterior dopaminergic cell cluster, located in the most 
posterior part of  the ventral rim of  the brain. This cluster could be similar 
to the posterior DA-IR-L neuron clusters in the suboesophageal zone of  
A. mellifera (Schafer and Rehder, 1989; Schürmann et al., 1989). Most of  these 
clusters in A. mellifera project anteriorly towards the antennal lobes, although 
the most posterior cluster (that was described as S7 by Schafer and Rehder 
(1989)) projects laterally and towards the thoracic ganglia. We observed similar 
lateral projections in the ventral rim of  the brain and two neurites that appear to 
innervate the thoracic ganglia in T. evanescens. In blowflies, two pairs of  DA-L-IR 
neurons occur in the lateral rim of  the posterior suboesophageal zone (Nässel 
and Elekes, 1992). They have not been described for D. melanogaster (Budnik and 
White, 1988; Monastirioti, 1999; Mao and Davis, 2009).

Innervation of  neuropil areas was sparse: low densities of  varicose terminals 
occur throughout the brain, and only the mushroom body lobes and ventral 
rim of  the brain show higher levels of  DA-like immunoreactivity. We did 
not observe any DA-like immunoreactivity in the optic lobes of  T. evanescens, 
similar to A. mellifera (Schafer and Rehder, 1989; Schürmann et al., 1989). The 
mushroom body calyx was also devoid of  DA-like immunoreactivity. Similar 
mushroom body innervation patterns were reported for locusts and blowflies, 
where all mushroom body areas show DA-like immunoreactivity except the 
calyces (Nässel and Elekes, 1992; Wendt and Homberg, 1992). Initial reports 
on DA-like immunoreactivity in D. melanogaster only showed innervation of  the 
mushroom body lobes (Zhang et al., 2007), but later studies also discovered DA-
L-IR neurites innervating the calyx (Mao and Davis, 2009). Apis mellifera show 
a more pronounced innervation of  the mushroom bodies, which consists of  
many varicose terminals in the calyces and layers of  DA-like immunoreactivity 
in the lobes and pedunculus (Schürmann et al., 1989). 

We observed a single DA-L-IR neurite that followed the pedunculus in the 
direction of  the calyx in T. evanescens. This neurite resembles the projection of  
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the DA-L-IR neuron cluster lateral to the lateral calyx in A. mellifera (Schafer 
and Rehder, 1989). This projection runs to the medial side of  the pedunculus, 
innervates the vertical lobe, and projects medioventrally along the dorsal side of  
the medial lobe towards the brain midline. The neurite does not resemble any of  
the DA-L-IR neurites described in D. melanogaster (Claridge-Chang et al., 2009; 
Krashes et al., 2009; Mao and Davis, 2009; Aso et al., 2010; Aso et al., 2012; 
Burke et al., 2012).

The most pronounced DA-like immunoreactivity was found at the base of  the 
mushroom body calyx, where a bundle of  DA-L-IR fibres follows the lateral 
rim of  the brain, anterior to the mushroom body pedunculus and medial to the 
calyx. It does not resemble the layered pattern of  DA-like immunoreactivity that 
has been described for the mushroom body pedunculus and lobes of  A. mellifera 
(Schürmann et al., 1989), because the bundle projects in the direction of  (but 
could not be observed to innervate) the lobula instead of  being restricted to 
the mushroom bodies. Despite the close location to cluster DA-5, we could not 
observe a connection between the bundle of  DA-L-IR fibres and cluster DA-5, 
nor with the neurite that projects along the pedunculus. The origin, function or 
resemblance to other insects is therefore unknown.
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Abstract 

Trichogramma evanescens parasitic wasps show large phenotypic plasticity 
in brain and body size, resulting in a 5-fold difference in brain volume 
between genetically identical sister wasps. Brain volume scales linearly 
with body volume in these wasps. This isometric brain scaling forms an 
exception to Haller’s rule, which states that small animals have relatively 
larger brains than large animals. The large plasticity in brain size may be 
facilitated by plasticity in neuron size, in the number of  neurons, or both. 
Here, we investigated whether brain isometry requires plasticity in the 
number and size of  monoaminergic neurons that express serotonin (5HT), 
octopamine (OA), and dopamine (DA). Genetically identical small and large 
T. evanescens appear to have the same number of  5HT-, OA-, and DA-like 
immunoreactive cell bodies in their brains, but these cell bodies differ in 
diameter. This indicates that brain isometry can be facilitated by plasticity 
in the size of  monoaminergic neurons, rather than plasticity in numbers of  
monoaminergic neurons. Selection pressures on body miniaturization may 
have resulted in the evolution of  miniaturized neural pathways that allow 
even the smallest wasps to find suitable hosts. Plasticity in the size of  neural 
components may be among the mechanisms that underlie isometric brain 
scaling while maintaining cognitive abilities in the smallest individuals.
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Introduction

According to Haller’s rule, small animals have relatively larger brains than large 
animals. This negative allometric brain-body size relationship follows a power 
law function in which the exponent (the scaling coefficient) describes how mass 
or volume of  the brain scales with mass or volume of  the body. This scaling 
coefficient is smaller than 1 in the case of  negative allometry. Haller’s rule applies 
to most animal species studied so far, both in comparisons between species and 
within species (Wehner et al., 2007; Isler et al., 2008; Seid et al., 2011). The 
computational power of  a brain may depend more on the absolute number of  
neurons and connections than on relative brain size (Chittka and Niven, 2009). 
Hence, the relatively larger brains in small animals may be the consequence of  a 
need to maintain cognitive abilities, and therefore absolute brain size, in smaller-
bodied animals. 

Because brain tissue has a high metabolic rate (Aiello and Wheeler, 1995), 
smaller animals suffer relatively higher energetic costs of  maintaining a relatively 
large brain. These increasing energetic demands eventually limit evolutionary 
miniaturization of  a species (Eberhard and Wcislo, 2011), and may similarly limit 
the variation in body size within a species. Interestingly, some of  the smallest 
animals on Earth appear to ‘evade’ Haller’s rule (Chapter 2; Groothuis and Smid, 
2017). Among these are Trichogramma evanescens, minute parasitoid wasps that 
develop inside the eggs of  butterflies and moths. Adult body size depends on the 
size of  the lepidopteran host egg, and on the number of  competing parasitoid 
larvae that develop inside the same egg. This results in phenotypic plasticity in 
body size; body length can range between 0.3 and 0.9 mm in genetically identical 
sister wasps (Chapter 3). Trichogramma evanescens parasitic wasps do not show 
negative brain-body size allometry, but scale their brains in a linear way with 
body size (Chapter 2). Such isometric brain scaling, with scaling coefficients 
equal to 1, results in the same relative brain size in small and large wasps. This 
brain-scaling strategy may be an adaptation that allows body miniaturization 
beyond the limits that are imposed by the energetic trade-offs of  allometric 
brain scaling. 

As a consequence of  isometric brain scaling, small T. evanescens have brains that 
are smaller than predicted by Haller’s rule, and large T. evanescens have brains that 
are larger than predicted by Haller’s rule. Brain size plasticity may therefore be 
more extreme in T. evanescens than in species that scale their brains allometrically. 
We have previously found a 5-fold difference in brain volume between genetically 
similar small and large sister wasps (Chapter 2). This indicates that there is extreme 
phenotypic plasticity in brain size in this species, which is solely determined by 
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the amount of  nutrition that was available during development. Such extreme 
plasticity in brain size could be regulated by plasticity in the morphology of  
neuronal pathways. This may show as differences between small and large wasps 
in neuron size, in the number of  neurons and arborisations, or both. These 
differences may have functional consequences, because cell bodies (Gregory, 
2001) and axons (Faisal et al., 2005; Perge et al., 2012) need a minimum size for 
adequate functioning, and neural pathways with lower numbers of  neurons and 
connections may have reduced computational power (Chittka and Niven, 2009; 
Niven and Farris, 2012). Hence, a trade-off  of  isometric brain scaling may be 
that neuron size or number fall beyond functional limits in the smallest brains. 

We have previously shown that small and large T. evanescens show a similar level 
of  complexity in the gross morphology of  their olfactory system (Chapter 3). 
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Figure 1. Overview of  distribution 
of  serotonin-, octopamine- and 
dopamine-like immunoreactive (5HT-
L-IR, OA-L-IR and DA-L-IR) neuron 
clusters in the brain of  T. evanescens. 
(A) Anterior view with dorsal side 
up at approximately one quarter in 
depth of  the brain. (B) Anterior 
view halfway in depth of  the brain. 
Dashed lines indicate the outline of  
the calyx, which is located posterior 
to cluster DA-5a. (C) Posterior view 
three quarters in depth of  the brain. 
Shown cell body distributions are 
combined from separate experiments 
for the three monoamines (Chapter 4), 
hence the relative locations of  different 
monoaminergic clusters may differ 
from this schematic representation. 
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Small and large wasps form the same number of  glomeruli in the antennal lobe, 
and the same number of  most types of  olfactory sensilla on the antennae. The 
wasps do adapt the size of  glomeruli; absolute and relative glomerular volumes 
were smaller in small wasps. Interestingly, there were no differences between 
small and large wasps on a cognitive level, shown by similar levels of  olfactory 
and visual memory retention (Chapter 6). These findings suggest that despite 
their isometric brain scaling, T. evanescens are adapted to small body sizes, without 
apparent compromises to neural functioning. This could be achieved through 
maintained numbers of  neurons, which are not reduced beyond their minimum 
size for adequate functioning.

Here, we studied how isometric brain scaling affects the number and size of  
neuronal cell bodies, in three quantifiable subsets that express serotonin (5HT), 
octopamine (OA), and dopamine (DA), respectively. These monoamines are 
derivatives of  amino acids that act as neurotransmitters, neuromodulators, and 
neurohormones in the insect brain (Roeder, 1994; Libersat and Pflueger, 2004). 
They play critical roles in basic neural functioning, and are involved in many 
vital behavioural, cognitive and physiological processes (Roeder, 1994; Blenau 
and Thamm, 2011; Burke et al., 2012; Yamamoto and Seto, 2014). Although the 
monoaminergic systems may be highly conserved to maintain vital functions, 
plasticity in neuron numbers could to some extent be possible. This has been 
shown in Pheidole dentata ants, where the number of  serotonergic cell bodies in 
the optic lobe differs with age and subcaste (Seid et al., 2008). Similar plasticity 
in number of  neurons could also underlie isometric brain scaling in T. evanescens. 

We have previously described the general morphology of  5HT-, DA- and OA-
like immunoreactive (5HT-L-IR, OA-L-IR and DA-L-IR) neurons in the species 
T. evanescens (Figure 1), and compared our descriptions to those of  larger insects 
(Chapter 4). The aim of  the present study was to unravel whether brain isometry 
requires plasticity in the size and number of  5HT-L-IR, OA-L-IR and DA-L-IR 
neurons in small and large T. evanescens. We focus on phenotypic plasticity in body 
size in the context of  adult body size variation that results from differences in 
scramble competition during larval development. Hence, we studied genetically 
identical wasps of  similar age and experience, but with large differences in body 
and brain size. We expected that neuron size is reduced to a functional limit in 
small wasps, while neurons are larger in large wasps. Furthermore, we expected 
that small wasps show a lower number of  monoaminergic neurons in their brains 
compared to large wasps, to facilitate isometric brain scaling.
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Materials and Methods

Insects

Female Trichogramma evanescens Westwood (Hymenoptera: Trichogrammatidae) 
of  inbred isofemale strain GD011 were reared in a climate room (22 ± 1°C, 
50 – 70% rh, L16:D8) in eggs of  three host species: the Mediterranean flour 
moth Ephestia kuehniella, the cabbage moth Mamestra brassicae and the tobacco 
hornworm Manduca sexta. Eggs of  E. kuehniella were obtained as UV-irradiated 
eggs from Koppert Biological Systems (Berkel en Rodenrijs, the Netherlands). 
Mamestra brassicae were reared on cabbage plants (Brassica oleracea) in a climate 
room (21 ± 2°C, 50 – 70% rh, L16:D8). Adult moths oviposited on sheets of  
filter paper, and their eggs were used fresh for rearing procedures. Manduca sexta 
were obtained as pupae from the Max Planck Institute for Chemical Ecology 
(Jena, Germany). Adults were kept in a flight cage with a tobacco plant (Nicotiana 
tabacum SR1) inside a climate cabinet (25 ± 1°C, L16:D8). Eggs were collected 
from the tobacco plants and frozen until use in rearing procedures. 

Generating body size variation

We used three species of  differently sized host eggs to generate body size 
variation in T. evanescens. Adult body size depends on the amount of  nutrition 
that was available during larval development, and therefore on the size of  the 
host egg and the number of  developing larvae inside it (Chapter 2; Chapter 3). 
Ephestia kuehniella eggs are shaped as prolate spheroids of  ~0.52 mm long and 
~0.38 mm in diameter, and with a volume of  ~0.038 mm3. These eggs can 
only host a single (occasionally two) developing T. evanescens larvae. Wasps that 
emerge from these eggs are always small: 0.3 – 0.4 mm measured from thorax to 
the tip of  the abdomen (Chapter 2). Mamestra brassicae eggs are spheroids, with 
a diameter of  ~0.60 mm and a volume of  ~0.11 mm3. These eggs can support 
the development of  1 – 5 wasps, resulting in adults with thorax-abdomen length 
ranging between 0.3 – 0.6 mm (Chapter 2). Manduca sexta eggs are spheroids of  
approx. 1.40 mm in diameter and ~1.44 mm3 in volume. These eggs can host 
6 – 40 developing wasps, and adults that emerge from these eggs reach thorax-
abdomen lengths of  0.4 – 0.8 mm respectively (Chapter 3). 

To increase the proportion of  large wasps that emerged from M. brassicae eggs, 
we observed oviposition behaviour on these hosts and removed the wasp after 
laying her first egg as described previously (Suzuki et al., 1984; Chapter 2). Host 
eggs on which oviposition behaviour was observed were combined with eggs to 
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which the wasps had unlimited access for 4 hours, to ensure that both large and 
small offspring emerged. 

To increase the proportion of  large wasps that emerged from M. sexta eggs, 
we manipulated female wasps to lay fewer eggs in these hosts. Drilling through 
the larger M. sexta eggs takes the wasps a long time, and is generally followed 
by a period of  host feeding. This makes these eggs unsuitable for observation 
of  oviposition behaviour. We instead exploited the wasps’ host examination 
behaviour to generate body size variation on M. sexta. Wasps of  the genus 
Trichogramma assess host egg size through antennal drumming of  its surface, and 
adapt the number of  eggs they lay inside this perceived volume. When the egg 
appears smaller due to a partially inaccessible surface, Trichogramma wasps lay 
fewer eggs inside (Schmidt and Smith, 1985; 1987). Hence, we partially masked 
the surface of  M. sexta eggs by distributing them on 5 – 10 ml cooling 1% 
agarose (Sigma) in a petridish (Greiner Bio-One, 94 × 15 mm) as described 
before (Chapter 3). This resulted in some eggs being fully exposed for antennal 
drumming, and some eggs being partially covered by agarose. The wasps had 
access to these eggs for 4 hours. This combination of  partially masked and fully 
exposed M. sexta eggs ensured that both small and large wasps emerged. 

Analysis of  immunoreactivity

We prepared the samples as described in Chapter 4. In brief, heads of  two-
day-old female T. evanescens wasps were partially opened and fixed. Either the 
anterior or posterior cuticle was removed with fine tweezers to allow imaging 
of  the brain. These heads were stained with either rabbit anti-5HT antibodies 
(Millipore Cat# AB938, RRID:AB_92263), rabbit anti-OA antibodies (MoBiTec 
Cat# 1003GE, RRID:AB_2314999) or mouse anti-DA (Millipore Cat# 
MAB5300, RRID:AB_94817), all at a 1:200 dilution. For analysis of  OA and 
5HT, a secondary antiserum of  goat-anti-rabbit antibodies linked to Alexa 
fluor 488 (Molecular Probes, Cat# A11008, RRID:AB_143165) was applied 
at a 1:200 dilution together with 1:500 propidium iodide (Sigma-Aldrich). For 
analysis of  DA, a secondary antibody of  rabbit-anti-mouse (Dako Cat# Z0259, 
RRID:AB_2532147) was applied at a 1:200 dilution, followed by a tertiary 
antiserum of  goat-anti-rabbit antibodies linked to Alexa fluor 488 (Jackson 
ImmunoResearch Labs Cat# 115-545-003, RRID:AB_2338840) at a 1:200 
dilution together with 1:500 propidium iodide. Heads were scanned with a Zeiss 
LSM 510 confocal laser scanning microscope, using a 488-nm argon laser and a 
Plan-Apochromat ×63 oil immersion objective (N.A. 1.4). A band pass emission 
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filter at 505 – 550 nm was used to visualize Alexa Fluor 488, and a long pass 
emission filter at 560 nm for propidium iodide.

Classification of  brain size

We measured brain width and brain height from optical sections to differentiate 
between small and large wasps. The tight attachment of  the lamina to the 
compound eye caused damage to this area when the reflective layer had to be 
removed for imaging. We therefore used the lateral boundaries of  the medullas 
as proxy for brain width. The distance between the dorsal and ventral rim of  
the brain was used to estimate brain height. Measurements were performed in 
optical cross sections using the measurement tool in the Fiji package of  ImageJ 
1.48s (Schindelin et al., 2012). These distances were ranked and used to select the 
15 largest and 15 smallest well-stained brains of  each antibody treatment. 

Neuron analysis

Image segmentation was used to accurately determine the number of  neurons in 
clusters that contained many cells close together. Cell bodies of  paired neuron 
clusters (all clusters except OA-VUM and DA-4) were analysed in the best 
stained hemisphere of  each selected brain. We used either the segmentation 
editor of  Amira 5.4 (Visage Imaging GmbH, Berlin, Germany) or the TrakEM2 
plugin (Cardona et al., 2012) in the Fiji package of  ImageJ 1.48s (Schindelin 
et al., 2012). Cell diameters were measured with the measuring tool in the Fiji 

Brain width ± SD (µm) Brain height ± SD (µm)
Small Large Difference Small Large Difference

5HT 107 ± 5.29  
(n = 15)

164 ± 7.75  
(n = 15) p < 0.001       5HT 81 ± 7.13  

(n = 15)
110 ± 5.79  

(n = 15) p < 0.001

OA 112 ± 9.45  
(n = 15)

145 ± 6.45  
(n = 15) p < 0.001        OA 85 ± 4.49  

(n = 15)
111 ± 6.43  

(n = 15) p < 0.001

DA 107 ± 6.85  
(n = 15)

140 ± 10.54  
(n = 15) p < 0.001        DA 70 ± 5.78  

(n = 15)
89 ± 10.18  

(n = 15) p < 0.001

Table 1. Average brain width and height (± SD) of  small and large wasps that were 
used to analyse serotonin-, octopamine- and dopamine-like immunoreactive (5HT-L-
IR, OA-L-IR and DA-L-IR) neurons. Differences in brain width and height between 
small and large wasps are based on independent samples t-tests.
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package of  ImageJ 1.48s. Each cell body was measured twice, and measurements 
of  all cells within a cluster were averaged to obtain a single average value per 
cluster per brain. 

Statistical analysis

Differences in brain width and height between small and large wasps were 
analysed with independent samples t-tests. Generalized linear models with 
Poisson distribution and log-link function were used to analyse the number 
of  cell bodies in neuron clusters, using size class and neuron cluster as fixed 
factors. Type III Wald χ2 analysis of  deviance was used to test for significance 
of  main effects. Cell body diameter was analysed with linear models, using log-
transformed diameters to obtain normally distributed residuals. Analysis of  
variance was used to test for significance of  main effects, followed by Tukey 
HSD post-hoc tests. In all cases, separate models were run for the separate 
monoamine experiments. All analyses were performed in R version 3.1.0 at 
α = 0.05. Values are shown as mean ± SD. 
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Figure 2. Difference in brain size between the small and large wasps that were used 
to analyse serotonin-, octopamine- and dopamine-like immunoreactive (5HT-L-IR, 
OA-L-IR and DA-L-IR) neurons, showing the average distance (± SD) measured from 
left to right medullas and from dorsal to ventral rim of  the brain, as indicated in the 
corresponding graphs below the bars. Brain size was measured of  15 wasps per size 
class and monoamine treatment. Asterisks indicate significant differences in brain width 
or height between small and large wasps based on independent samples t-tests; *** p < 
0.001. 
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Results

Immunolabelling 

The antisera that we used provided clear immunolabelling results, but there was a 
difference in the intensity of  staining between the three antisera. The 5HT-L-IR 
staining was more intense than OA- and DA-L-IR staining. There appeared to be 
no differences in intensity of  the immunoreactive staining between differentially 
sized brains. All detected neuron clusters were visible in wasps of  all sizes (Figure 
1). An elaborate description of  the precise morphology and location of  neuron 
clusters, also in comparison to other insects, can be found in Chapter 4.

Brain size variation

We measured the size of  the brains in the small and large size classes for each 
of  the three separate monoamine immunolabelling treatments (n = 15 for each 
combination of  size class and monoamine treatment). Brain size was measured 
from left to right medulla, and from dorsal to ventral rim of  the brain (Table 1, 
Figure 2). Small wasps had significantly smaller brain widths (5HT: t25 = 23.390, 
p < 0.001; OA: t23 = 10.156 p < 0.001; DA: t24 = 10.028, p < 0.001) and brain 
heights (5HT: t27 = 12.572, p < 0.001; OA: t23 = 12.632, p < 0.001; DA: t22 = 6.354, 
p < 0.001) than large wasps. 
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Figure 3. Average number of  cell bodies (± SD) per cluster of  serotonin-, octopamine- 
and dopamine-like immunoreactive (5HT-L-IR, OA-L-IR and DA-L-IR) neurons in 
small and large brains of  T. evanescens. There was no effect of  brain size on the number 
of  cell bodies. N-values are shown in Table 2. 
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Generalized linear models revealed that there was no difference in number of  
monoaminergic cell bodies between small and large wasps (5HT: χ2

1 = 2.979, 
p = 0.084; OA: χ2

1 = 2.897, p = 0.089; DA: χ2
1 = 1.450, p = 0.229; Figure 3, Table 

2). We counted on average 20.8 ± 5.24 (n = 30) 5HT-L-IR cell bodies per brain, 
9.03 ± 4.52 (n = 30) OA-L-IR cell bodies, and 14.7 ± 5.31 (n = 30) DA-L-IR 
cell bodies. There was a difference in the number of  cell bodies between the 
different clusters (5HT: χ2

6 = 420.791, p < 0.001; OA: χ2
6 = 73.034, p < 0.001; 

DA: χ2
6 = 23.553, p < 0.001). Most cell bodies were observed in cluster 5HT-3, 

which contained up to 16 cell bodies (on average 12.1 ± 1.70). Many OA-L-IR 
neuron clusters contained only a single pair of  cell bodies in all preparations, but 
cluster OA-VUM contained up to 13 cell bodies. However, the close location of  
this cluster to the mouthparts was vulnerable to damage during the dissection 
procedure, which resulted in an average count of  4.4 ± 3.36 OA-VUM neurons 
per brain. Table 2 shows details of  the cell body counts for each neuron cluster, 
separately for small and large wasps, and for small and large wasps combined. 
The interactions between size class and neuron cluster were not significant (5HT: 
χ2

6 = 2.073, p = 0.913; OA: χ2
6 = 3.351, p = 0.764; DA: χ2

6 = 4.527, p = 0.606).
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Figure 4. Average diameter (± SD) of  cell bodies per cluster of  serotonin-, octopamine- 
and dopamine-like immunoreactive (5HT-L-IR, OA-L-IR and DA-L-IR) neurons in 
small and large brains of  T. evanescens. N-values are shown in Table 2. Asterisks indicate 
significant differences in cell body diameter between small and large wasps based on 
linear models and TukeyHSD post-hoc tests; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Effects of  body size on size of  cell bodies

Average diameters of  the cell bodies in the different clusters ranged between 
1.7 – 4.4 μm (Table 2). Linear models showed that cell body diameter was 
larger in large wasps than in small wasps (5HT: F1,161 = 221.537, p < 0.001; OA: 
F1,74 = 73.495, p < 0.001; DA: F1,146 = 65.662, p < 0.001; Figure 4). Average 
diameter of  5HT-L-IR cell bodies was 1.8 ± 0.23 µm (n = 88) for small wasps 
and 2.4 ± 0.36 µm (n = 87) for large wasps. Average diameter of  OA-L-IR cell 

Number of  5HT-L-IR cell bodies
Max. Small Large Average

5HT-0 2 2.0 (n = 3) 2.0 (n = 3) 2.0 
5HT-1 6 4.3 ± 0.72 (n = 15) 4.6 ± 1.30 (n = 15)   4.5 ± 1.04
5HT-2 3 1.0 (n = 15) 1.2 ± 0.56 (n = 15)   1.1 ± 0.40
5HT-3 16 11.4 ± 1.91 (n = 10) 12.9 ± 0.99 (n = 11) 12.1 ± 1.70

5HT-6a 4 2.0 ± 1.07 (n = 15) 2.5 ± 0.99 (n = 15)   2.3 ± 1.05
5HT-6b 4 2.1 ± 1.03 (n = 15) 2.1 ± 1.00 (n = 15)   2.1 ± 0.99
5HT-6c 3 1.7 ± 0.82 (n = 14) 2.5 ± 0.74 (n = 14)   2.1 ± 0.89

Number of  OA-L-IR cell bodies
Max. Small Large Average

OA-1 1 1.0 (n = 4) 1.0 (n = 5) 1.0
OA-2 1 1.0 (n = 4) 1.0 (n = 5) 1.0 
OA-3 9 4.1 ± 1.04 (n = 11) 5.4 ± 1.86 (n = 11) 4.7 ± 1.61
OA-5 3 2.3 ± 0.82 (n = 10) 1.5 ± 0.58 (n = 4) 2.1 ± 0.83
OA-6 1 1.0 (n = 6) 1.0 (n = 5) 1.0 
OA-7 1 1.0 (n = 3) 1.0 (n = 2) 1.0 

OA-VUM 13 3.4 ± 1.81 (n = 9) 5.3 ± 4.33 (n = 9) 4.4 ± 3.36

Number of  DA-L-IR cell bodies
Max. Small Large Average

DA-1 5 2.3 ± 0.70 (n = 15) 2.9 ± 1.10 (n = 12) 2.6 ± 0.89
DA-2 4 2.4 ± 0.84 (n = 14) 2.3 ± 0.91 (n = 14) 2.3 ± 0.86
DA-3 4 2.6 ± 0.63 (n = 15) 2.8 ± 0.70 (n = 14) 2.7 ± 0.66
DA-4 4 2.7 ± 0.70 (n = 15) 2.2 ± 0.92 (n = 10) 2.5 ± 0.82
DA-5 8 3.5 ± 1.74 (n = 14) 4.4 ± 2.50 (n = 14) 3.9 ± 2.16
DA-6 6 2.0 ± 1.41 (n = 4) 3.8 ± 1.64 (n = 9) 3.2 ± 1.74
DA-7 3 1.5 ± 0.58 (n = 4) 1.3 ± 0.82 (n = 6) 1.4 ± 0.70

Table 2. Number and diameter of  cell bodies of  serotonin-, octopamine- and dopamine-
like immunoreactive (5HT-L-IR, OA-L-IR and DA-L-IR) neurons in the brains of  small 
and large T. evanescens. 

Cell body counts show the maximum number of  cell bodies per cluster, and the average 
number (± SD) in small, large and all measured wasps. There was no difference in 
number of  cell bodies per clusters between small and large wasps. 
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Diameter of  5HT-L-IR cell bodies
Small Large Difference Average

5HT-0 1.8 ± 0.12 (n = 3) 2.3 ± 0.27 (n = 3) p = 0.581 2.0 ± 0.33
5HT-1 1.7 ± 0.20 (n = 15) 2.3 ± 0.25 (n = 15) p < 0.001 2.0 ± 0.38
5HT-2 1.9 ± 0.28 (n = 15) 2.3 ± 0.38 (n = 15) p = 0.007 2.1 ± 0.39
5HT-3 1.7 ± 0.16 (n = 10) 2.6 ± 0.26 (n = 11) p < 0.001 2.1 ± 0.48

5HT-6a 1.8 ± 0.28 (n = 15) 2.5 ± 0.41 (n = 15) p < 0.001 2.2 ± 0.48
5HT-6b 1.7 ± 0.15 (n = 15) 2.4 ± 0.30 (n = 15) p < 0.001 2.1 ± 0.41
5HT-6c 1.9 ± 0.29 (n = 14) 2.5 ± 0.46 (n = 14) p < 0.001 2.2 ± 0.50

Diameter of  OA-L-IR cell bodies
Small Large Difference Average

OA-1 3.2 ± 0.34 (n = 4) 4.4 ± 0.85 (n = 5) p = 0.101 3.9 ± 0.91
OA-2 3.4 ± 0.17 (n = 4) 4.3 ± 0.81 (n = 5) p = 0.576 3.9 ± 0.76
OA-3 2.7 ± 0.39 (n = 11) 3.5 ± 0.60 (n = 11) p = 0.006 3.1 ± 0.66
OA-5 2.9 ± 0.42 (n = 10) 3.7 ± 0.87 (n = 4) p = 0.200 3.1 ± 0.68
OA-6 3.1 ± 0.66 (n = 6) 3.9 ± 0.60 (n = 5) p = 0.264 3.5 ± 0.74
OA-7 2.5 ± 0.14 (n = 3) 3.1 ± 0.06 (n = 2) p = 0.949 2.8 ± 0.35

OA-VUM 2.5 ± 0.34 (n = 9) 3.4 ± 0.38 (n = 9) p = 0.003 3.0 ± 0.58

Number of  DA-L-IR cell bodies
Small Large Difference Average

DA-1 2.3 ± 0.18 (n = 15) 2.7 ± 0.37 (n = 12) p = 0.134 2.5 ± 0.33
DA-2 2.1 ± 0.24 (n = 14) 2.5 ± 0.33 (n = 14) p = 0.011 2.3 ± 0.35
DA-3 1.9 ± 0.19 (n = 15) 2.1 ± 0.25 (n = 14) p = 0.527 2.0 ± 0.24
DA-4 2.3 ± 0.31 (n = 15) 2.9 ± 0.48 (n = 10) p < 0.001 2.5 ± 0.49
DA-5 1.9 ± 0.13 (n = 14) 2.5 ± 0.24 (n = 14) p < 0.001 2.2 ± 0.33
DA-6 2.1 ± 0.26 (n = 4) 2.4 ± 0.30 (n = 9) p = 0.704 2.3 ± 0.32
DA-7 2.5 ± 0.09 (n = 4) 2.4 ± 0.34 (n = 6) p = 1.000 2.4 ± 0.26

Table 2. (cont.)

Average cell body diameters (± SD) are shown for small, large and all measured wasps. 
Differences in cell body diameter between small and large wasps are based on linear 
models and TukeyHSD post-hoc tests.

bodies was 2.8 ± 0.48 µm (n = 47) for small wasps and 3.8 ± 0.71 µm (n = 41) 
for large wasps. The average diameter of  DA-L-IR cell bodies was 2.1 ± 0.28 µm 
(n = 81) for small wasps and 2.5 ± 0.39 µm (n = 79) for large wasps. Tukey HSD 
post-hoc tests (Table 2) revealed that cell body diameters differed between small 
and large wasps for all 5HT-L-IR clusters except cluster 5HT-0. In contrast, the 
only OA-L-IR and DA-L-IR clusters that differed in diameter between small and 
large wasps were cluster OA-3, OA-VUM, DA-4 and DA-5. 
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Serotonergic cell bodies are similarly sized in all clusters (F6,161 = 1.652, 
p = 0.136), whereas the diameters of  octopaminergic (F6,74 = 6.065, p < 0.001) 
and dopaminergic (F6,146 = 12.266, p < 0.001) cell bodies vary between different 
clusters. The interactions between size class and cell body diameter were not 
significant (5HT: F6,161 = 1.554, p = 0.164; OA: F6,74 = 0.164, p = 0.986; DA: 
F6,146 = 2.166, p = 0.050).

Discussion

Our results show that isometric brain scaling in T. evanescens may be facilitated 
by plasticity in the size of  the cell bodies, rather than in the numbers of  
monoaminergic neurons. Small and large wasps show no differences in the 
number of  serotonergic, dopaminergic and octopaminergic cell bodies in their 
brains, but they do show differences in the size of  these cell bodies. This suggests 
that monoaminergic neurons support neural and behavioural functions that are 
vital for even the smallest wasps. Maintaining the number of  monoaminergic 
neurons may maintain cognitive and behavioural complexity, and allow even the 
smallest wasps to find suitable hosts. 

Isometric brain scaling results in brains that are smaller than predicted by 
Haller’s rule in small T. evanescens, and in brains that are larger than predicted in 
large T. evanescens. We expected that this extreme brain size plasticity required 
modifications to the number and size of  neurons. Specifically, we hypothesized 
that plasticity in cell body size alone would not be sufficient to achieve isometric 
brain scaling, because cell body size may approach functional limits in small 
wasps. We expected that an additional decrease of  neuron number would be 
required to achieve the smallest brains. Our results show a difference in neuronal 
cell body size between small and large wasps, but no difference in the number of  
monoaminergic neurons. This indicates that plasticity in cell-body size, at least 
in these specific sets of  neurons, can be sufficient to achieve isometric brain 
scaling. 

Similar modifications are shown on neuropil level in the antennal lobe. The 
antennal lobe consists of  several spherical glomeruli, which are functional units 
that contain the synapses of  olfactory receptor neurons, projection neurons and 
interneurons (Hansson and Anton, 2000). We have previously shown that the 
number of  antennal lobe glomeruli is similar in small and large T. evanescens, but 
there is plasticity in glomerular volume (Chapter 3). The combined results of  
the present and previous studies indicate that neural complexity can be similar 
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in small and large wasps, at least on the level of  neuropil structures and of  
individual neurons. However, differences in neural complexity may occur on 
other levels, such as those of  synaptic connections.

The number of  neurons inside a brain is an important component of  its 
computational power (Chittka and Niven, 2009). Hence, the similarities in the 
numbers of  monoaminergic cell bodies and antennal lobe glomeruli in small 
and large wasps could imply that the function of  neuropil structures and neural 
pathways is also maintained. We have previously investigated memory retention 
capacities of  small and large wasps after a single olfactory or visual conditioning 
experience (Chapter 6). We indeed found that small and large wasps show similar 
memory retention levels and duration of  memory retention. Plasticity in the size 
of  neuronal cell bodies and neuropil structures may be one of  the mechanisms 
that underlie isometric brain scaling and simultaneously maintains cognitive 
abilities.

Maintained numbers of  neurons may be specific for these monoaminergic 
clusters, or a general effect of  isometric brain scaling that is also shown in other 
neuronal systems. If  neuron numbers are only maintained in these specific 
monoaminergic neuron clusters, this may mean that modifications of  these 
clusters are too costly, for example because they facilitate the high level of  
behavioural and cognitive complexity that is required to locate suitable host eggs. 
If  neuron numbers are generally maintained in all neuronal systems, this may 
have evolved as a consequence of  selection pressures on body miniaturization. 
Trichogramma wasps can parasitise and develop inside very small host eggs. Some 
of  the smallest hosts can only support a single developing T. evanescens that will 
develop into a small adult (Salt, 1940). The limited availability of  nutrients in 
such small hosts may severely constrain development, especially the investment 
in metabolically expensive tissues such as the brain (Aiello and Wheeler, 1995). 
These selection pressures may have resulted in the evolution of  miniaturized 
neural pathways that support the behavioural and cognitive requirements of  
even the smallest T. evanescens wasps. The larger size of  neuronal cell bodies 
of  large wasps indicates that there may be costs associated with having small 
neurons, which outweigh the benefits of  increased numbers of  neurons. These 
costs may not be associated with memory retention (Chapter 6), but can be 
present in other neural, behavioural or physiological traits.

Although smaller neurons are more energy-efficient than larger neurons (Niven, 
2016), there are costs associated with reducing neuron size. The reduction of  
neural membrane area results in less space for ion channels, which increases neural 
noise (Niven and Farris, 2012). Smaller neurons can also have thinner neurites 
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with reduced neural firing rates (Niven, 2016). They may also have a reduced 
number of  arborisations and a lower level of  connectivity between neurons. 
Reduction of  cytoplasm volume may reduce the available space for mitochondria, 
and may therefore negatively affect the generation of  energy (Niven and Farris, 
2012). A reduction of  cell body volume may also affect the volume of  the cell 
organelles, of  which the nucleus is the largest. A reduction of  nucleus size may 
involve modifications of  genome size or chromatin compaction (Gregory, 2001; 
Polilov, 2015). These modifications may compromise neural functioning, because 
they affect transcription dynamics. Even more extreme reductions of  cell body 
size are shown by another minute member of  the family Trichogrammatidae, 
the 0.2 mm long Megaphragma mymaripenne (Polilov, 2012). Approximately 95% 
of  the neural nuclei lyse during pupal development, resulting in an adult brain 
with mostly anucleate neurons. Lysis of  neural nuclei has not been observed in 
T. evanescens (Polilov, 2016). The lack of  nuclei implies that anucleate neurons are 
incapable of  genetic transcription, which may severely impair neural functioning 
in adult M. mymaripenne. This may cause reduced longevity of  M. mymaripenne 
compared to other wasps of  the family Trichogrammatidae, and could explain 
why honey-fed M. mymaripenne live on average five days at a temperature of  25°C 
(Bernardo and Viggiani, 2000), whereas e.g. Trichogramma minutum live on average 
25 days at the same temperature (Yu et al., 1984). 

The costs of  having small cell bodies may be similar for small T. evanescens as 
described above. Small wasps may have cell bodies with a higher level of  chromatin 
compaction, which may hinder transcription, and less space for mitochondria, 
which may negatively affect the available amount of  energy. Although we could 
not accurately establish this with the present methodology, neurites of  small 
T. evanescens may also be reduced in size and in arborisation complexity. This can 
result in lower information processing rates and increased neural noise (Niven, 
2016). These neural modifications could negatively affect fitness, for example 
by contributing to the reduced longevity of  small T. evanescens compared to 
larger conspecifics (Waage and Ming, 1984; Doyon and Boivin, 2005). Having 
larger neurons may be a factor that contributes to higher longevity of  large 
wasps. Whether the ratio between nucleus and cell body size was different in 
small and large T. evanescens could not be observed in this study, because the 
separation between the antibody- and propidium iodide-stained channels was 
not clear enough to accurately measure nucleus size. More detailed TEM studies 
are required to show if  neuronal cell body size is modified through changes to 
the volume of  cytoplasm, the nucleus, or both, and if  the size and connectivity 
of  neurites is similarly affected. This may reveal if  the lower limit to neuron size 
is reached in the smallest T. evanescens. 
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In conclusion, the results of  this study shed light on how the smallest insects 
manage to evade Haller’s rule. In the monoaminergic systems that we studied, 
isometric brain scaling appears to be facilitated by modification of  neuronal 
cell body size, whereas neuron numbers are maintained. These modifications 
resemble those on neuropil level in the antennal lobe, where glomerular volumes 
differ in small and large wasps, but numbers of  glomeruli are maintained (Chapter 
3). The absence of  changes in the numbers of  monoaminergic cell bodies and 
antennal lobe glomeruli suggests that the performance of  neural pathways may 
be similar in small and large T. evanescens, which corresponds to our previous 
findings of  similar olfactory and visual memory retention in small and large 
wasps (Chapter 6). Plasticity in the size of  neuronal cell bodies may be one of  
the ‘tricks’ to evade Haller’s rule and simultaneously maintain cognitive abilities 
in the smallest wasps. However, differences in neural complexity between small 
and large wasps may occur on levels outside the scope of  the present study, such 
as those of  synapses, which should be identified in further research. 
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Abstract

Small animals usually have relatively larger brains than large animals. This 
allometric brain scaling is described by Haller’s rule. However, some of  the 
smallest insects on Earth scale their brains beyond the predictions of  Haller’s 
rule. Trichogramma evanescens parasitic wasps show brain isometry, leading to 
similar relative brain sizes in small and large conspecifics. Somewhat larger 
Nasonia vitripennis parasitic wasps display diphasic brain scaling with isometry 
in small individuals and allometry in large individuals. These brain-scaling 
strategies may cause undersized brains in small wasps, with reduced cognitive 
abilities. Here, we induced intraspecific body-size variation in genetically 
identical T. evanescens and N. vitripennis, and examined cognitive trade-offs of  
brain scaling. We compared visual and olfactory memory retention between 
small and large conspecifics. Results show that diphasic brain scaling affects 
memory retention levels in N. vitripennis, whereas isometric brain scaling does 
not affect memory retention in T. evanescens. The two species may experience 
different evolutionary pressures that shaped the cognitive consequences of  
brain scaling. A possible trade-off  of  brain isometry in T. evanescens could be 
present in brain properties different from memory performance. In contrast, 
it may be more adaptive for N. vitripennis to invest in other aspects of  brain 
performance, at the cost of  memory retention. 
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Introduction

An individual’s ability to learn and memorize has been related to the size of  the 
brain, both absolute brain size and the size of  the brain relative to total body size 
(Kotrschal et al., 2013; Roth and Dicke, 2005; Striedter, 2005). However, relative 
brain size also directly depends on body size: small animals have relatively larger 
brains than large animals. This is known as Haller’s rule, and generally applies 
within and between animal species in all taxa (Gonda et al., 2011; Harvey and 
Krebs, 1990; Isler et al., 2008; Kruska, 1996; Pagel and Harvey, 1989; Rensch, 
1948; Riveros and Gronenberg, 2010; Seid et al., 2011; Stuermer et al., 2003; 
Wehner et al., 2007). Haller’s rule follows a power-law function in which the 
exponent, the scaling coefficient, determines the shape of  the relationship. The 
more the scaling coefficient approaches 0, the stronger the negative allometry 
that Haller’s rule describes. A scaling coefficient that equals 1 describes a linear 
relationship, known as isometry.

The brain scaling phenomenon described by Haller’s rule may be a consequence 
of  mechanisms through which neural architecture determines behavioural output. 
It is the absolute, not relative, number and size of  neurons and connections that 
determines neural processing power (Chittka and Niven, 2009). Small animals 
may thus need to form relatively larger brains to achieve similar levels of  neural 
processing abilities as large animals (Eberhard and Wcislo, 2011). This directly 
implies that small animals suffer high energetic costs, because brain tissue has 
a high metabolic rate (Aiello and Wheeler, 1995). These energetic costs can 
become too high to be overcome by the smallest animals, which limits body 
miniaturization (Eberhard and Wcislo, 2011). Interestingly, some of  the smallest 
insects appear to have evolved unique brain scaling solutions that deviate from 
the predictions of  Haller’s rule, possibly to avoid the energetic costs of  having 
a relatively large brain (see Groothuis and Smid (2017) for a recent overview of  
brain scaling in differently-sized insects). An example is shown by polymorphic 
leaf-cutter ants (Atta colombica), which vary in body length between 5 – 10 mm 
(Feener et al., 1988). Workers show an allometric relationship between brain and 
body size (Seid et al., 2011). However, a break point splits the allometry into 
two separate functions. Larger ants show a scaling coefficient of  0.29, which 
is comparable to scaling coefficients found for other ant species (Wehner et 
al., 2007). Haller’s rule is less strong in smaller ants, which have a much larger 
scaling coefficient of  0.60. The brains of  small ants are, therefore, smaller than 
is expected from the predictions of  Haller’s rule. 

Another example is shown by smaller Nasonia vitripennis parasitic wasps (Figure 
1A). These wasps parasitise and develop inside fly puparia. Adult body size 
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depends on the number of  developing 
larvae inside the same host pupa 
through scramble competition, 
resulting in body lengths ranging 
between 1.2 – 2.4 mm measured from 
thorax to abdomen tip (Groothuis 
and Smid, 2017). Again, a break point 
divides the wasps into two groups 
with distinct brain scaling strategies. 
Interestingly, larger wasps follow 
Haller’s rule, whereas the smallest 
wasps show isometric brain scaling 
(Figure 2A). 

The most extreme brain scaling 
solution is shown by some of  the 
smallest insects on Earth, Trichogramma 
evanescens parasitic wasps (Figure 1B). 
These minute wasps parasitise and 
develop inside lepidopteran eggs. 
Adult body size depends on scramble 
competition in a similar way as in 
N. vitripennis, resulting in body lengths 
ranging between 0.3 – 0.9 mm (Chapter 
2; Chapter 3). Trichogramma evanescens 
wasps scale their brains isometrically 
with body size (Chapter 2; Figure 2A). 
A consequence of  this brain isometry 
is that small and large individuals have 
the same relative brain size, with brains 
that are much smaller in the smallest 
T. evanescens and much larger in the 
largest T. evanescens than is predicted by 
Haller’s rule.

The abovementioned examples show 
that Haller’s rule does not apply to the 

Figure 1. Phenotypic plasticity in body 
size, showing large (open arrows) and small 
(black arrows) wasps of  the species used in 
this study. (A) N. vitripennis on a C. vomitoria 
host pupa. (B) T. evanescens on an M. sexta 
host egg. (C) A small T. evanescens on the 
head of  a large N. vitripennis, illustrating 
the difference in body size between the 
two species. Scale bars indicate 0.5 mm. 
Pictures: Jitte Groothuis.

smallest insects, possibly because small invertebrates avoid the excessive energetic 
costs that are associated with a relatively larger brain. Isometric brain scaling may 
enable smaller body sizes than would have been possible under allometric brain 
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Figure 2. Brain- and body-size scaling in T. evanescens and N. vitripennis. (A) Brain-body 
size scaling is isometric in T. evanescens (red dots, data from Chapter 2), and diphasic 
in N. vitripennis with isometry in small individuals and negatively allometric in large 
individuals (blue dots, data from Groothuis and Smid, 2017). Red blocks indicate the 
estimated correspondence to the size classes in the present study, based on body length 
measurements in Chapter 2 and Groothuis and Smid (2017). Note that the largest 
body lengths of  T. evanescens in the present study exceed the measured body lengths in 
Chapter 2, due to the use of  larger host species. Body volume data from Chapter 2 were 
converted to body weights under the assumption of  a similar density as water. (B) Body 
length measurements (mean ± SD) of  the large and small size classes of  T. evanescens 
(red bars) and N. vitripennis (blue bars) in the present study. Body length was measured 
from the head to the tip of  the abdomen. Asterisks indicate significant differences 
based on Welch two-sample t-tests (*** p < 0.001).

scaling. However, brain isometry may simultaneously cause trade-offs with brain 
performance. Brains that are miniaturized beyond the predictions of  Haller’s 
rule may become too small to maintain neural processing abilities. The smallest 
invertebrates could consequently show impaired learning abilities and reduced 
memory retention, and suffer more from the metabolic costs that are associated 
with forming and retaining long-term memory (Hoedjes et al., 2011; Margulies 
et al., 2005; Mery and Kawecki, 2005; Snell-Rood et al., 2009). 

In the present study, we examined cognitive trade-offs of  isometric brain scaling. 
We compared memory performance (level and duration of  memory retention) 
of  small and large conspecifics of  T. evanescens and N. vitripennis (Figure 1C), both 
after visual and olfactory conditioning. Nasonia vitripennis can form long-term 
memory of  olfactory cues after a single experience of  drilling a hole in the host 
pupa and feeding from its contents (Hoedjes and Smid, 2014; Schurmann et al., 
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2012). Trichogramma evanescens naturally hitch-hike on mated female butterflies, 
which enables them to parasitise freshly laid eggs and form long-term memory 
of  the butterfly’s anti-aphrodisiac pheromone (Huigens et al., 2009; Kruidhof  
et al., 2012). Associative learning of  colours is less frequently studied in these 
species, but has been described in both (Keasar et al., 2000; Oliai & King, 2000).

We hypothesize that isometric brain scaling compromises memory performance 
in small wasps of  both species, because brain isometry might reduce brain size 
beyond the size that is required to maintain brain performance. We expect that 
these effects are more pronounced in T. evanescens than in N. vitripennis, because 
brain isometry in T. evanescens causes more strongly miniaturized brains in small 
individuals than does isometric – allometric brain scaling in N. vitripennis. 

Materials and methods 

Insects

Trichogramma evanescens Westwood (Hymenoptera: Trichogrammatidae) of  
inbred strain GD011 were reared on UV-irradiated host eggs of  Mediterranean 
flour moth Ephestia kuehniella (Lepidoptera: Pyralidae; obtained from Koppert 
Biological Systems, Berkel en Roderijs, The Netherlands; Huigens et al., 2009; 
Chapter 2). The wasps were kept in a climate room (22 ± 1°C, 50 – 70% rh, 
L16:D8), and used to create body-size variants as described below. 

Nasonia vitripennis Walker (Hymenoptera: Pteromalidae) of  inbred strain AsymCx 
were reared on Calliphora vomitoria pupae (obtained as maggots from Kreikamp, 
Hoevelaken, The Netherlands) in a climate cabinet (25 ± 1°C, L16:D8; Hoedjes 
et al., 2012). These pupae were also used as unconditioned stimulus in the 
conditioning assays of  N. vitripennis. 

Cabbage moths Mamestra brassicae (Lepidoptera: Noctuidae) were reared on 
cabbage plants (Brassica oleracea) in a climate room (21 ± 2°C, 50 – 70% rh, 
L16:D8). Adult moths oviposited on sheets of  filter paper, which were used 
as unconditioned stimulus in conditioning assays of  T. evanescens. Manduca sexta 
hawkmoths (Lepidoptera: Sphingidae; obtained as pupae from the Max Planck 
Institute for Chemical Ecology, Jena, Germany) were kept in a flight cage with 
tobacco plants (Nicotiana tabacum SR1) inside a climate cabinet (25 ± 1°C, L16:D8; 
Chapter 3). Eggs were harvested daily from this cage, stored at -20°C and used 
to rear small and large T. evanescens.
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Induction of  body size variation

We manipulated wasps to lay either large or small numbers of  eggs inside their 
hosts (Figure 3A). This results in different levels of  scramble competition inside 
the host egg or pupa, leading to a large variation in body size. Body-size variants 
of  N. vitripennis were induced with adapted wasp-to-host ratios (Groothuis & 
Smid, 2017). The smallest offspring emerged after parasitism of  5 C. vomitoria 
pupae by 50 N. vitripennis, and the largest offspring after parasitism of  20 pupae 
by 10 females. Wasps were removed from the pupae after 24 hours. 

Wasps of  the genus Trichogramma assess host-egg size through antennal drumming 
of  the host surface (Schmidt & Smith, 1985). To induce body-size variation in 
T. evanescens, we therefore partially masked the surface of  some M. sexta eggs by 
placing them on 5 – 10 ml cooling 1% agarose (Sigma) in Petri dishes (Greiner 
Bio-One, 94 × 15 mm) as described before (Chapter 3). This partial masking of  
host eggs resulted in smaller host-egg surfaces available for size assessment by 
the wasps. Fewer eggs were laid inside these masked hosts, which developed into 
larger offspring than generally emerged from unmasked host eggs. To ensure 
that large and small wasps were both available, we used a combination of  masked 
and unmasked eggs. 

For both species we created small and large size classes by visually inspecting 
body sizes. To determine body size of  these classes, we sampled 100 large and 
100 small T. evanescens and N. vitripennis wasps from 2 separate generations. These 
wasps were CO2-sedated and their body length was measured from head to 
abdomen tip, and from thorax to abdomen tip, using a microscope ocular with 
an internal reticle scale (Table 1). Wasps of  both species had unlimited access to 
honey and water until use in the conditioning trials.

Conditioning procedures

Females of  both wasp species were trained to remember an odour or colour as 
illustrated in Figure 3B. We used single classical conditioning trials as described 
before (Hoedjes et al., 2014b; Hoedjes et al., 2012). Wasps obtained a rewarding 
experience with a host (the unconditioned stimulus, US) while perceiving a 
conditioned stimulus (CS+); either a colour or odour. Next, the wasps received 
an unrewarding experience (absence of  hosts) on a different conditioned 
stimulus (CS-); another colour or odour. Conditioning procedures were carried 
out reciprocally, using either two odours or two colours as conditioned stimuli. 
Half  of  the groups were conditioned using the first of  the two conditioned 
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stimuli as CS+ and the second as CS-, and the other half  of  the groups received 
the second of  the two conditioned stimuli as CS+ and the first as CS-. In total, 
we conditioned 151 reciprocal groups of  N. vitripennis and 198 reciprocal groups 
of  T. evanescens.

Female T. evanescens (2 days old) were conditioned inside glass vials (7.5 cm long, 
1.2 cm diameter) in groups of  approximately 50 wasps. Pieces of  filter paper 
(~1 cm2) with a clutch of  approximately 30 M. brassicae eggs were used as US. 
Female N. vitripennis (2 days old) were conditioned in Petri dishes (8.5 cm diameter) 
in groups of  approximately 50 wasps. These dishes contained approximately 40 
C. vomitoria pupae as US and were covered with filter paper.

The duration of  the CS+ phase was 15 minutes for T. evanescens and 1 hour 
for N. vitripennis. The difference in duration of  the CS+ phase relates to the 
difference in time it takes the two species to start laying eggs in these particular 
host species. For T. evanescens, drilling in M. brassicae takes a short time and the 
wasps start oviposition within minutes after finding the host. They were removed 
after 15 minutes to ensure that they had sufficient time to start oviposition, but 
also remain motivated to find hosts during the subsequent memory retention 
tests. Initiating oviposition takes a longer time for N. vitripennis. During an hour-
long experience on a C. vomitoria host, the wasps will drill into the pupa and start 
feeding from its contents (Hoedjes et al., 2014a). 

After the CS+ phase, the wasps were removed from their hosts with an aspirator 
(with additional aid of  fine tweezers for T. evanescens) and placed in clean vials 

◄ Figure 3. Experimental set-up as used in this study. (A) Variation in body size was 
created by inducing either low (left) or high (right) levels of  scramble competition inside 
the hosts of  N. vitripennis and T. evanescens. For N. vitripennis, we varied the ratio between 
ovipositing females and their C. vomitoria host pupae. For T. evanescens, we adapted the 
perceivable host egg surface by partially masking the host eggs with agarose. Females will 
lay fewer eggs if  they perceive a smaller area when drumming on the egg surface with 
their antennae. (B) During conditioning, the wasps experience either an odour (left) or 
a colour (right) (CS+), while parasitising a host egg or pupa (US). This is followed by 
a resting phase in a clean Petri dish or vial on a neutral background (not shown in the 
figure). Next, the wasps experience the second odour or colour without the presence 
of  the rewarding hosts (CS-). The conditioning procedures are done in a reciprocal 
manner: half  of  the groups receive the first odour or colour as CS+ and the other half  
of  the groups receive the second odour or colour as CS+. Small and large wasps are 
trained simultaneously in separate groups. (C) To test memory retention, the wasps are 
placed in the centre of  T-mazes that contain the CS+ and CS- on opposite sides. The 
number of  wasps that make a choice for the CS+ and CS- is recorded. Arrowheads at 
the olfactory T-mazes indicate an incoming flow of  humidified air.
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or dishes on neutral backgrounds for a resting period of  15 minutes. This was 
followed by the CS- phase, which lasted for 15 minutes for both species.

Olfactory conditioning trials were performed using Royal Brand Bourbon Vanilla 
extract and Natural Chocolate extract as CS for N. vitripennis, and Royal Brand 
Bourbon Vanilla extract and Natural Coffee extract for T. evanescens (Nielsen-
Massey Vanillas Intl., Leeuwarden, the Netherlands). These artificial odours 
were chosen because they represent neutral stimuli for the wasps, for which they 
do not show innate preferences. Chocolate and vanilla have previously been 
found to be most suitable for olfactory conditioning in N. vitripennis (Hoedjes et 
al., 2012). For T. evanescens, pilot experiments revealed that using coffee extract 
instead of  chocolate induced higher memory retention levels (not shown). The 
extracts were placed on pieces of  filter paper (~1 cm2) in drops of  1 µl for 
T. evanescens and 5 µl for N. vitripennis, and placed inside the conditioning vial or 
dish during the CS+ and CS- phases.

Visual conditioning trials were performed with the colours blue and yellow as 
CS for both species (Clairefontaine Trophée 120 g/m2 hues 1291 and 1292 
for T. evanescens and hues 1247 and 1292 for N. vitripennis). Blue and yellow 
have previously been used as visual stimuli in conditioning experiments with 
N. vitripennis (Oliai & King, 2000). Using a slightly brighter shade of  blue for 
N. vitripennis and a slightly darker shade for T. evanescens improved memory 
retention levels for both species during pilot experiments (not shown). For 
T. evanescens, the conditioning vials were placed in boxes (10.5 × 15.5 cm) that 
were lined with blue or yellow paper. For N. vitripennis the conditioning dishes 
were placed on blue or yellow paper. The conditioning procedures took place in 
areas that were shielded from environmental light, and lit by 4 fluorescent tubes 
(Philips Master TL5 H0 39W/865 for T. evanescens and Philips Master TL5 H0 
39W/840 for N. vitripennis). 

	

Memory retention tests

Memory retention (Figure 3C) was tested 1, 4 and 24 hours after conditioning. 
Olfactory memory was retained longer than 24 hours in N. vitripennis, and was 
therefore tested 1, 3 and 5 days after conditioning. A third of  each group of  
50 wasps was tested at each time point, ensuring that each individual wasp was 
tested only once. 

Olfactory memory of  N. vitripennis was tested in the T-maze described by Hoedjes 
et al. (2012). An adapted version of  this T-maze was used for T. evanescens, 
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consisting of  two transparent, polycarbonate tubes (1.6 cm diameter, 11 cm long) 
that connected smoothly to a 3 cm-long central aluminium tube. Both types of  
T-mazes contained a small opening to insert wasps and fine mesh to allow air 
flow to leave the T-maze. The distal ends were connected to Teflon tubes that 
contained a single glass capillary (ID 1.3 mm, Stuart SMP1/4, Bibby Scientific, 
Staffordshire, UK) for odour transmission on each side of  the T-maze. One 
side contained a capillary filled with vanilla extract, and the other side contained 
chocolate extract in the T-maze for N. vitripennis and coffee extract in the T-maze 
for T. evanescens. Charcoal filtered, moisturized air (60 – 70% relative humidity) 
flowed past odour capillaries at 100 ml/min per side for N. vitripennis and 30 
mL/min per side for T. evanescens.

Visual memory retention in N. vitripennis was tested in 40-cm-long polycarbonate 
tubes (3.6 cm diameter; Kunststofshop, Zevenaar, the Netherlands). The lower 
half  of  the tubes was covered with blue paper on one side, and yellow paper on 
the other side. The central 5 cm were left transparent and contained a small hole 
for insertion of  wasps. 

Visual memory retention in T. evanescens was tested in a T-maze that was 
constructed from two glass vials (15 cm long, 1.8 cm diameter). The vials were 
connected by aluminium tubes similar to those that connected the olfactory 
T-maze. The setup was placed in a box (10.5 × 40 × 5 cm) lined with blue paper 
on one side and yellow paper on the other side. 

All memory retention tests took place in areas that were shielded from 
environmental light. The olfactory T-maze for N. vitripennis was illuminated by 
a LED strip (Grandi ‘white’ 6000-6500K, 170 lm/m with 30 leds/m mounted 
against a white shelf  40 cm above the T-maze), the other T-mazes were lit by 
the same TL tubes that were used during conditioning. Wasps were inserted into 
the T-mazes with an aspirator. After 10 minutes, the number of  wasps on each 
side of  the T-maze was counted. Wasps in the central areas were considered as 
non-responding. The orientation of  the T-mazes was reversed after two tests to 
prevent any bias from environmental influences.

Statistical analysis

Differences in body length between size classes were analysed with Welch two 
sample t-tests. Memory retention was expressed as performance index (PI; 
Hoedjes et al., 2012). The PI was calculated by taking the fraction of  wasps that 
made a choice for the odour or colour of  their CS+, and subtracting the fraction 
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of  wasps from the other reciprocal group that made a choice for the odour 
or colour that they experienced as CS-. A PI for visual memory retention, for 
example, is calculated by subtracting the fraction of  wasps that received yellow 
as CS+ and chose blue, from the fraction of  wasps that received blue as CS+ 
and chose blue. 

The fractions that were used to calculate PIs were obtained as estimated response 
means of  generalized linear mixed models (GLMMs) with logit link function 
and binomial distribution. The models’ dependent variables were the number 
of  wasps on one side of  the T-maze (on blue for visual memory retention 
tests, on coffee for olfactory memory retention tests with T. evanescens, and on 
chocolate for olfactory memory retention tests with N. vitripennis), with the total 
number of  wasps making a choice as denominator. The model response of  
visual memory retention tests, for example, is therefore the fraction of  wasps 
that chose blue over yellow. Including CS+ as fixed effect allowed to test for the 
effect of  conditioning on the preference for the two odours or colours that were 
used as conditioned stimuli. Other fixed effects that were included in the model 
were time after conditioning, body size class and the interactions between fixed 
effects. Random effects were included to correct for conditioning date and the 
reciprocal conditioning pair the wasps belonged to. 

To test if  memory was formed, Bonferroni-corrected χ2 pairwise comparisons 
were used to test the effect of  CS+ on the preference for conditioned stimuli. 
In case of  a significant main effect of  body size on memory retention, post-
hoc χ2 pairwise comparisons tested if  memory retention differed between the 
size classes within the different time points after conditioning. Response rates 
of  wasps were determined by defining another GLMM using the fraction of  
wasps making a choice out of  the total number of  wasps inserted as dependent 
variable. Fixed factors were size and time after conditioning. Differences in 
response rate of  small and large wasps were determined using Bonferroni-
corrected χ2 pairwise comparisons. Statistical analyses were performed in R 3.0.2 
with packages lme4 (Bates et al., 2014), phia (De Rosario-Martinez) and lsmeans 
(Lenth, 2014). 

Results

Body size variation

Body length ranged between 0.367 – 0.967 mm in T. evanescens and 1.375 – 2.825 
mm in N. vitripennis (Table 1, Figure 2B). When body length was measured from 
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Table 1. Body length values of  large and small body size classes of  T. evanescens and 
N. vitripennis (n = 100 in each group). Shown are mean ± SD and total range of  body 
lengths measured from head to abdomen tip, and from thorax to abdomen tip.

T. evanescens N. vitripennis
Large Small Large Small

Body length
Average 0.745 ± 0.054 mm 0.521 ± 0.064 mm 2.634 ± 0.085 mm 1.681 ± 0.099 mm

Range 0.644 – 0.967 mm 0.367 – 0.633 mm 2.400 – 2.825 mm 1.375 – 1.900 mm

Thorax-abdomen length
Average 0.654 ± 0.052 mm 0.444 ± 0.058 mm 2.330 ± 0.078 mm 1.450 ± 0.094 mm

Range 0.556 – 0.856 mm 0.311 – 0.556 mm 2.150 – 2.475 mm 1.175 – 1.650 mm

the thorax to abdomen tip (thereby excluding the head), this length ranged 
between 0.311 – 0.856 mm in T. evanescens and 1.175 – 2.475 mm in N. vitripennis. 
Average body length (±SD) in T. evanescens was larger (0.745 ± 0.054 mm) in the 
large size class than in the small size class (0.521 ± 0.064 mm; t192.51 = 26.766, 
p < 0.001). In N. vitripennis, average body length was 2.634 ± 0.085 mm in the 
large size class and 1.681 ± 0.099 mm in the small size class, and significantly 
different between the size classes (t193.44 = 72.929, p < 0.001). Average thorax 
– abdomen length in T. evanescens was 0.654 ± 0.052 mm in the large size class, 
and 0.444 ± 0.058 mm in the small size class, and also differed between the size 
classes (t192.26 = 26.880, p < 0.001). In N. vitripennis, average thorax-abdomen 
length was 2.330 ± 0.078 mm in the large size class and 1.450 ± 0.094 mm in the 
small size class, also significantly different (t191.71 = 71.889, p < 0.001).

Olfactory memory retention in N. vitripennis

In total, 2025 N. vitripennis responded in the olfactory memory retention tests 
(79 reciprocal groups). A single olfactory conditioning trial resulted in memory 
retention in N. vitripennis (χ2

1 = 150.075, p < 0.001; Figure 4A), which did not 
decrease over time after conditioning (χ2

2 = 4.789, p = 0.091). Small wasps had 
a lower level of  memory retention than large wasps (χ2

1 = 15.473, p < 0.001). 
There were no differences in duration of  memory retention between wasps of  
different sizes (χ2

1 = 0.981, p = 0.612).

Small and large N. vitripennis retained olfactory memory up to 5 days after 
conditioning. One day after conditioning, small wasps showed a PI (±SE) of  
23.90 ± 6.44% (χ2

1 = 19.536, p < 0.001) and large wasps of  46.39 ± 6.00% 
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(χ2
1 = 60.356, p < 0.001). Three days after conditioning, small wasps showed a 

PI of  22.88 ± 6.54% (χ2
1 = 18.201, p < 0.001) and large wasps of  36.41 ± 6.57% 

(χ2
1 = 36.694, p < 0.001). Five days after conditioning, small wasps showed a PI 

of  16.25 ± 6.50% (χ2
1 = 10.349, p = 0.008) and large wasps of  31.79 ± 6.75% 

(χ2
1 = 28.189, p < 0.001). The PI was significantly lower for small wasps than for 

large wasps one day after conditioning (χ2
1 = 8.998, p = 0.003) and five days after 

conditioning (χ2
1 = 4.258, p = 0.040), but did not differ between small and large 

wasps three days after conditioning (χ2
1 = 3.192, p = 0.074).
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Figure 4. Memory retention over time for small (light bars) and large (dark bars) T. 
evanescens and N. vitripennis. Performance index (PI ± SE) shows difference in percentage 
of  preference between reciprocally trained groups. (A) Olfactory memory in N. 
vitripennis; (B) visual memory in N. vitripennis; (C) olfactory memory in T. evanescens; (D) 
visual memory in T. evanescens. GLMM showed an overall effect of  body size on memory 
retention for N. vitripennis, whereas memory retention is equal for small and large T. 
evanescens. Asterisks indicate significant memory retention and differences in memory 
retention between small and large wasps (Bonferroni-corrected χ2 pairwise comparisons 
of  GLMM response); * p < 0.05; ** p < 0.01; *** p < 0.001; ns not significant.
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Visual memory retention in N. vitripennis

In total, 1964 N. vitripennis responded in the visual memory retention tests 
(72 reciprocal groups). A single visual conditioning trial resulted in memory 
retention in N. vitripennis (χ2

1 = 105.495, p < 0.001; Figure 4B), which decreased 
over time after conditioning (χ2

2 = 31.116, p < 0.001). Small wasps had a lower 
level of  memory retention than large wasps (χ2

1 = 7.731, p = 0.005). There were 
no differences in the duration of  memory retention between wasps of  different 
sizes (χ2

1 = 0.831, p = 0.660).

Small and large N. vitripennis retained visual memory up to 4 hours after 
conditioning. One hour after conditioning, small wasps showed a PI (±SE) of  
24.97 ± 6.16% (χ2

1 = 20.724, p < 0.001) and large wasps of  40.51 ± 5.67% 
(χ2

1 = 53.577, p < 0.001). Four hours after conditioning, small wasps showed a 
PI of  27.70 ± 6.51% (χ2

1 = 23.621, p < 0.001) and large wasps of  37.16 ± 6.62% 
(χ2

1 = 43.449, p < 0.001). Twenty-four hours after conditioning, small wasps 
showed a PI of  2.94 ± 6.39% (χ2

1 = 0.296, p = 1.000) and large wasps of  
11.82 ± 5.94% (χ2

1 = 4.402, p = 0.215). The PI was significantly lower for small 
wasps than for large wasps one hour after conditioning (χ2

1 = 5.122, p = 0.024), 
but did not differ between small and large wasps four hours after conditioning 
(χ2

1 = 2.132, p = 0.144) and twenty-four hours after conditioning (χ2
1 = 1.309, 

p = 0.253).

Olfactory memory retention in T. evanescens

In total, 2733 T. evanescens responded in the olfactory memory retention tests 
(107 reciprocal groups). A single olfactory conditioning trial resulted in memory 
retention in T. evanescens (χ2

1 = 52.213, p < 0.001; Figure 4C), which decreased 
over time after conditioning (χ2

2 = 7.381, p = 0.025). Small and large wasps 
form the same level of  memory retention (χ2

1 = 0.922, p = 0.337). There were 
no differences in the duration of  memory retention between wasps of  different 
sizes (χ2

1 = 0.509, p = 0.775).

Small T. evanescens retained olfactory memory up to 4 hours after conditioning, 
while 4-hour memory was no longer significantly different from 0 in large 
wasps. One hour after conditioning, small wasps showed a PI (±SE) of  
20.83 ± 5.10% (χ2

1 = 20.195, p < 0.001) and large wasps of  19.64 ± 5.42% 
(χ2

1 = 16.140, p < 0.001). Four hours after conditioning, small wasps showed a 
PI of  18.44 ± 5.41% (χ2

1 = 14.422, p < 0.001) and large wasps of  11.16 ± 5.14% 
(χ2

1 = 6.199, p = 0.077). Twenty-four hours after conditioning, small wasps 
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showed a PI of  8.68 ± 5.57% (χ2
1 = 2.996, p = 0.501) and large wasps of  

5.53 ± 5.28% (χ2
1 = 1.385, p = 1.000). 

Visual memory retention in T. evanescens

In total, 3002 T. evanescens responded in the visual memory retention tests (91 
reciprocal groups). A single visual conditioning trial resulted in memory retention 
in T. evanescens (χ2

1 = 94.529, p < 0.001; Figure 4D), which decreased over time 
after conditioning (χ2

2 = 23.717, p < 0.001). Small and large wasps form the same 
level of  memory retention  (χ2

1 = 0.006, p = 0.937). There were no differences in 
the duration of  memory retention between wasps of  different sizes (χ2

1 = 0.509, 
p = 0.776).

Small and large T. evanescens retained visual memory up to 4 hours after 
conditioning. One hour after conditioning, small wasps showed a PI (±SE) of  
29.05 ± 6.60% (χ2

1 = 29.301, p < 0.001) and large wasps of  31.48 ± 6.16% 
(χ2

1 = 46.351, p < 0.001). Four hours after conditioning, small wasps showed a 
PI of  18.22 ± 6.66% (χ2

1 = 13.845, p = 0.001) and large wasps of  20.51 ± 6.41% 
(χ2

1 = 20.761, p < 0.001). Twenty-four hours after conditioning, small wasps 
showed a PI of  10.71 ± 6.54% (χ2

1 = 5.322, p = 0.126) and large wasps of  
7.20 ± 6.39% (χ2

1 = 3.281, p = 0.420). 

Response rate

Response rate was defined as the percentage of  wasps making a choice, out of  the 
total number of  wasps that were introduced into the T-maze. Response rate was 
lower in small than in large T. evanescens (visual: χ2

1 = 15.840, p < 0.001; olfactory: 
χ2

1 = 25.800, p < 0.001). Small T. evanescens showed a response rate (±SE) of  
78.63 ± 2.51% during visual memory retention tests and 76.64 ± 1.85% during 
olfactory memory retention tests. Large T. evanescens showed a response rate of  
84.42 ± 1.98% during visual memory retention tests and 84.30 ± 1.45% during 
olfactory memory retention tests. In N. vitripennis, small wasps showed a lower 
response rate than large wasps during visual retention tests (χ2

1 = 4.339, p = 0.037), 
and a higher response rate than large wasps during olfactory memory retention 
tests (χ2

1 = 18.315, p < 0.001). Small N. vitripennis showed a response rate (±SE) 
of  91.67 ± 0.95% during visual memory retention tests and 85.49 ± 1.12% 
during olfactory memory retention tests. Large N. vitripennis showed a response 
rate of  94.20 ± 0.81% during visual memory retention tests and 78.49 ± 1.41% 
during olfactory memory retention tests. 
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Discussion

We expected that the extreme brain-scaling strategies of  miniaturized parasitic 
wasp species, i.e. isometry in T. evanescens and a combination of  isometry and 
allometry in N. vitripennis, would result in small individuals with brains that are 
too small to equal memory performance of  large conspecifics. We found that 
such a cognitive cost of  isometric brain scaling was apparent in N. vitripennis, but 
that it was absent in the smaller wasp species T. evanescens. For both species, we 
used inbred iso-female strains to exclude inter-individual genetic effects. The 
results of  the present study therefore suggest that developmental plasticity in 
brain and body size differentially affects brain performance in N. vitripennis and 
T. evanescens. 

In N. vitripennis, the level of  visual and olfactory memory retention was 
significantly lower in small wasps than in large conspecifics. This could not be 
explained by a difference in host-searching activity; small N. vitripennis showed 
a lower response rate than large wasps during visual memory tests, but a higher 
response rate than large wasps during the olfactory memory tests. The duration 
of  memory retention did not differ between small and large N. vitripennis. The 
cognitive costs of  brain scaling in N. vitripennis may therefore mainly be reflected 
in the level of  memory retention, rather than in the type of  memory or its 
retention over time. 

The present study shows that body size does not affect memory performance in 
T. evanescens, despite the isometric brain scaling that occurs in this species (Chapter 
2). Hence, that small T. evanescens showed similar levels and duration of  memory 
retention as large conspecifics is surprising. These results may suggest that for 
this species, the costs of  the extreme developmental size plasticity of  the brains 
are not reflected in this aspect of  cognitive performance. The different effect of  
body size on memory performance between T. evanescens and N. vitripennis could 
relate to ecological differences between the two species, and to differences in 
developmental plasticity in neural architecture, on which we elaborate below. 

Ecological importance of  learning

The results of  the present study show that N. vitripennis and T. evanescens are 
capable of  forming both visual and olfactory memory, which can be of  ecological 
importance for these wasps. Both N. vitripennis and T. evanescens continue to 
produce and mature eggs throughout their life, and will therefore need to continue 
searching for suitable hosts (Jacob and Boivin, 2005; Rivero and West, 2002). 
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The two species are also both gregarious generalists that exploit a large variety 
of  host species (Huigens et al., 2009; Hoedjes et al., 2012). Learning can allow 
them to focus their searching activities on the particular host species that are 
present in their current environment (Hoedjes et al., 2011). Our study revealed 
that N. vitripennis retained olfactory memory longer than visual memory, which 
suggests that olfactory cues play a larger role during host searching than visual 
ones. In contrast, the similarity in memory retention of  visual and olfactory cues 
in T. evanescens could suggest that these wasps use both visual and olfactory cues 
to find suitable hosts. 

Trichogramma evanescens wasps differ from N. vitripennis in the strategy that they 
apply to find their hosts. Female T. evanescens have been shown to mount mated 
female butterflies and use them as means of  transportation to the butterflies’ 
egg-laying sites (Huigens et al., 2009). This phoresy behaviour enables wasps of  
the genus Trichogramma to find and parasitise freshly-laid host eggs, despite the 
limited control these tiny wasps have over the direction of  their flight (Fatouros 
et al., 2005). Phoresy may reduce the amount of  energy and neural capacity that 
needs to be allocated to navigation and flight, and allow increased investment in 
the cognitive and sensory abilities that are required to locate lepidopteran host 
species. This could underlie the similarities in memory performance of  small 
and large T. evanescens. In contrast, it may be more adaptive for small N. vitripennis 
to economize on memory performance, and maintain energy, motor capacities 
and navigational functions to actively search for hosts. 

Memory performance could have been affected by the ecology of  the host 
species that we used as unconditioned stimuli. There are various characteristics 
that determine how rewarding a particular host is, such as clutch size, host size, 
nutritional quality, and whether the host has already been parasitised (Kruidhof  
et al., 2012). For T. evanescens, the reward value of  the host determines how long 
memory is retained (Kruidhof  et al., 2012). Long-term memory is formed after an 
oviposition experience on a clutch of  Pieris brassicae eggs, but memory is retained 
shorter after an oviposition experience on Pieris rapae eggs, which are somewhat 
smaller and deposited as single eggs on multiple plant species (Kruidhof  et al., 
2012). The reward value of  the host does not affect memory performance of  
N. vitripennis (Hoedjes et al., 2014a). Oviposition into three differently-sized host 
species results in the emergence of  different numbers and sizes of  offspring, but 
using these differently-sized hosts as unconditioned stimuli does not result in 
differences in memory retention. Hence, T. evanescens and N. vitripennis appear to 
have evolved different strategies of  dealing with ecological variation in quality or 
suitability of  their host species. Oviposition learning may be less dependent on 
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ecological conditions for N. vitripennis than for T. evanescens. It is interesting that 
the opposite is the case for body-size variation. 

Plasticity in brain morphology

The lower memory retention levels in small N. vitripennis could indicate that 
small and large adults differentially invest in specific brain areas. Groothuis 
and Smid (2017) compared relative neuropil volumes for N. vitripennis females 
that were similar in size range and obtained in the same way as individuals in 
the present study. Indeed, they found that the mushroom bodies are relatively 
smaller in small than in large wasps, whereas relative volume of  other neuropils 
remains the same or becomes relatively larger. The mushroom bodies are the 
location where different types of  sensory pathways converge that convey the US 
and CS, and there is overwhelming evidence that they are essential for learning 
and memory formation (Perry & Barron, 2012). The finding that scramble 
competition induces developmental programmes that lead to smaller wasps with 
smaller relative mushroom body volumes (Groothuis & Smid, 2017) supports 
our results of  small individuals having lower memory performance. Similar data 
for mushroom-body volume in T. evanescens are currently not available, but the 
results of  the present study could indicate that relative mushroom-body volume 
is maintained in small and large T. evanescens. 

First explorations of  the neural architecture of  T. evanescens revealed striking 
similarities in neural complexity of  small and large individuals, whereas the 
size of  these neural components does relate to body size. In the antennal lobe, 
olfactory glomeruli were found to be larger in wasps with larger brain volumes, 
but differently-sized wasps had the same number of  glomeruli in their antennal 
lobes (Chapter 3). Similarly, small and large T. evanescens differed in the diameter 
of  neuronal cell bodies that express serotonin, dopamine and octopamine, 
but did not differ in the number of  these neurons (Chapter 5). These first 
explorations suggest that the complexity of  the brains of  small and large T. 
evanescens is similar, which supports the similarities in memory retention levels of  
these wasps. In N. vitripennis, the number and size of  octopaminergic neurons 
has been studied but only in large individuals of  this species (Haverkamp and 
Smid, 2014). Future studies should reveal if  N. vitripennis evolved a different 
strategy than T. evanescens, which could involve reduced numbers of  neurons and 
olfactory glomeruli in smaller individuals. 

Our results do not necessarily imply that T. evanescens is better adapted to 
being small than N. vitripennis. Although memory performance appears to be 
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maintained in T. evanescens, there can still be other trade-offs in isometric brain 
scaling. Isometric brain scaling implies that large individuals have brains that 
are much larger than expected from Haller’s rule. There must be benefits of  
having these large brains that outweigh the high energetic costs of  deviating 
from Haller’s rule. The results of  the present study indicate that these benefits 
may not be cognitive in T. evanescens: large brains do not provide higher memory 
retention levels. Instead, the trade-offs of  isometric brain scaling must be sought 
in other aspects of  brain performance or fitness. These could relate, for example, 
to the smaller size of  neuronal cell bodies in the smallest T. evanescens (Chapter 
5). The limited volume of  these cell bodies may restrict the number of  energy-
generating mitochondria and could enforce chromatin to be tightly packed, 
which may obstruct transcription and neural processing. These modifications 
may affect the longevity of  the smallest T. evanescens, and larger conspecifics 
could avoid these costs by investing more in brain tissue.

Conclusion

The results of  our study indicate that different evolutionary pressures shaped 
the cognitive consequences of  extreme brain-scaling strategies. The smallest 
T. evanescens maintain memory performance under isometric brain scaling, which 
may be facilitated by a developmental strategy that reduces the size of  neural 
components, while neural complexity is maintained. A possible trade-off  of  
brain isometry in T. evanescens must be sought in brain properties different from 
memory retention (this chapter) and olfaction (Chapter 3), and could relate to 
neuronal cell body size. The larger parasitic wasp species N. vitripennis is unable 
to maintain memory retention levels at small body sizes, which may relate to 
previous findings of  relatively smaller mushroom bodies in small N. vitripennis 
(Groothuis & Smid, 2017). It may be more adaptive for small N. vitripennis to 
invest in other aspects of  brain performance, at the cost of  memory performance. 
Future studies will need to reveal if  the similarities in memory retention level in 
small and large T. evanescens can be explained by maintained relative mushroom 
body size, and if  isometric brain scaling causes costs and benefits in other 
traits. A comparison of  neural complexity in small and large N. vitripennis and 
T. evanescens may reveal which mechanisms enable their brain-scaling strategies, 
and explain the cognitive consequences for the smallest insects.



Differential effect of  brain scaling on memory performance

149

6

Acknowledgements

We thank Jessica de Bruijn, Lucía Martín de Bernardo Gisbert, Clara Galves-Orjol 
and Alexandra Roux for help with designing and conducting experiments; Marcel 
Dicke and Jitte Groothuis for constructive comments on a previous version of  
this article; Maartje Liefting (Free University of  Amsterdam) for sharing the 
visual conditioning and memory retention procedure for N. vitripennis; Marjolein 
Kruidhof  (Wageningen Plant Research) for statistical advice; the Max Planck 
Institute for Chemical Ecology (Jena, Germany) for providing M. sexta pupae; 
Léon Westerd, Frans van Aggelen and André Gidding for culturing M. brassicae; 
and the experimental farm of  Wageningen University (Unifarm) for growing the 
tobacco plants. This work was supported by NWO PE&RC Graduate Program 
grant 022.002.004 (to EW) and by NWO Open Competition grant 820.01.012 
(to HS).





Chapter 7

No gains for bigger brains: 
Functional and 

neuroanatomical 
consequences 

of  artificial selection on 
relative brain size in a 

parasitic wasp
    

 Emma van der Woude*, 
Jitte Groothuis*, 
Hans M. Smid 

* These authors contributed 
equally to this work. 



Chapter 7

152

7

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 behaviour 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 
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. In conclusion, having relatively large brains is 
costly for N. vitripennis, whereas no cognitive benefits were recorded. These 
effects of  genetic variation on neuropil composition and memory retention 
are different from previously described effects of  phenotypic plasticity in 
absolute brain size. 
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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, 2016). Brain size variation can be caused 
by genetic variation, but also by phenotypic plasticity. Phenotypic plasticity can 
be regulated by genetically encoded developmental programmes (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 programmes 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; Rensch, 
1956). 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, 1989; 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 Haller’s rule (Chapter 2). 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 (Chapter 2). 
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 (Chapter 6). 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 (Chapter 3). 
This indicates that T. evanescens is well adapted to develop as small adults. 

The larger parasitoid wasp Nasonia vitripennis parasitises and develops inside fly 
pupae, and body size depends on scramble competition in a similar way as in 
T. evanescens, scaling their dry body weight with a factor of  10. Brain-body size 
scaling in 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 
programme. 

The isometric phase causes relatively smaller brains in small wasps than is 
predicted by Haller’s rule. In contrast to T. evanescens, this does affect their memory 
performance: large N. vitripennis show higher levels of  olfactory and visual 
memory retention than small N. vitripennis (Chapter 6). 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 N. vitripennis are able to 
utilize different developmental programmes and develop differentially structured 
brains. In this example, the decrease in absolute and relative mushroom body 
volume may underlie their aforementioned lower memory performance. These 
studies indicate that T. evanescens and N. vitripennis are differentially adapted to 
dealing with the stringent dietary conditions that arise from larval scramble 
competition.

Ecological conditions may require adaptive behaviour 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 
pressures on genes that determine brain size than populations that evolve 
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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 behaviour 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 (Chapter 2). 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., 2015c), and 
the immune system (Kotrschal et al., 2016). 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 that are 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 20 ± 1 °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. vitripennis were sedated 
with CO2. Body length and head width of  these wasps were measured using a 
dissection microscope with ocular micrometre. 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 procedures were used to initiate 3 selection lines for small heads 
(defined as Small (S)), using the 30 wasps with the smallest ratio.

Another 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, L2, L3, 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 25th generation, selection was relaxed, with the exception 
of  generations 30, 33 and 40.

Neuropil staining and relative neuropil measurements

Per replicate line, 12 female wasps were randomly selected from generation 33 
(resulting in a total of  108 wasps). The wasps were sedated on ice, after which they 
were decapitated in ice-cold phosphate buffered saline (PBS, Oxoid, Dulbecco 
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‘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 hours at room temperature. After fixation, the brains were 
rinsed in PBS 6 × 5 minutes and treated with 5 mg/ml collagenase (Sigma) in 
PBS for 1 hour at RT. Following rinsing in PBS containing 0.5% Triton-X-100 
(PBS-T) 4 × 5 minutes, brains were incubated for 1 hour 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 × 20 minutes rinsing in PBS-T and 4 hours 
incubation at RT in secondary antibody, 1:100 rabbit-anti-mouse (Dako) in PBS-
T-NGS. After another 6 × 20 minutes 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–
80–90–96–2×100%), 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 × 18 mm #1 cover 
slip. All incubations were performed with brains grouped per replicate.

Whole mount Z-stacks were acquired using a Zeiss LSM 510 confocal microscope 
equipped with a Plan-Neofluar 25×/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 512 × 512 
px with a 0.7× digital zoom and a step size of  2 µm, resulting in a final voxel 
calibration of  1.018 × 1.018 × 2 µm. 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 
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 
the 3 best-stained brains per replicate line (resulting in 9 brains per treatment, 
and 27 brains for the entire experiment). 

Neuropil segmentation was performed in 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. The nc82 channel was 
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used to assign 11 unique labels to the neuropil in the Segmentation Editor, see 
Figure 3 in the main text. Each neuropil was manually labelled each 1-3 slices, 
after which the Interpolate option was used. Manual correction was performed 
to ensure correct labelling 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. 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; Chapter 6). 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 
odour (conditioned stimulus, CS): the CS+ phase. The rewarding unconditioned 
stimulus consisted of  40 C. vomitoria pupae. The conditioned stimulus was 5 
µl of  either Royal Brand Bourbon Vanilla extract or Natural Chocolate extract 
(Nielsen-Massey Vanillas Intl., Leeuwarden, 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 odour 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 µl of  
the second of  the two odours 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. 
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 and 
Smid, 2014). 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 odour capillaries at 100 ml/min per 
side. Wasps were inserted in the T-maze in groups of  approximately 15 wasps, 
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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. 

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 
above). Each replicate line was analysed 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

Response to selection was analysed using a linear mixed model with the ratio 
between head width and body length as dependent variable. Selection regime 
(L or S), 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 analysed using type II Wald χ2 tests. Similar linear mixed models were used 
to test the selection’s effect 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-centred 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. Head width was used as dependent variable, and body length and 
selection regime (L, C or S) as fixed factors. Body lengths were mean-centred 
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-centred body 
length (Egset et al., 2011; Tsuboi et al., 2016). If  there are still differences in head-
body ratio at mean-centred 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 analyse wasps separately for generation 26, 33 
and 40. 

We calculated realized heritability after 25 generations of  selection. We used the 
ratio between the cumulative selection response and the cumulative selection 
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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 analysed in generation 33 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 (m = 11; Holm, 1979) in MS Excel. Neuropils with significant effects 
of  selection regime on relative volume were further analysed with χ2 pairwise 
comparisons to test for significant differences between the selection regimes.

Differences in memory retention abilities were analysed in generation 33. 
Memory retention was expressed as a performance index (PI): the difference in 
preference between reciprocally trained groups. This PI is calculated by subtracting 
the fraction of  wasps that chose the odour of  their CS- from the fraction of  
wasps in the reciprocal group, which chose that same odour but received it as 
their CS+. Values of  PIs 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 odour 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 χ2 pairwise comparisons, 
which test for the effect of  CS+ on the preference for the conditioned stimuli. 
Similar tests were used to analyse 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 
and times were determined with χ2 pairwise comparisons.

Longevity was analysed in generation 40. We used a two-way ANOVA that tested 
for the effect of  selection regime, conditioning and the interaction between 
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these terms using time till death as dependent variable. This was followed by 
TukeyHSD post-hoc tests to analyse 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 lme4 (Bates et al., 2014), phia (De Rosario-Martinez), lsmeans (Lenth, 
2014).
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Figure 1. 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 = -0.0035 x2 + 0.317x, R2 = 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 (χ2

1 = 4496.16, p < 0.001; 
Figure 1A). After generation 25 (the 
last generation undergoing selection), 
the difference 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 between 
wasps of  the large (L) and small (S) 
lines were 6.41% in generations 26 to 
40 (Figure 1B). Generation number 
significantly affected head-body size 
ratio (χ2

30 = 898.47, p < 0.001), as did 
the interactions between selection 
regime and generation (χ2

30 = 1996.18, 
p < 0.001). Realized heritability (h2) of  

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-centred body 
lengths, which ensured that differences in 
the intercept reflected differences 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 Figure S1.
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the ratio was 0.067 in generation 26. 

Selection regime (for small versus large head-body size ratio) had a significant 
effect on body length (χ2

1 = 322.437, p < 0.001; Figure 1C). Body length was also 
affected by generation (χ2

30 = 888.169, p < 0.001) and the interaction between 
selection and generation was significant (χ2

30 = 537.050, p < 0.001). Selection 
regime also affected head width (χ2

1 = 202.113, p < 0.001; Figure 1D), as did 
generation (χ2

30 = 864.363, p < 0.001) and the interaction between selection and 
generation was significant (χ2

30 = 191.226, p < 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-centred body length revealed significant differences between the lines in 
generation 33 in intercept (L: 749.048, C: 730.396, S: 709.134; F2,444 = 36.466, 
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p < 0.001), but not in slope (L: 0.260, C: 0.245, S: 0.244; F2,444 = 0.670, p = 0.512). 
Similar results were found for wasps of  generations 26 and 40 (see Figure S1). 
This shows that wasps of  the L, C and S lines differ in head width independent 

Figure 3. Overview of  neuropils measured. Scale bars depict 100 µm in all panels. (A) 
Selected slices through a single N. vitripennis brain from line L3, fluorescently labelled with 
nc82 (green) and PI (magenta). Bottom-right insets indicate slice depth in µm from the 
anterior direction. Image contrast was increased in FIJI. (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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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 Table S1. 

Brain morphology

In the analysis of  neuropil composition, 3 
out of  12 brains from each replicate line 
were analysed, resulting in datasets for 9 
brains per selection regime (Figure 3). 
First, we analysed the absolute volume of  
the neuropil in the selected lines. Neuropil 
volume differed between selection regimes 
(Figure 4; F2,24 = 6.062, p = 0.007). A 
TukeyHSD post-hoc test revealed that 
wasps of  the S lines were smaller (9.27 × 106 
± 0.28 × 106 µm3, M ± SE) than wasps of  
the C lines (10.70 × 106 ± 0.25 × 106 µm3, 

Figure 4. Absolute volumes of  the 
total neuropil. Bars depict mean 
volume ± SE in µm3, n = 9 for each 
selection regime. Letters indicate 
significant differences between 
selection regimes based on post-hoc 
pairwise comparisons (α = 0.05).
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p = 0.018) and the L lines (10.75 × 106 ± 0.46 × 106 µm3, p = 0.014). There 
was no difference between the C and L lines (p = 0.994). On average, the total 
neuropil of  the L lines was 16% larger than in the S lines. 

We further analysed the brains by comparing relative volumes of  11 neuropil 
regions, determined as percentages of  the total neuropil volume (Figure 5). The 
only neuropil region that showed a significant effect of  selection regime was 
the antennal lobe (χ2

2 = 19.237, p < 0.001). 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 %, χ2

1 = 14.0360, p < 0.001) and the 
S (11.27 ± 0.20 %, χ2

1 = 14.8094, p < 0.001) lines. There were no differences 
between the control and small lines (χ2

1 = 0.0104, p = 0.918). Relative volumes 
and statistical comparisons of  other neuropils are presented in Table S3. 
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Memory retention 

Memory retention was analysed 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 
analysed 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 (χ2

1 = 62.238, 
p < 0.001), and this retention decreased over time (χ2

2 = 20.349, p < 0.001). 
There was an overall difference in memory retention between the different 
selection regimes (χ2

2 = 10.971, p = 0.004). Memory retention did not differ 
between S and L (χ2

1 = 0.066, p = 0.796), but both lines differ in memory 
retention levels from C (L: χ2

1 = 9.002, p = 0.003; S: χ2
1 = 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 (χ2

4 = 2.794, p = 0.593). There was no difference in response 
rate between wasps of  the different lines (χ2

2 = 1.054, p = 0.591).
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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 = 11 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.
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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 (i.e. 0.07 in our study and 0.48 for guppies; Kotrschal et al., 
2013). The regulation of  relative brain size may be more complex in N. vitripennis 
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 behavioural costs may limit the formation of  relatively 
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Figure 6. Memory retention over time for 
selection and control lines. Performance 
index (PI ± SE) shows difference in 
percentage of  preference between 
reciprocally trained groups. Asterisks 
indicate significant memory retention (χ2 
pairwise comparisons of  GLMM response); 
* p < 0.05; ** p < 0.01; *** p < 0.001; ns 
not significant; letters indicate significant 
differences between selection lines.

Longevity

Longevity (Figure 7) was affected 
by selection regime (F2,1074 = 50.433,  
p < 0.001), experience of  a conditioning 
trial (F1,1074 = 76.400, p < 0.001) and the 
interaction between selection regime 
and conditioning (F2,1074 = 7.435, 
p < 0.001). Longevity was lower in L 
than in S (Tukey HSD p < 0.001; Table 
S2) and C (Tukey HSD p < 0.001). 
There was no difference in longevity 
between S and C (Tukey HSD 
p = 0.924). 
Experience of  a conditioning trial 
resulted in decreased longevity 
compared to naive wasps in L (Tukey 
HSD p < 0.001) and C (Tukey HSD 
p < 0.001), but not in S lines (Tukey 
HSD p = 0.404). 
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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 6).

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 
difference in head-body size ratio and brain volume between the wasps of  the S 
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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 SI Table S2); *** p < 0.001; ns not significant. 
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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 
Wcislo, 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 underlie 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 N. 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 genetic variation, but 2 – 3 fold variation in brain volume), relative AL 
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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 (Chapter 3). 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 (Chapter 6). 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 N. 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. vitripennis 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 
(Chapter 6), 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 (Figure 
S2). This indicates that our bidirectional selection regime resulted in increased 
memory retention abilities, whereas memory retention abilities remained 
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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 (Figure 7B). This suggests that memory formation is 
costly as well, but this cost did not become apparent in wasps with relatively 
smaller brains. 

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). That a conditioning experience did not affect longevity of  wasps of  the S 
lines in our study shows that learning-induced costs may be less severe in wasps 
with relatively small brains. The induced costs of  learning may differ for wasps 
with differently sized brains, or with a different genetic background. 

Conclusion

Our study shows for the first time the effects of  artificial bidirectional selection 
on relative brain size in insects. We studied one of  the smallest animals on Earth, 
the parasitic wasp N. vitripennis, which borders the limits of  body and brain 
miniaturization. Due to its small size, N. vitripennis experiences 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. vitripennis, with allometry in large individuals and 
isometry in the smallest individuals, which indicates that there is little phenotypic 
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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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Body length Head width
Generation Small Large Control Small Large Control

0 1967 ± 10.2 1967 ± 10.2 668 ± 3.3 668 ± 3.3
1 2426 ± 7.5 2350 ± 11.0 773 ± 2.1 776 ± 3.1
2 2240 ± 10.1 2297 ± 12.2 740 ± 2.6 738 ± 3.4
3 2230 ± 10.2 2280 ± 10.1 734 ± 3.5 756 ± 2.9
4 2315 ± 9.6 2323 ± 9.8 746 ± 2.7 748 ± 2.7
5 2271 ± 10.9 2245 ± 10.3 725 ± 3.2 732 ± 3.0
6 2299 ± 14.6 2298 ± 12.3 734 ± 4.7 749 ± 3.6
7 2272 ± 11.3 2317 ± 11.1 726 ± 3.3 746 ± 3.2
8 2239 ± 12.6 2256 ± 10.7 729 ± 3.6 735 ± 3.2
9 2208 ± 7.8 2230 ± 8.8 719 ± 2.4 727 ± 2.7
10 2341 ± 8.4 2234 ± 13.6 741 ± 2.4 731 ± 3.9
11 2281 ± 9.0 2293 ± 10.0 725 ± 2.5 750 ± 2.7
12 2313 ± 12.9 2293 ± 12.0 724 ± 3.3 752 ± 3.4
13 2284 ± 11.8 2321 ± 9.2 725 ± 3.3 752 ± 2.4
14 2398 ± 6.9 2281 ± 10.8 751 ± 2.0 748 ± 2.9
15 2388 ± 7.7 2385 ± 8.4 747 ± 1.8 764 ± 2.1
16 2378 ± 10.1 2258 ± 10.6 737 ± 2.6 746 ± 3.0
17 2293 ± 11.4 2264 ± 9.2 727 ± 3.4 740 ± 2.9
18 2345 ± 10.9 2237 ± 9.7 736 ± 2.9 747 ± 2.9
19 2299 ± 10.2 2226 ± 14.5 721 ± 2.6 731 ± 4.2
20 2367 ± 8.7 2253 ± 10.3 737 ± 2.4 749 ± 2.6
21 2279 ± 9.5 2289 ± 10.4 719 ± 2.5 742 ± 2.9
22 2312 ± 8.6 2267 ± 9.9 724 ± 2.5 755 ± 2.9
23 2331 ± 10.8 2194 ± 14.3 727 ± 2.9 724 ± 4.3
24 2320 ± 11.0 2240 ± 14.9 722 ± 3.1 738 ± 4.6
25 2383 ± 8.2 2236 ± 12.5 2347 ± 9.1 743 ± 2.6 732 ± 3.8 753 ± 2.6
26 2341 ± 10.2 2252 ± 10.6 2266 ± 13.3 728 ± 2.9 745 ± 3.1 725 ± 4.1
27 2341 ± 12.0 2286 ± 10.4 2384 ± 9.7 733 ± 3.3 751 ± 3.2 763 ± 3.0
28 2329 ± 9.2 2220 ± 12.6 2218 ± 11.2 718 ± 2.4 733 ± 4.0 719 ± 3.2
30 2289 ± 12.7 2108 ± 16.2 2237 ± 11.6 709 ± 3.4 702 ± 4.8 718 ± 3.5
33 2293 ± 8.3 2200 ± 11.7 2251 ± 10.3 720 ± 2.5 737 ± 3.3 731 ± 2.9
40 2244 ± 13.1 2172 ± 13.8 2238 ± 10.0 713 ± 4.0 732 ± 4.3 739 ± 3.1

Table S1. Measured head and body size parameters for wasps of  selected lines. Average 
body length and head width in µm (±SE) per generation in the selected lines. 

Supplementary Results
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Head - body ratio
Generation Small Large Control Difference L-S (%)

0 0.3403 ± 0.0011 0.3403 ± 0.0011
1 0.3186 ± 0.0005 0.3306 ± 0.0008 3.75
2 0.3307 ± 0.0010 0.3215 ± 0.0007 -2.78
3 0.3295 ± 0.0007 0.3317 ± 0.0008 0.68
4 0.3225 ± 0.0006 0.3221 ± 0.0007 -0.14
5 0.3194 ± 0.0006 0.3262 ± 0.0006 2.15
6 0.3195 ± 0.0007 0.3262 ± 0.0010 2.10
7 0.3196 ± 0.0007 0.3223 ± 0.0009 0.84
8 0.3259 ± 0.0007 0.3260 ± 0.0009 0.04
9 0.3257 ± 0.0007 0.3262 ± 0.0008 0.16
10 0.3166 ± 0.0007 0.3276 ± 0.0007 3.47
11 0.3180 ± 0.0006 0.3276 ± 0.0006 2.99
12 0.3134 ± 0.0007 0.3284 ± 0.0006 4.79
13 0.3177 ± 0.0007 0.3242 ± 0.0011 2.06
14 0.3132 ± 0.0007 0.3282 ± 0.0006 4.78
15 0.3131 ± 0.0007 0.3209 ± 0.0009 2.47
16 0.3104 ± 0.0008 0.3307 ± 0.0006 6.54
17 0.3169 ± 0.0007 0.3268 ± 0.0006 3.12
18 0.3143 ± 0.0007 0.3340 ± 0.0008 6.26
19 0.3140 ± 0.0006 0.3286 ± 0.0006 4.65
20 0.3115 ± 0.0006 0.3324 ± 0.0009 6.74
21 0.3153 ± 0.0007 0.3244 ± 0.0007 2.88
22 0.3133 ± 0.0005 0.3334 ± 0.0006 6.42
23 0.3122 ± 0.0007 0.3301 ± 0.0006 5.75
24 0.3115 ± 0.0007 0.3298 ± 0.0008 5.90
25 0.3118 ± 0.0006 0.3278 ± 0.0009 0.3208 ± 0.0006 5.14
26 0.3114 ± 0.0007 0.3310 ± 0.0006 0.3202 ± 0.0008 6.30
27 0.3134 ± 0.0007 0.3286 ± 0.0006 0.3199 ± 0.0006 4.86
28 0.3085 ± 0.0006 0.3302 ± 0.0006 0.3245 ± 0.0006 7.02
30 0.3100 ± 0.0007 0.3334 ± 0.0008 0.3209 ± 0.0006 7.55
33 0.3142 ± 0.0007 0.3352 ± 0.0007 0.3251 ± 0.0007 6.67
40 0.3180 ± 0.0009 0.3371 ± 0.0008 0.3305 ± 0.0009 6.03

Table S1. (cont.) 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.
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Figure S1. 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 (A) generation 26 and (B) generation 40. 
Regression analysis was performed on mean-centred body lengths, because differences 
in head-body ratio can then be revealed by differences in the intercepts.

Deviation from Haller’s rule

Statistical analysis was performed on mean-centred body lengths (subtraction of  
mean body length of  whole generation), whereas Figure S2 shows uncorrected 
body lengths and head widths (HW). Using mean-centred body lengths (sBL) 
for analysis ensured that differences in head-body ratio between the selected 
lines are reflected by differences in the intercept. 

In generation 26, regression with mean-centred body length revealed significant 
differences in the intercept (F2,444 = 48.523, p < 0.001), but not in the slope 
(F2,444 = 2.844, p = 0.059). R2 = 0.805. Large: HW = 0.273 × sBL + 757.123. 
Small: HW = 0.238 × sBL + 717.817. Control: HW = 0.273 × sBL + 733.394. 

In generation 33, regression with mean-centred body length revealed significant 
differences in the intercept (F2,444 = 36.466, p < 0.001), but not in the slope 
(F2,444 = 0.670, p = 0.512). R2 = 0.784. Large: HW = 0.260 × sBL + 749.048. 
Small: HW = 0.244 × sBL + 709.134. Control: HW = 0.245 × sBL + 730.396. 

In generation 40, regression with mean-centred body length revealed significant 
differences in the intercept (F2,444 = 60.432, p < 0.001), but not in the slope 
(F2,444 = 2.042, p = 0.131). R2 = 0.809. Large: HW = 0.292 × sBL + 745.181. 
Small: HW = 0.271 × sBL + 705.932. Control: HW = 0.258 × sBL + 734.108.
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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: χ2

1 = 28.878, p < 0.001; L: χ2
1 = 34.082, 

p < 0.001; C: χ2
1 = 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: χ2

1 = 5.26, p = 0.022; L vs. C: χ2
1 = 7.84, p = 0.005), but not between 

the S and L lines (χ2
1 = 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: 
χ2

1 = 13.935, p < 0.001; L: χ2
1 = 7.429, p = 0.006), but not in C (χ2

1 = 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: χ2

1 = 2.57, p = 0.109; L vs. C: 
χ2

1 = 0.82, p = 0.365; S vs. L: χ2
1 = 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: χ2

1 = 1.20, p = 0.273; L: 
χ2

1 = 2.783, p = 0.095; C: χ2
1=0.084, p = 0.772), and there were no differences in 

memory retention levels between the lines (S vs. C: χ2
1 = 0.95, p = 0.329; L vs. C: 

χ2
1 = 1.96, p = 0.161; S vs. L: χ2

1 = 0.21, 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 (χ2

2 = 1.054, 
p = 0.591). Time after conditioning did affect response rate (χ2

2 = 33.296, 
p < 0.001), with higher response rates longer after conditioning (day 1 – 3: 
χ2

1 = 11.363, p < 0.001; day 3 – 5: χ2
1 = 5.742, p = 0.017; day 1 – 5: χ2

1 = 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 (χ2

4 = 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 (Chapter 6). 
We therefore analysed memory retention of  2470 HVRx and 2179 AsymCx wasps 
following the same methodology as for our selection and control lines (Figure 
S4). There was significant memory retention (GLMM: conditioning χ2

1 = 157.37, 
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p < 0.001), and this retention decreased over time (GLMM: conditioning × time 
χ2

2 = 32.59, p < 0.001). There was an overall difference in memory retention 
between the different lines (GLMM: conditioning × line χ2

4 = 67.64, p < 0.001). 
Memory retention did not differ between S and L (χ2

1 = 0.090, p = 0.767), nor 
between C and HVRx. (χ2

1 = 0.840, p = 0.359). All other pairwise comparisons 
did yield significant differences (AsymCx – L: χ2

1 = 18.46, p < 0.001; AsymCx – 
C: χ2

1 = 61.04, p < 0.001; AsymCx – S: χ2
1 = 44.81, p < 0.001; AsymCx – HVRx: 

χ2
1 = 22.23, p < 0.001; L – C: χ2

1 = 11.88, p < 0.001; L – HVRx: χ2
1 = 5.97, 

p = 0.015; C – S: χ2
1 = 10.64, p = 0.001; HVRx – S: χ2

1 = 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. 
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Table S2. 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

Naive
Small - - - - - -
Large p = 0.004 - - - - -

Control p = 0.097 p < 0.001 - - - -

Conditioned
Small p = 0.404 p = 0.513 p < 0.001 - - -
Large p < 0.001 p < 0.001 p < 0.001 p < 0.001 - -

Control p = 0.001 p = 0.999 p < 0.001 p = 0.304 p < 0.001 -

Longevity 

Within the group of  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 the group of  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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Introduction

The present thesis focussed on how evolutionary pressures on cognition and 
energetic costs shaped the characteristics of  intraspecific brain-body size scaling 
in evolutionarily miniaturized parasitic wasps. I investigated which adaptations 
to neural morphology underlie intraspecific brain scaling, how these affect 
the cognitive performance of  small and large wasps, and what the neural and 
cognitive consequences are of  genetic variation in relative brain size. The results 
that are presented in my thesis reveal some intriguing solutions that enable 
parasitic wasps to cope with very small body sizes. These solutions include a 
brain-body size scaling strategy that is different in Trichogramma evanescens than in 
all other animal species studied so far, which is accompanied by an unexpected 
lack of  cognitive consequences, and may be regulated by plasticity in the size 
rather than in the complexity of  neural components. This general discussion will 
connect the findings of  the previous chapters and elaborate on their implications.

Breaking Haller’s rule

In Chapter 1, I explained how Haller’s rule describes the general phenomenon 
of  negative allometry in brain-body size scaling: small animals have relatively 
larger brains than large animals (Rensch, 1948; Rensch, 1956). Negative brain 
allometry may result from the combination of  the positive correlation between 
brain size and brain performance, and the positive correlation between brain 
size and metabolic costs. These two factors constitute an energy-performance 
trade-off  that constrains brain size through the level of  brain performance that 
is required for adequate functioning, but also through the amount of  energy 
that can be allocated to the development and maintenance of  metabolically 
expensive brain tissue (Chapter 1). This energy-performance trade-off  may be 
the most general force that acts on brain-body size scaling, drives evolution of  
brain size, and can be used to explain the consequences of  variation in brain size.  

Haller’s rule holds in comparisons between species, i.e. evolutionary allometry, 
and between adults of  the same species, i.e. static allometry (Chapter 1). In 
Chapters 1 and 2, I explained how evolutionary miniaturization processes could 
have restricted the size and complexity of  the brains of  the smallest insect 
species. Miniaturized insects may consequently have brains that are compromised 
compared to those of  larger-bodied species. Intraspecific variation in body 
size, either through phenotypic plasticity or genetic variation, may cause some 
individuals within these evolutionarily miniaturized species to be even smaller. 
These smallest insects may not be able to reduce brain size proportionally to 
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the reduction in body size, because this would result in loss of  vital aspects of  
brain performance. They may therefore need to heavily invest in brain tissue 
to maintain appropriate levels of  cognition, which leads to strong negative 
allometry in brain-body size scaling. 

Allometric brain scaling may be especially strong in evolutionarily miniaturized 
species when the smallest individuals of  these species still require complex 
behaviour: their brains simply cannot be reduced too much without losing vital 
traits. I expected that this would be the case for Trichogramma evanescens. This 
miniaturized parasitic wasp is among the smallest insects on Earth, but still 
shows  complex behavioural and cognitive traits. Even the smallest T. evanescens 
individuals hitch-hike on butterflies that are about to lay their eggs (Fatouros et 
al., 2005), can learn to remember odours and colours (Chapter 6) and can form 
long-term memory (Huigens et al., 2009; Kruidhof  et al., 2012). The wasps need 
these cognitive abilities to find and parasitise their hosts. I therefore expected 
that the need to maintain these cognitive requirements would outbalance the 
need to reduce the energetic costs of  brain tissue in the smallest individuals. This 
led to my hypothesis of  very strong allometric brain scaling in T. evanescens, with 
a low scaling coefficient (Chapters 1 and 2). 

The results of  Chapter 2 were rather unexpected. The finding of  an isometric 
scaling coefficient (Figure 1D) makes T. evanescens the first species known to 
escape from the predictions of  Haller’s rule. This brain-body size scaling strategy 
may be caused by the large relative brain size of  T. evanescens, which constitutes 
on average 8.2% of  body volume (Chapter 2). They therefore spend a large 
proportion of  their energy on the development and maintenance of  a large 
amount of  brain tissue. The smallest T. evanescens may experience higher pressures 
to reduce energetic costs of  brain tissue than to maintain brain performance, 
and consequently form smaller brains than expected from the predictions of  
Haller’s rule. 

Brain-body size scaling is more complex in the slightly larger parasitic wasp 
species Nasonia vitripennis (Groothuis and Smid, 2017). In this species, there is 
a diphasic brain-body size relationship with different allometric lines for small 
and large wasps (Figure 1E). Small N. vitripennis show isometry, whereas larger 
N. vitripennis show negative allometry. Due to this allometric brain scaling in 
large N. vitripennis, small N. vitripennis do have relatively larger brains than large 
conspecifics, but their brains are smaller than predicted by Haller’s rule. This 
again suggests that the wasps experience higher evolutionary pressures to reduce 
energy expenditure than to maintain brain performance, especially the smaller 
individuals. 
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The deviation from Haller’s rule results in “undersized” brains in the smallest 
T. evanescens and N. vitripennis, and these brains may be too small to maintain similar 
levels of  cognitive, sensory and motor performance as in larger individuals. 
I therefore hypothesized that small T. evanescens and N. vitripennis would show 
reduced memory performance when compared to larger conspecifics. Due 
to the presence of  allometric brain scaling in large N. vitripennis, I expected 
that the effect of  body size on memory performance would be stronger in 
T. evanescens than in N. vitripennis. The results of  Chapter 6 show the opposite. 
Small T. evanescens perform just as well in olfactory and visual memory retention 

◄ Figure 1. General overview of  the characteristics of  intraspecific brain scaling in 
T. evanescens and N. vitripennis. Variation in the level of  scramble competition during 
larval development results in phenotypic plasticity in brain and body size in genetically 
identical wasps of  the species T. evanescens (A) and N. vitripennis (B). Artificial bidirectional 
selection on the ratio between body length and head width in a genetically diverse 
population of  N. vitripennis gave rise to selection lines of  wasps with relatively large 
and relatively small brains (C). In both species, intraspecific brain-body size scaling 
deviates from the allometry that is predicted by Haller’s rule. Trichogramma evanescens 
shows isometric brain-body size scaling (D), and N. vitripennis shows diphasic brain 
scaling with isometry in small individuals and allometry in large individuals (E). This 
deviation may be caused by energetic constraints caused by the high metabolic costs 
of  brain tissue. The difference in relative brain size between large- and small-brained 
wasps of  N. vitripennis selection lines (F) appears to be caused by a grade shift (elevation 
displacement on the brain-body size plot). Due to isometric and isometric – allometric 
brain scaling, small T. evanescens and N. vitripennis have brains that are smaller than is 
predicted by Haller’s rule. Despite these small brains, small T. evanescens have similar 
visual and olfactory memory performance as large T. evanescens (G). Small N. vitripennis 
do have reduced visual and olfactory memory performance compared to larger N. 
vitripennis (H), whereas there was no effect of  relative brain size on olfactory memory 
performance in this species (I). The effect of  phenotypic variation in brain size on 
the relative size of  the antennal lobe differs between T. evanescens and N. vitripennis. In 
T. evanescens, small wasps have relatively smaller antennal lobes than large wasps (J), 
whereas this is not the case for N. vitripennis (K). Small and large N. vitripennis do differ 
in the relative size of  some other neuropil areas, such as the optic lobes and mushroom 
body calyces (N). Interestingly, N. vitripennis that were selected for relatively smaller 
brains do have relatively smaller antennal lobes than N. vitripennis that were selected 
for relatively larger brains (L), whereas they do not differ in the relative size of  other 
neuropil areas. Brain complexity, as quantified by the number of  antennal lobe glomeruli 
(J) and monoaminergic neurons (M), was equal for small and large T. evanescens. Wasps 
of  this species even showed similar numbers of  monoaminergic neurons as larger 
insects. The energetic costs of  developing, maintaining and using a relatively large brain 
are illustrated by the reduced longevity of  large-brained N. vitripennis compared to wasps 
with relatively small brains (O). Longevity was even further reduced in large-brained 
wasps that had received a conditioning experience. Small-brained wasps did not show 
an effect of  memory formation on longevity.
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tests as their larger conspecifics (Figure 1G), whereas small N. vitripennis showed 
lower levels of  olfactory and visual memory retention than larger conspecifics 
(Figure 1H). These results suggest that there are cognitive costs of  being small in 
N. vitripennis, as expected from their isometric – allometric brain-body size scaling. 
In contrast, T. evanescens may be able to combine the best of  the two extremes of  
brain-scaling: the smallest T. evanescens minimize energetic expenditure by scaling 
brain size isometrically, but they can also maintain memory performance (which 
should require strong allometric brain scaling). 

Preparedness to develop small brains

Variation in body size was very large in T. evanescens and N. vitripennis. Body length 
ranged between 0.367 – 0.967 mm in T. evanescens and 1.375 – 2.825 mm in 
N. vitripennis (Chapter 6), while the use of  isofemale strains ensured that the 
differently-sized conspecifics were genetically identical. This large size variation 
is therefore the result of  phenotypic plasticity, as a result of  variation in the level 
of  induced scramble competition during larval development. The phenotypic 
response of  a genotype to developmental conditions, such as the amount of  
available nutrition, is determined by genetically encoded developmental plasticity 
programmes (Lanet and Maurange, 2014). As a result, a single genotype has the 
potential to become a small or large adult, with the neural design that this requires 
(e.g. size, number and complexity of  neural components and corresponding 
energy consumption). When there is genetic variation in developmental 
plasticity programmes, selective forces can act on the dynamics of  brain-body 
size scaling, and optimize them to specific ecological circumstances. This can 
result in different brain-body size scaling rules, or in different consequences of  
brain-body size scaling on brain morphology and brain performance. 	

The difference between T. evanescens and N. vitripennis in the cognitive consequences 
of  brain scaling suggests that their developmental plasticity programmes are 
adapted to a different balance between evolutionary pressures. Both species 
appear to experience strong selective pressures to minimize energy expenditure 
of  brain tissue, which resulted in the evolution of  isometric brain scaling in 
T. evanescens and small N. vitripennis. The two species experience additional 
evolutionary pressures to maintain cognitive abilities in the smallest brains. For 
T. evanescens, these pressures may have driven the evolution of  neural pathways 
that support cognitive performance of  even the smallest wasps. These wasps 
could still experience other trade-offs of  isometric brain scaling, on which I 
elaborate below. The different effects of  body size on memory performance 
between the two species could also indicate that small T. evanescens rely stronger 
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on learning abilities to find their hosts than small N. vitripennis, although memory 
retention levels cannot be directly compared between the two species. For N. 
vitripennis, it may be more adaptive to invest in other aspects of  brain performance 
(e.g. maintenance of  other neural pathways or functions), at the cost of  memory 
retention. 

As a result of  the isometric component of  diphasic brain scaling, there is little 
variation in relative brain size in genetically identical N. vitripennis (Groothuis 
and Smid, 2017). The genetic component of  relative brain size may be similarly 
constrained. The work that is presented in Chapter 7 focusses on the questions 
of  whether there is heritable genetic variation in relative brain size, and what the 
neural and cognitive consequences are of  genetic variation in relative brain size. 
Artificial selection for increased and decreased relative brain size in N. vitripennis 
(Figure 1C) revealed that the selection response is slower, and realized heritability 
lower, than recorded for guppies in a similar experiment (Kotrschal et al., 2013). 
The slow selection response and low realized heritability suggest that variation 
in relative brain size is indeed strongly limited in N. vitripennis, possibly by strong 
energetic or cognitive constraints. Despite my aim to keep body size constant 
and focus solely on changes in relative brain size, the selection regime did also 
affect body size of  the selected lines. This resulted in wasps with relatively larger 
brains also having a smaller body than wasps that were selected for relatively 
smaller brains. The size range of  wasps that the selection regime yielded was 
within the size range of  wasps that showed allometric brain scaling in the study 
of  Groothuis and Smid (2017, Figure 1E). The difference in body size between 
the selected lines could therefore directly have caused differences in relative brain 
size through allometric brain scaling. However, Chapter 7 also reveals that the 
selected lines had different brain-body size regression lines, which had the same 
slope but different intercepts (Figure 1F). This suggests that the differences in 
relative brain size occurred through grade shifts, while the strength of  brain-body 
size scaling remained constant between the selected lines. Additional volumetric 
brain and body size measurements are required for a large range of  body sizes 
within both selected lines to establish if  this is indeed the case.  

The selection experiments showed that N. vitripennis with relatively large 
brains have reduced longevity, which was even further reduced after a learning 
experience (Figure 1O). This indicates that having and using relatively large 
brains is energetically costly. However, N. vitripennis with relatively large brains 
did not have improved olfactory memory retention abilities compared to 
N. vitripennis with relatively small brains (Chapter 7, Figure 1I). This indicates that 
genetic variation in relative brain size does not have cognitive consequences for 
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N. vitripennis. These results are in interesting contrast with the results of  Chapter 
6, which showed that phenotypic plasticity in body and brain size does affect 
memory retention strength in N. vitripennis. The combination of  these results 
suggests that memory retention abilities may have evolved to be optimized in 
N. vitripennis with relatively small brains, but not in N. vitripennis with small body 
sizes. 

How to cope with being small

In Chapter 1, I explained how the small size and number of  neurons in 
small animals can affect their brain performance, and cause a “dilemma” that 
involved three not mutually exclusive strategies to cope with the costs of  being 
small (Eberhard and Wcislo, 2011). These strategies are (1) size limitation, i.e. 
compromised behavioural and cognitive abilities in small animals, (2) economy 
of  design, i.e. more efficient neural architecture that allows maintained cognitive 
performance in small animals, and (3) oversized brain, i.e. small animals having a 
relatively larger brain to maintain neural performance and neural architecture. This 
framework was originally developed for evolutionary body size miniaturization 
(Eberhard and Wcislo, 2011), but I argued that the same strategies can also 
underlie phenotypic plasticity in body size (Chapter 1). 

The results on reduced memory retention levels in small N. vitripennis (Chapter 
6) suggest that this species mostly applies the strategy of  compromised brain 
performance at small sizes. It is more difficult to establish whether the wasps 
apply the other two strategies as well. As mentioned above, these wasps show 
diphasic brain-body size scaling with isometry in small wasps and allometry in 
large wasps (Groothuis and Smid, 2017). Due to the allometric component of  
this brain-scaling strategy, small wasps have relatively larger brains than large 
wasps. These brains are, however, smaller than expected from the predictions 
of  Haller’s rule due to the isometric component of  diphasic brain-body size 
scaling. Hence, depending on the comparison that is made, small individuals 
can be argued to have both oversized and undersized brains. The work of  
Groothuis and Smid (2017) shows that small and large N. vitripennis differ in 
brain morphology. Many neuropil areas are smaller in relative size at small body 
sizes (Figure 1N), whereas others are maintained or even increase in relative 
volume. This indicates that specific neuropils are selectively maintained in small 
N. vitripennis, at the cost of  other neuropils. Genetic variation in relative brain 
size does not have this effect on neuropil composition in N. vitripennis (Chapter 
7). All neuropil areas are similar in relative size in N. vitripennis with relatively 
small and relatively large brains, with the exception of  the antennal lobe (Figure 
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1L). Interestingly, the antennal lobe was among the neuropil areas that were not 
affected by phenotypic plasticity in body size (Groothuis and Smid, 2017; Figure 
1K). This contrasting effect indicates that different mechanisms may underlie 
the development of  neuropil areas, which cause relative neuropil volumes to 
be mostly genetically fixed, but variable under phenotypic plasticity in body 
size, whereas the opposite occurs for relative antennal lobe volume. This could 
suggest that a certain level of  economized brain design evolved, although 
further research needs to establish if  neural complexity is maintained in small 
N. vitripennis.

Trichogramma evanescens appears to cope differently with being small than 
N. vitripennis. Isometric brain scaling results in the same relative brain size in 
small and large T. evanescens (Chapter 2). Hence, T. evanescens do not apply the 
strategy that involves the formation of  an oversized brain at small body sizes. The 
similarities in memory retention abilities in small and large T. evanescens (Chapter 
6) indicate that T. evanescens also do not apply the strategy of  compromised 
brain performance at small sizes. Instead, economized brain design may have 
evolved in this species. This would involve specific adaptations in the brain of  
T. evanescens that facilitate isometric brain scaling without affecting cognitive 
performance of  small individuals. The present thesis discloses an exploration of  
such adaptations on neuropil level in the antennal lobe (Chapter 3), and on the 
level of  monoaminergic neurons (Chapter 5). Similar results were found on both 
of  these levels. Small and large wasps have equal numbers of  glomeruli inside 
the antennal lobe (Figure 1J), and equal numbers of  monoaminergic neurons in 
their brain (Figure 1M). There is, however, a difference in the size of  these neural 
components. Small wasps have smaller glomeruli, both in absolute volume and 
relative to total brain volume. The monoaminergic cell bodies of  small wasps 
are also smaller in diameter than those of  large wasps. There may be similar 
levels of  maintained neural complexity in other neural systems or neuropil areas, 
which may cause similar levels of  neural functioning. The data presented in 
Chapters 3 and 5 suggest that isometric brain scaling in T. evanescens is facilitated 
by plasticity in the size, but not the complexity, of  neural components. This may 
be the economy-of-design mechanism that underlies isometric brain scaling and 
simultaneously maintains the cognitive abilities of  the smallest brains (Chapter 
6), allowing even the smallest wasps to find suitable hosts. 

The art of  being small 

The evolutionary forces and developmental programmes that underlie small body 
sizes may put strict limits on brain size and metabolic rate. For evolutionarily 
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miniaturized insects with a very limited number of  neurons and a strict energy 
balance, it may be an especially challenging task to develop and maintain the 
ecologically required level of  behavioural and cognitive performance. The work 
that is presented in this thesis reveals an interesting solution to this challenge of  
being extremely small. The data suggest that the smallest T. evanescens maintain 
neural complexity and cognitive performance while forming brains that are 
smaller, and therefore energetically cheaper, than would be possible in the 
situation that is described by Haller’s rule. The strategy of  maintaining neural 
complexity and brain performance under isometric brain scaling may be the 
“trick” that enables extremely small body sizes, which may form the art of  being 
small. 

However, isometric brain scaling not only causes brains sizes that are smaller than 
predicted by Haller’s rule in small wasps, but also brain sizes that are larger than 
predicted by Haller’s rule in large wasps. For small wasps, developing such small 
brains may be a solution to save energy. For large wasps, developing brains that 
are larger than predicted by Haller’s rule has high energetic costs. This suggests 
that having a very large brain must be beneficial for large wasps, and that these 
benefits outweigh the associated energetic costs. Hence, there must be costs 
of  having a small brain and benefits of  having a large brain under isometric 
brain scaling that my research has not yet revealed for T. evanescens. These costs 
and benefits appear not to be associated with memory retention (Chapter 6), 
olfaction (Chapter 3) or performance of  monoaminergic neurons (Chapter 5). 

The costs and benefits of  isometric brain scaling may relate to neural modifications 
at differ levels than those that are presented in this thesis. For example, small 
and large wasps may differ in the number of  neuronal cell bodies other than 
those that produce octopamine, dopamine or serotonin. Having fewer neurons 
could reduce neural functioning in small wasps, because neural pathways may 
be modified or removed. It would be especially interesting to compare total 
numbers of  neuronal cell bodies in the brains of  small and large T. evanescens. 
Neural cell counts have been made for mammalian brains with an isotropic 
fractionator, which homogenizes brain tissue into a suspension of  neural nuclei 
that can be fluorescently stained, visualized and counted (Herculano-Houzel and 
Lent, 2005). This method could be adapted to the smaller size of  neural cell 
bodies in insects, and subsequently used to compare numbers of  cell bodies and 
glial cells in the brains of  small and large conspecific wasps of  the isofemale 
strains of  T. evanescens and N. vitripennis. 

Furthermore, differences in neural complexity between small and large T. evanescens 
may occur at the level of  individual synapses. Absolute and relative volume of  
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the glomeruli in the antennal lobe are smaller in the brains of  small T. evanescens 
when compared to larger conspecifics (Chapter 3). Glomeruli contain the many 
synaptic connections between olfactory neurons, interneurons and projection 
neurons (Davis, 2004). The smaller size of  glomeruli in small wasps may relate 
to a smaller number of  synapses, which could negatively affect the further 
processing of  olfactory information. Similar reductions in number of  synapses 
may occur in other neural networks, which may reduce the computational 
abilities of  small brains (Niven and Farris, 2012).

Finally, there may also be costs of  isometric brain scaling that arise from having 
very small neurons. Small T. evanescens have significantly smaller monoaminergic 
cell bodies than large T. evanescens (Chapter 5). Having such small cell bodies can 
be costly, because there is little space available for cytoplasm and cell organelles 
(Niven, 2016). As a result, the number of  mitochondria may be lower, which 
reduces the available energy for neural activity. The nucleus may also be smaller, 
due to a reduction of  genome size or increased chromatin compaction (Gregory, 
2001; Polilov, 2015). This may negatively affect transcriptional dynamics and 
protein synthesis. The functioning and maintenance of  neurons may therefore 
be compromised in wasps with small cell bodies. This could underlie the reduced 
longevity of  small wasps compared to larger conspecifics, which has been 
observed for several species of  the genus Trichogramma, including T. evanescens 
(Waage and Ming, 1984; Bai et al., 1992; Pavlik, 1993; Olson and Andow, 1998; 
Kuhlmann and Mills, 1999).

More severe reductions of  cell body size may require the lysis of  nuclei. 
This formation of  anucleated neurons is shown by Megaphragma mymaripenne, 
a trichogrammatid wasp that is more strongly miniaturized than T. evanescens 
(Polilov, 2012). Approximately 95% of  neural nuclei in the brain of  M. mymaripenne 
lyse during the final pupal stage, resulting in adults with only ~215 nucleated 
neurons in the brain. This strategy must have severe costs for neural functioning, 
because the lysed nuclei are incapable of  transcription. How this affects the level 
of  cognitive and behavioural complexity of  this species, and its host-finding 
success, is unfortunately unknown. The low number of  nucleated neurons may 
relate to the relatively short longevity of  this species: honey-fed M. mymaripenne 
survive for five days at 25ºC (Bernardo and Viggiani, 2000) whereas e.g. 
Trichogramma minutum survive for 25 days at 25ºC (Yu et al., 1984). The number 
of  nucleated neurons has been estimated to be around 37,000 in small adult 
T. evanescens (Polilov, 2012), and anucleated neurons have not been observed in 
this species (Makarova and Polilov, 2013). This suggests that T. evanescens applies 
a more subtle brain miniaturization strategy than M. mymaripenne, which enables 
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T. evanescens to maintain neural and cognitive complexity, but could prevent 
further miniaturization of  brain size. Future studies should reveal if  the neural 
modifications that are outlined above occur in T. evanescens, and what their 
consequences are for brain performance or fitness. 

Conclusion

Evolutionarily miniaturized parasitic wasps experience strong selective pressures 
on brain size. These force them to reduce the energy expenditure of  their 
brain, while cognitive abilities need to be maintained to find suitable hosts. In 
this thesis, I have revealed how these evolutionary pressures on cognition and 
energetic costs shaped the characteristics of  intraspecific brain-body size scaling. 
The two species that were the focus of  this thesis show distinctly different brain 
scaling strategies, with different neural backgrounds and cognitive consequences, 
possibly because they experienced a different balance between the energetic and 
cognitive constraints of  brain size. Trichogramma evanescens is the first species to 
show isometric brain-body size scaling, and N. vitripennis is the first species to 
show diphasic brain-body size scaling with isometry in small individuals and 
allometry in large individuals. 

For N. vitripennis, two separate developmental programmes regulate brain-body 
size scaling: one that involves allometric brain scaling and one that involves 
isometric brain scaling. Energetic constraints may have been so strong that, 
under scramble competition, the smallest body sizes can only be achieved 
through isometric brain scaling. The lower memory retention levels in these 
small N. vitripennis compared to larger conspecifics suggest that it is more 
adaptive for small wasps to invest in other aspects of  brain performance, at 
the cost of  memory retention abilities. Relative brain size is constrained in 
these genetically identical N. vitripennis, due to the isometric component of  
diphasic brain scaling. The genetic component of  relative brain size is also very 
constrained in N. vitripennis, as was shown by the slow response of  bidirectional 
selection on relative brain size. The energetic constraints of  brain tissue are 
revealed by the reduced longevity of  wasps with relatively larger brains, and 
the further reduction of  longevity after these wasps have used their brains to 
form memory. Surprisingly, genetic variation in relative brain size does not affect 
memory retention abilities, which contrasts the effects of  phenotypic plasticity 
in body size on memory retention. This contrast suggests that memory retention 
abilities may have evolved to be optimized in N. vitripennis with relatively small 
brains, but not in N. vitripennis with small body sizes.
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For T. evanescens, the energetic constraints of  brain tissue must also be very strong 
to have resulted in isometric brain-body size scaling. Nonetheless, small and large 
individuals of  this species showed unexpectedly similar memory retention levels. 
This suggests that T. evanescens also experienced strong evolutionary pressures to 
maintain cognitive performance, despite the limited brain size. The maintained 
memory retention abilities could be caused by maintained neural complexity, as 
isometric brain scaling appears to be facilitated by plasticity in size rather than 
in complexity of  neural components in T. evanescens. However, isometric brain 
scaling can still be costly for the smallest individuals through reduction in size 
and complexity of  neurons and processing pathways, which larger wasps avoid 
by investing more in brain tissue. 

To conclude, my thesis revealed some intricate solutions that the smallest 
animals apply to meet the challenges of  maintaining adequate brain performance 
with a very limited brain size. Evading Haller’s rule may allow evolutionarily 
miniaturized species to achieve smaller brain and body sizes by avoiding the 
excessive energetic costs of  maintaining a relatively larger brain. Through some 
unexpected neural solutions, the most miniaturized insects are able to maintain 
cognitive performance in an extremely small brain. This may form the art of  
being small. 
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Haller’s rule

Small animals have relatively larger brains than large animals. This brain-body 
size scaling relationship is known as Haller’s rule, and is described by a power 
law function that shows negative allometry. Small animals may need to form 
relatively larger brains to maintain similar levels of  brain performance as large 
animals. The high metabolic costs of  brain tissue simultaneously force animals 
to restrict brain size to the smallest size that can support adequate functioning. 
Haller’s rule holds in comparisons between adults of  the same species, i.e. static 
allometry, and in comparisons between species, i.e. evolutionary allometry. As a 
result of  evolutionary allometry, small-bodied species have relatively larger brains 
than species with larger body sizes. The smallest animals therefore spend an 
exceptionally large proportion of  energy on the development and maintenance 
of  energetically expensive brain tissue. These small animals may experience the 
energetic constraints of  brain tissue as a very strong evolutionary pressure. 

Brain-body size scaling in miniaturized insects

The strong selective pressures that force the smallest insects to minimize 
energy expenditure and optimize brain performance may have shaped the 
characteristics of  static brain allometry. The aim of  this thesis was to find 
out how such evolutionary pressures shaped brain-scaling characteristics in 
miniaturized parasitic wasps, and what the neural and cognitive consequences 
are. One of  the smallest animals on Earth is the parasitic wasp Trichogramma 
evanescens. These wasps parasitise and develop inside the eggs of  butterflies and 
moths. These host eggs can be very small, which restricts body size and brain 
size of  developing wasps. Adult body size of  T. evanescens depends on the size 
of  their host and the number of  parasitoid larvae that develop inside the same 
host and compete for resources. Such scramble competition results in large 
phenotypic plasticity in body size that ranges between 0.3 and 0.9 mm, even 
between genetically identical sister wasps. Despite these small sizes, T. evanescens 
wasps show complex cognitive traits, such as hitch-hiking behaviour, associative 
learning, and long-term memory formation. Even the smallest T. evanescens need 
these traits to locate and exploit their hosts. This should require a relatively large 
and energetically expensive brain in the smallest T. evanescens, as predicted by 
Haller’s rule. 
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Isometric brain scaling

In Chapter 2, I studied if  T. evanescens scale their brains in a way that optimizes 
performance (at energetic costs) or minimizes energy expenditure (at cognitive 
costs). I induced a large variation in body size of  genetically identical sister wasps, 
thereby excluding genetic variation in relative brain size. Brain and body volume 
were determined using tissue clearing procedures, confocal laser scanning 
microscopy and three-dimensional modelling software. Standardized major 
axis regression analyses showed that T. evanescens scale brain size isometrically 
to body size, thereby identifying the first species that forms an exception to 
Haller’s rule. Relative brain volume is on average 8.2% of  body volume in this 
species. This large relative brain size may represent a high energetic burden, 
and a further increase in relative brain size may be too costly for the smallest T. 
evanescens. Isometric brain scaling may be a brain-scaling strategy that is applied 
by miniaturized insect species to avoid the excessive energetic costs of  relatively 
large brain, thereby achieving smaller brain and body sizes than would be possible 
under allometric brain scaling.

Flexibility in the morphology of  the olfactory system 

Isometric brain scaling implies that small individuals form smaller brains than 
are predicted by Haller’s rule, and large individuals form larger brains than 
are predicted by Haller’s rule. This indicates that there is a large flexibility in 
brain morphology of  genetically identical T. evanescens. I studied this in the 
antennal lobes and antennal sensilla of  the olfactory system, and on the level of  
individual neurons. In Chapter 3, I studied the olfactory system. Confocal laser 
scanning microscopy revealed that small and large wasps have a similar number 
of  functional units (i.e. glomeruli) in their antennal lobes. These glomeruli are, 
however, smaller in both absolute and relative volume in the brains of  small 
wasps. Scanning electron microscopy revealed that small and large wasps have 
similarly sized olfactory sensilla on their antennae, and similar numbers of  most 
types of  olfactory sensilla. There is a difference in the number of  gustatory 
sensilla on the final antennal segment of  small and large wasps. These results 
suggest that the complexity of  the olfactory system is maintained between small 
and large wasps. Hence, isometric brain scaling may not require plasticity in the 
complexity, but rather in the size, of  the olfactory system. Even the smallest T. 
evanescens may need to maintain olfactory precision in their search for suitable 
hosts.
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Flexibility in size and number of  monoaminergic neurons

To study the flexibility in brain morphology at the level of  single neurons, I focussed 
on monoaminergic neurons that express serotonin, octopamine or dopamine. I 
used immunofluorescence stainings in combination with confocal laser scanning 
microscopy to reveal the clusters of  cell bodies and the projections of  these 
monoaminergic neurons in T. evanescens. Chapter 4 provides the first description 
of  the distribution, projection patterns and number of  monoaminergic neurons 
in this species. The brains of  T. evanescens appear to contain comparable numbers 
of  monoaminergic neurons as the brains of  much larger insects (e.g. honeybees, 
fruit flies and N. vitripennis), despite the large differences in brain size between 
T. evanescens and these species. Clusters of  serotonergic neurons appear to be 
especially conserved in neuron numbers, whereas there are more differences in the 
number of  dopaminergic and octopaminergic neurons between T. evanescens and 
larger insects. These results suggest that some modifications to monoaminergic 
neurons were required during the evolutionary process of  brain miniaturization 
in the species T. evanescens, although overall complexity is largely maintained. In 
Chapter 5, I compared the number and size of  these monoaminergic neurons 
between small and large T. evanescens. I found that differently-sized wasps had 
the same number of  serotonergic, octopaminergic and dopaminergic neurons in 
their brains. Small and large wasps did differ in the diameter of  these neurons. 
The maintained numbers of  antennal-lobe glomeruli and monoaminergic cell 
bodies could imply that isometric brain scaling is facilitated by plasticity in the 
size of  neural components, rather than in their numbers. 

Cognitive consequences of  brain scaling

Through maintained neural complexity, isometric brain scaling could cause 
brain performance to be similarly maintained in even the smallest T. evanescens. 
In Chapter 6, I quantified the effect of  brain scaling on cognition by comparing 
memory retention abilities between small and large genetically identical sister 
wasps, both for T. evanescens and for the larger parasitic wasp Nasonia vitripennis. 
Nasonia vitripennis are parasitic wasps of  fly pupae, and show similar levels of  
phenotypic plasticity in body size as T. evanescens. Brain-body size scaling is 
diphasic in N. vitripennis, with isometry in small individuals and negative allometry 
in large individuals. The brain-scaling strategies of  T. evanescens and N. vitripennis 
both cause brains that are smaller than predicted by Haller’s rule in small wasps, 
and may be too small to maintain cognitive abilities. For both species, I compared 
visual and olfactory memory retention between small and large conspecifics. In 
N. vitripennis, small individuals had lower memory retention levels than large 
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individuals. This indicates that being small has cognitive costs in this species, 
which may relate to the undersized brains in small wasps. In contrast, isometric 
brain scaling does not affect memory retention in T. evanescens. This may be 
enabled by the maintained neural complexity that was described above, although 
brain properties different from memory performance (and outside the scope 
of  this thesis) could still be affected by isometric brain scaling. Evolutionary 
pressures appear to have differentially shaped static brain scaling in T. evanescens 
and in N. vitripennis, resulting in different cognitive consequences. Both species 
experience strong energetic constraints, as indicated by their escape from Haller’s 
rule. The selection pressures on maintained memory retention abilities could be 
especially strong in small T. evanescens, whereas it is more adaptive for small N. 
vitripennis to invest in other aspects of  brain performance. 

Potential costs of  brain isometry 

Although isometric brain scaling does not affect memory retention in T. 
evanescens, there should be costs of  developing undersized brains for small 
T. evanescens, which large conspecifics avoid by forming brains that are larger 
(and energetically more expensive) than predicted by Haller’s rule. To achieve 
the smallest brain sizes, isometric brain scaling may require costly reductions 
of  neuronal cell body size. These modifications may compromise neural 
functioning and long-term maintenance of  brain tissue, and reduce longevity 
of  small wasps. Larger wasps can, to some extent, avoid these costs by being 
able to invest more in energetically expensive brain tissue and forming larger 
brains than are predicted by Haller’s rule. Whether isometric brain scaling affects 
cell body volume through modifications to cytoplasm volume (thereby affecting 
energy generation by mitochondria) or to nucleus volume (thereby affecting 
transcriptional dynamics), and how these affect brain performance and fitness, 
should be addressed in future studies.

Genetic variation in relative brain size

Apart from an inbred homozygous strain, there is also a genetically variable 
population available for N. vitripennis, which allowed me to study how the 
genetic component of  brain size (which I excluded in the experiments described 
above by using inbred, isofemale strains) affects neuropil composition, memory 
retention, and longevity. In Chapter 7, I created selection lines of  N. vitripennis 
that genetically differ in relative brain size using an artificial bidirectional 
selection regime. This selection regime caused a robust change in relative brain 
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size, although the response to selection was slow. This indicates that there 
is heritable genetic variation in relative brain size, but that there are strong 
constraints (possibly energetic or cognitive constraints) that limit this variation. 
There was an average 16% difference in total neuropil volume between wasps 
with relatively small and relatively large brains. This difference in brain volume 
only affected the relative volume of  the antennal lobes, which were relatively 
smaller in wasps with relatively smaller brains, whereas all other neuropil areas 
were similar in relative volume. Interestingly, there was no effect of  relative 
brain size on olfactory memory retention abilities. Having a relatively larger 
brain did result in reduced longevity, indicating that brain tissue is energetically 
costly. A learning experience further reduced longevity in these wasps with 
relatively large brains, indicating that memory formation is also a more costly 
process than for wasps with smaller brains. The results of  these experiments 
show that relatively large brains are costly, but not more beneficial for olfactory 
memory retention. These results sharply contrast the above-described effects 
of  phenotypic plasticity in brain and body size in N. vitripennis. There may be 
different underlying mechanisms that regulate the consequences of  plastic and 
genetic variation in brain size. As a result, memory retention abilities may have 
evolved to be optimized in N. vitripennis with relatively small brains, but not in N. 
vitripennis with small body sizes.

Conclusion

In conclusion, the work that is presented in this thesis reveals how the smallest 
animals face the challenge to maintain ecologically required levels of  cognitive 
performance, while being limited by small numbers of  neurons and a restricted 
energy balance. In the parasitic wasp N. vitripennis, developing into a small adult 
has cognitive costs, and relative brain size is strongly constrained. The extremely 
small parasitic wasp T. evanescens shows isometric brain scaling, which may have 
evolved to enable brains that are smaller, and therefore energetically cheaper, 
than would be possible in the situation that is described by Haller’s rule. This 
brain-scaling strategy appears to be facilitated by plasticity in the size of  neural 
components, rather than in their number or structural complexity. Maintaining 
neural complexity may the underlying mechanism that maintains the cognitive 
abilities of  the smallest brains. The smallest brain and body sizes may be enabled 
by this strategy of  maintaining neural complexity and brain performance under 
isometric brain scaling, possibly at the cost of  reduced longevity as a consequence 
of  their small neuronal cell bodies. This strategy could form the art of  being 
small.
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