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Abstract
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Phenotypic plasticity is a ubiquitous feature of living organisms and enable individuals to
adapt to changing environments. A particularly prominent example of plasticity is found in
polyphenisms, where environmental cues received during development leads to the generation
of discrete variation in populations. In this thesis, I have studied the mechanisms underlying
wing polyphenism in the water strider Gerris buenoi in order to contribute to the understanding
how environmental factors can act through growth regulatory systems to induce adaptive
variation. Specifically, in Paper I, I investigated which environmental factors control wing
morph determination in G. buenoi and found that this species most strongly responds to
variation in photoperiod conditions, but also to crowding during the juvenile stages. Exposure
to challenging nutritional conditions had no effect on wing morph frequencies. Further, I found
that the nutrient sensitive insulin/insulin-like growth factor signaling pathway, which have been
found to regulate wing polyphenism in species where nutrition is a determinant cue for wing
morph induction, has no role in regulating G. buenoi wing polyphenism, an observation in line
with data showing that wing morph determination is robust to variation in nutrient conditions.
In Paper II, I explored a role for the developmentally important hormones ecdysone and juvenile
hormone in G. buenoi wing polyphenism. Here, I used microinjections of 20-hydroxyecdysone
and topical application of methoprene, as well as RNAi against hormone receptors for ecdysone
and juvenile hormone. In these experiments, I found a small but significant effect of RNAi
against the ecdysone receptor, indicating that ecdysone may play a role in wing morph induction.
In Paper III, I used RNA sequencing to identify candidate growth regulatory pathways for
wing morph induction by photoperiod and found a significant role for the conserved Fat/
Hippo pathway in G. buenoi wing morph determination. Taken together, the results presented
in this thesis suggest that evolution of genetic mechanisms underlying wing polyphenism
may be constrained with regard to the particular environmental cue that is used to predict
the future adaptive landscape. Further, the work presented in this thesis demonstrates the
power in combining sequencing methods with functional genetic tools in order to more deeply
characterize the causal basis to adaptive variation, an approach to ecological and evolutionary
studies which I reviewed in Paper IV.
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Introduction 

Synopsis 
In a broad perspective, this thesis addresses a fundamental question in evo-

lutionary biology – What are the sources of phenotypic variation? This is a 
question which can be studied in many dimensions; spanning from how spe-
cies come to vary at macroevolutionary time scales to how populations adapt 
to short-term environmental fluctuation. The particular dimension that I have 
been interested in is that of mechanism and function. The reason why this di-
mension is important to study in the context of evolutionary biology originates 
from the fact that selection acts on phenotypes and phenotypes stem from the 
functional properties of genes and their interaction with the environment. 
Simply put, if we do not understand the mechanisms that generate phenotypic 
variation, we will not be able to identify exactly what selection is or has been 
acting upon. Therefore, by elucidating the mechanisms that generate pheno-
types and variation in them, we can be more precise in describing how evolu-
tion takes place, and frame research questions with higher accuracy. Through 
this line of thinking, I hope that the work presented in this thesis can provide 
insight into how phenotypic variation originates. In the coming sections I de-
scribe the reasoning behind this hope with more contextual details.  

The organism that I have studied, Gerris buenoi, belongs to the semi-
aquatic insect group referred to as water striders, or in systematic terms as 
Gerridae. The water striders, like most insect groups, display phenotypic di-
versity in a wide range of traits (Andersen, 1982; Armisén et al., 2022, 2018) 
and one of these traits is the capacity to disperse by flight which is the trait I 
have studied in this thesis.  

The evolution of flight is a factor that is commonly brought up to explain 
the evolutionary success of insects (Condamine et al., 2016; Labandeira et al., 
1994; Linz and Tomoyasu, 2018; Rainford et al., 2014; Roff, 1990). It may 
thus appear strange that the capability to fly has been lost in many insect lin-
eages, including in many water strider species (Roff, 1990; Wagner and 
Liebherr, 1992). However, the development, maintenance and use of the in-
sect flight apparatus is costly in terms of energy expenditure, and in conditions 
where flight might not be of importance for survival and reproduction, it may 
be advantageous to direct the available energy to production of offspring in-
stead. This within-individual competition for resources is a well-known life 
history trade-off between dispersal and reproduction (Zera and Denno, 1997) 
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and has been demonstrated in many insect species and is in many cases a likely 
explanation for loss of flight (Guerra, 2011).  

The expression of a functional flight apparatus, i.e. fully sized and pat-
terned wings and wing muscles, is a variable trait within some insect species 
and populations. Here, induction of flight capability, or incapability, can occur 
either through genetic variation encoding the respective phenotype (Braendle 
et al., 2005; Li et al., 2020), or it can occur through exposure to certain envi-
ronmental factors, such as nutrition, temperature or photoperiod (Fairbairn 
and King, 2009; Fawcett et al., 2018; Hardie, 1980; Lin et al., 2018). Addi-
tionally, genetic and environmental factors can interact to determine whether 
wings and wing muscles should be developed or not (Fairbairn and King, 
2009). As a result, discrete variation in flight capability can be observed within 
populations and species, commonly taking the outward appearance of wing 
length variation or winged and wingless forms (Zera and Denno, 1997). This 
phenomenon is called wing dimorphism and has evolved in a diversity of in-
sect lineages (Roff, 1986).  

A common way to distinguish between the modes of induction in wing di-
morphisms, i.e. whether the wing phenotype is induced through genetic or en-
vironmental factors, is to use the terms wing polymorphism and wing poly-
phenism, respectively (Zera, 2009). I will use this terminology throughout this 
thesis, however, in cases where it may not yet be known how wing morphs are 
determined or to refer to the capacity of a species or population to express 
alternative wing morphs regardless of induction mode, I will use the term wing 
dimorphism. 

Wing dimorphism is a variable trait within the water strider phylogeny. 
Some species are wing dimorphic, while others are obligately monomorphic, 
with only winged or wingless individuals (Andersen, 1982; Armisén et al., 
2022). Both wing polyphenism and wing polymorphism are found among the 
wing dimorphic species, such as in Gerris odontogaster where wing morph is 
determined by photoperiod (Vepsäläinen, 1971), or as in Gerris lacustris, in 
which morph induction depends on genetic factors (Vepsäläinen, 1974). The 
water strider that I have studied is wing polyphenic, as earlier studies (Spence, 
1989) as well as my own (Paper I) have demonstrated.  

The variability in wing dimorphism in water striders provides the oppor-
tunity to explore several aspects regarding the evolutionary dynamics of ge-
netic versus environmental trait determination systems, or phrased differently, 
how species evolve to become either more or less phenotypically plastic. One 
of these aspects is whether the genetic and environmental factors that cause 
wing length variation act through the same or through different regulatory sys-
tems. For example, since there are a number of possible ways to reduce the 
size of an insect wing (López-Varea et al., 2021), or abolish a wing completely 
(Abouheif and Wray, 2002), it is conceivable that genetic and environmental 
factors can act through separate regulatory systems to cause variation. It is 
also conceivable, however, that the evolutionary history of the trait as well as 
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developmental genetic factors, have led to constraints in how wing dimor-
phism is regulated, and that genetic and environmental regulation work by the 
same or through similar mechanisms (Nijhout and Davidowitz, 2009). By 
providing answers to questions of this nature we may gain insight into evolu-
tionary potential or limitations of phenotypic plasticity. 

To go back to the reasoning in the first paragraph in this section, I view my 
work presented in this thesis as an entry point into exploring aspects of evo-
lution of phenotypic plasticity, such as those outlined above. Specifically, the 
purpose in identifying the mechanisms underlying wing morph determination 
in G. buenoi has not only been to gain knowledge about how insect polyphen-
isms operate, which is an interesting topic in itself. But it has also been to 
provide the basis for comparative studies directed towards identifying the ge-
netic variation underlying wing dimorphism in water striders in a macroevo-
lutionary and microevolutionary perspective. For example, by identifying 
which mechanism(s) act in one species to environmentally induce develop-
ment of a short-winged individual, one gains a testable hypothesis on whether 
the same mechanism act in other species where induction of short wings is 
genetically determined. Testing such a hypothesis with ample methodology 
can have two equally interesting outcomes; that evolution of genetic respec-
tively environmental modes of short-wing induction have or have not con-
vened on the same regulatory system. Systematically asking this question in 
several species may then reveal patterns of constraints or flexibility in the evo-
lution of wing dimorphism, thereby allowing inference on the evolutionary 
dynamics of phenotypic plasticity. 

In the coming introductory sections, I outline important processes and lit-
erature that are of high relevance to the work presented in later parts of this 
thesis.  

Phenotypic plasticity 
Organisms live in heterogenous environments and are thus required to ac-

commodate and respond to environmental variation in order to survive and 
reproduce. This environmental responsiveness of organisms occurs in count-
less ways reflecting the enormous diversity of life, and is broadly referred to 
as phenotypic plasticity and commonly defined as:  

“The capacity of a single genotype to exhibit a range of phenotypes in response 
to variation in the environment.” (Whitman and Agrawal, 2009). 

 
While this definition of phenotypic plasticity is generally accepted it is 

worthwhile to point out that variations exist (see Whitman and Agrawal 2009 
and West-Eberhard 2003 for discussion of definitions). Additionally, it is im-
portant to note that this definition does not restrict phenomena of plasticity to 
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such examples which are considered as highly evolved and clearly adaptive, 
such as textbook examples like predator-induced morphological variation in 
Daphnia (Lüning, 1992) or coat color variation in sub-arctic mammals 
(Zimova et al., 2018). It also includes phenotypic variation expressed as reac-
tions to potentially stressful environments, e.g. abiotic substances, extreme 
temperatures, low or high pH, lack of oxygen or poor nutrition. Additionally, 
it includes novel expression of phenotypes in response to new environments 
or environmental change (Zera, 2009). Generation of phenotypic variation 
through such scenarios might very well be, and definitively have been, con-
sidered mere susceptibilities that generate phenotypic anomalies (West-
Eberhard, 2003b). However, the reason why they are important to include in 
the definition of phenotypic plasticity is because any expression of phenotypic 
variation has the potential to be selected, and such susceptibilities may have 
constituted the selectable starting material which have led to the evolution of 
the many adaptive plastic responses we know about today (West-Eberhard, 
2003a). 

The standard way to assess and visualize plasticity is to plot the phenotypic 
value of a trait against an environmental gradient, this is called the reaction 
norm (Whitman and Agrawal, 2009). The appearance of the reaction norm 
shows the degree of plasticity. For example, considering a basic scenario with 
a linear phenotypic response to environmental variation, steep slopes signify 
a higher degree of plasticity whereas less steep slopes indicate less or no plas-
ticity (if the slope is zero). Genetic variation in plasticity is reflected in differ-
ences in reaction norms between individuals with different genotypes and 
forms the basis for evolution of plasticity (Lynch and Walsh, 1998). Research 
have shown that such variation, also called gene-by-environment effects, is 
common in natural populations (Goldstein and Ehrenreich, 2021). However, 
how selection act on reaction norms have been a subject of debate (Gotthard 
and Nylin, 1995) and can be difficult to demonstrate (Hendry, 2016). Several 
convincing examples have nevertheless been reported (Scheiner and Levis, 
2021) and much conceptual work in the last three decades has been developed 
that make a strong case that phenotypic plasticity has a fundamental impact 
on evolution and generation of adaptive phenotypic diversity (Pfennig, 2021).  

Plasticity in organisms occur in many distinguishable ways, for example, 
some plastic responses can be highly specific whereas other can be very gen-
eral, such as the ubiquitous effects of nutrition and temperature on growth 
(Blanckenhorn, 2009), which represent a case of responsive plasticity. A con-
trasting term is anticipatory plasticity, where the phenotypic effects in indi-
viduals are induced before being exposed to the environment to which the 
plasticity is an adaptation to, for example induction of diapause as winter ap-
proaches (Zera, 2009). Another distinction between different modes of plas-
ticity is whether it is reversible or not. Examples of reversible plasticity in-
cludes that of winter coat coloration in mammals, mentioned above, or 
changes in muscle mass in relation to physical activity. Here, the particular 
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phenotypic changes are reversed at the time when either the season change 
again or the stimuli of physical conditioning is removed. Examples of irre-
versible plasticity include temperature-dependent sex determination in reptiles 
(Rhen and Schroeder, 2016) and most kinds of morphological plasticity in in-
sects, the latter of which is discussed below. 

Morphological plasticity in insects 
The insects display a remarkable diversity in shape, size and color, and 

plasticity has been documented in a wide variety of morphological traits; wing 
shape (Reis et al., 2021), color (van der Burg and Reed, 2021) and size (Hayes 
et al., 2019), leg length (Toubiana et al., 2021) and shape (Siddiqui et al., 
2019), antennae (Greenwood and Chapman, 1984) and more. Virtually all lev-
els of organismal regulatory systems can be involved in producing plastic re-
sponses, including chromatin organization, gene expression, protein synthesis 
rates, post-translational modifications, protein-protein interaction, hormone 
synthesis and release, metabolite accumulation and neuronal activity. Moreo-
ver, morphological variation generated by these processes can be expressed in 
various insect life stages. While plasticity expressed at any time in an insect’s 
life can be of adaptive importance, I will hereon limit the discussion to only 
such traits that are manifested in the adult stage, which is the case for wing 
dimorphism in water striders and which also has been the focus of many of 
the studies on environmentally induced morphological variation in insects.  

The morphology of adult insects is as a rule irreversible and plastic re-
sponses typically occurs as a result of environmental input to physiological 
and developmental processes acting during defined stages of embryonic or 
post-embryonic development (Nijhout and Davidowitz, 2009). While environ-
mental influence on these processes can lead to broad phenotypic changes, 
such as the effect of nutrition on overall body size, which occur in virtually all 
insects (Koyama and Mirth, 2018), some insect species also display more spe-
cific environmentally induced morphologies. For example, the third leg pair 
in males of the semi-aquatic riffle bug species Microvelia longipes grows pro-
portionally much larger compared to the first or second leg pair in response to 
nutritional conditions. Here, the third leg pair is used as a weapon to compete 
with other males for suitable egg-laying spots (Toubiana and Khila, 2019). A 
similar exaggeration of growth induced by nutritional conditions is found in 
horn size of males of Ontophagus beetles, where the horns are used as weap-
ons in the competition for females (Moczek, 2009). Other examples of specific 
plastic responses generating adaptive morphologies are wing coloration in 
Lepidoptera (Brakefield and Frankino, 2009) and wing polyphenisms in He-
miptera (Hayes et al., 2019).  
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Insect polyphenism 
The use of the term polyphenism has drifted extensively from its original 

definition by Ernst Meyr in 1963, who introduced the term to describe all 
kinds of non-genetic phenotypic variation (Canfield and Greene, 2009; Mayr, 
1963). Today it is more commonly used to describe discrete or discontinuous 
phenotypic variation which is induced by environmental factors. As hinted 
above, I will use polyphenism to describe environmentally induced discrete 
variation whereas the term polymorphism will be used for discrete variation 
induced by genetic factors. 

A commonality among many cases of insect polyphenisms is that the dis-
crete variation observed in one trait, e.g. wing length in wing polyphenic in-
sects, is accompanied by variation in a variety of other traits. For example, as 
covered above, long-winged individuals of wing polyphenic insects develop 
fully functional wing musculature in order to capacitate flight, whereas the 
wing musculature in short-winged individuals is underdeveloped (Zera, 
2009). Furthermore, long-winged and short-winged individuals commonly 
differ in thorax volume, diapause incidence and time to reproduction 
(Andersen, 1982; Li et al., 2020; Zera and Denno, 1997). Similarly, wing col-
oration or presence/absence of eye spots is often the most obvious variable 
traits in seasonal polyphenisms of lepidopterans, but other traits co-occur with 
these, including diapause, metabolism, flight behavior and wing shape 
(Brakefield and Frankino, 2009). Therefore, the phenotypic variation gener-
ated by polyphenisms should in many cases not be viewed as discrete variation 
in isolated traits, but rather as highly integrated responses which generate in-
dividuals that differ in a suite of traits and thus constitutes different mor-
photypes, or morphs. 

The occurrence of alternative morphs in a population is generally taken as 
a sign that polyphenisms are adaptive and that a particular morph is better 
suited than the other in a given environment. However, the adaptive signifi-
cance of morphs can be difficult to study in natural settings and laboratory 
studies are limited in the environmental complexity that can be achieved. For 
some species convincing evidence is nevertheless available (Brakefield and 
Frankino, 2009). One example is the western white butterfly Pointia occiden-
talis which develop two alternative adult morphs with different melanic pat-
terns on the wings (Kingsolver, 1995). The melanized morph, which is in-
duced by short spring-time photoperiods, is more capable of flying in cool 
conditions because of the thermal effects of melanization and specific basking 
behavior, whereas adults emerging during the summer have reduced wing 
melanization and are less prone to overheating (Kingsolver, 1995, 1987; Watt, 
1969). Through mark-release-recapture and color manipulation experiments it 
was demonstrated that individuals with darker wings survive to a significantly 
lower degree during summer conditions compare to individuals with less dark 
wings (Kingsolver, 1996).  
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Environmental and endocrine basis of morph determination 
The example of P. occidentalis above demonstrates a common theme of 

polyphenic responses; the morph-inducing environmental factor(s) do not 
necessarily have to be the same environmental factor(s) that have implications 
on fitness, depending on which morph is expressed. In the P. occidentalis pol-
yphenism, photoperiod is the morph-determining factor whereas the poly-
phenism is presumably an adaptation to environmental constraints in flight 
conditions. Similarity, wing length polyphenism induced by high population 
density during juvenile stages is presumably an adaptation to future competi-
tion for resources. Polyphenisms are thus characterized by the use of environ-
mental factors as cues to predict future conditions, where the particular value 
of the cue, e.g. hours of daylight or darkness, degree of contact with conspe-
cifics, high or low temperatures, leads to the expression of the alternative mor-
phologies. 

Since adult insect morphology is irreversible due to the inability of adult 
insects to grow, inductive cues must be sensed and acted upon during embry-
onic or post-embryonic development. The environmental sensing process is 
normally described to occur during a sensitive window, a defined time in de-
velopment when environmental information can be integrated and stored in 
the physiological systems of an individual (Nijhout, 2003). Through internal 
signaling, this information is then released to affect the developmental pro-
cesses which generate the adult morphology. The internal signaling processes 
are orchestrated by hormones and it is through variation in hormone release 
and the effects of hormones in tissues that development of different morphs is 
induced (Nijhout, 2003).  

Hormone secretion occurs from a variety of tissues in insects and are under 
the control of internal factors, such as developmental progression, as well as 
factors of external origin, like the time of day or nutritional levels (Nijhout, 
2013). For example, the hormone ecdysone (or 20-hydroxyecdysone) is re-
leased by the prothoracicotropic gland (PTG) when critical thresholds of size 
have been passed to induce moulting (Nijhout et al., 2014), but can also be 
released in photoperiodically entrained circadian intervals with peaks in 
scothophase and troughs in photophase (Steel and Vafopoulou, 2006). Physi-
ological responses to varying nutrient levels are in part mediated by insulin-
like peptides (ILPs), which are released from the central nervous system 
(Antonova et al., 2012). Another example of an important insect hormone is 
the juvenile hormones (JHs) which are released by the corpus allatum and de-
termine whether a moulting event should generate a juvenile or an adult indi-
vidual (Schiesari et al., 2011). High levels of JH keep the individual in the 
juvenile stages, whereas low levels of JH lead to a metamorphic moult gener-
ating an adult (Goodman and Cusson, 2012).  

The signaling action of hormones is received by receptors expressed in pe-
ripheral tissues that transduce the circulatory signal to internal growth 
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regulatory pathways and developmental genetic programs (Antonova et al., 
2012; Goodman and Cusson, 2012; Henrich, 2012). Importantly, tissues have 
different sensitivities to hormones, forming the basis of tissue-specific re-
sponses, where a secretion pulse of a hormone can have large effect in one 
tissue but a milder effect in others (Frederik Nijhout, 2013; Uyehara et al., 
2022). Given that JH, 20E and ILPs are the most common hormones found to 
regulate polyphenisms, and that these hormones have widespread roles in reg-
ulation of growth and development apart from polyphenic responses, tissue 
specific hormone sensitivity may be a particularly important mechanism that 
enables polyphenisms to evolve. 

The hormonal control of morph determination has been investigated in nu-
merous species (Fawcett et al., 2018; Hardie, 1980; Iwanaga and Tojo, 1986; 
Vellichirammal et al., 2017; Xu et al., 2015; Zera, 2004) and empirical evi-
dence of hormone titer measurements as well as results of hormone manipu-
lation experiments have generated models for how hormones can regulate pol-
yphenisms. Below I outline a few examples of these models in relation to de-
velopment to alternative morphs. 

Seasonal coloration polyphenism in Lepidoptera wings 
The adaptive basis of light and dark morphs of butterflies was exemplified 

above for P. occidentalis, however, wing color polyphenisms are common in 
Lepidopterans and through research in several species a common pattern of 
hormonal regulation has emerged, even though the direction of environmental 
responses can differ between species (Brakefield and Frankino, 2009). In all 
known cases, sensitivity to photoperiod and temperature during the larval 
stages controls whether an individual develops to either the dark or the light-
colored morph (Hartfelder and Emlen, 2012). The environmental information 
is transduced to the internal environment early in the pupa by the secretion of 
ecdysone. Here, the developmental program for wing coloration is sensitive 
to ecdysone signaling in a defined critical window and is therefore program-
mable by the timing of ecdysone release. Low levels of ecdysone during the 
critical window is permissive of melanin production whereas high levels of 
ecdysone instead inhibit melanization (Nijhout, 2009). Importantly, the am-
plitude and duration of the ecdysone peak is the same between morphs but 
differs in timing, where an earlier onset of ecdysone secretion occurs in those 
individuals that develop to the light-colored wing morph (Burg et al., 2020).  

Wing dimorphism in Hemimetabolous insects 
Investigations of the endocrine basis of wing dimorphism in Hemimetabo-

lous insects has to a large extent concentrated on ecdysone and JH and have 
largely built on knowledge of how these hormones regulate of the processes 
of ecdysis and metamorphosis (Zera, 2009; Zera and Denno, 1997; Zhang et 
al., 2019). Here, experimental evidence from a handful of species led to the 
formulation of the so-called classical model of hormonal regulation of wing 
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dimorphism (Zera, 2004). Central to this model is the dynamics of decrease in 
JH titer and the surge of ecdysone occurring in the ultimate instar to induce 
the metamorphic moult. As briefly touched upon above, the role of JH in in-
sect development is to direct the developmental program during juvenile 
stages so that the next moult either occurs to another juvenile (high JH titers), 
or to an adult (low JH titers). This is regulated in concert with surges in the 
titers of ecdysone. The metamorphic effect of ecdysone, i.e. induction of adult 
developmental programs, is inhibited when a moulting event is preceded by 
high JH titers whereas it becomes active when the JH titer drops in the last 
instar (Zera, 2009). In the classical model, it is hypothesized that wing morph 
determination occurs through variation in the relative decline in JH titers and 
the timing or amplitude of the ecdysone pulse, in relation to critical periods of 
tissue sensitivity in the last nymphal instar (Zera, 2004).  

By far, most empirical support for the classical model comes from studies 
of the cricket Gryllus rubens (reviewed in (Zera, 2009)). Here, JH levels in 
nascent short-winged individuals of the last nymphal instar is higher compared 
to those of long-winged destined individuals, and exogenous application of JH 
can redirect development from a long-winged trajectory to a short-winged tra-
jectory (Zera and Denno, 1997). The variation in JH titers was found to corre-
late with the concentrations and activities of the JH degrading enzyme juvenile 
hormone esterase (JHE), which was higher in the long-winged developmental 
trajectory. Furthermore, the ecdysone titer was found to be lower in individu-
als on a short-winged trajectory. Building upon these results it was suggested 
that the elevated JH titer together with low ecdysone levels in nascent short-
winged individuals inhibits the metamorphic effect of ecdysone in developing 
wings and wing muscle tissue, leading to development of short-winged indi-
viduals (Zera, 2009).  

While studies in crickets have provided most support for the classical 
model of endocrine regulation of wing dimorphism, evidence from other spe-
cies have also contributed. For example, applications of the juvenile hormone 
analog methoprene increases the frequency of short-winged morphs in the 
soapberry bug Jadera haemotoloma (Dingle and Winchell, 1997) and the 
same effect has been found in JH application experiments in the brown 
planthopper Nilparvata lugens (Ayoade et al., 1999; Iwanaga and Tojo, 1986; 
Ye et al., 2019). Similarly, JH treatment in the aphid Aphis fabae elevates the 
frequency of wingless individuals, which are otherwise induced by long pho-
toperiods (Hardie, 1980). In yet another aphid, Acyrthosiphon pisum, manip-
ulation of ecdysone signaling in mothers causes significant differences in the 
frequency of winged offspring (Vellichirammal et al., 2017) 

Taken together, several lines of evidence points toward a role for JH and 
ecdysone in regulation of wing dimorphism in Hemimetabolous insects. How-
ever, details about how and when tissues are responsive to variable levels of 
these hormones is lacking and much is still unknown about how hormones 
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interact with growth regulatory and patterning pathways. More details on the 
molecular mechanisms of wing morph determination will be covered below. 

Hormonal regulation of phase polyphenism in Locusts 
Phase polyphenism in locusts is one of the most remarkable examples of 

phenotypic plasticity and has been studied in considerable detail from both a 
biological and agro-economic perspective (Lecoq and Cease, 2022). The spe-
cies of grasshoppers that display phase polyphenism can exist in solitary, gre-
garious or intermediate phases, differing in morphology as well as behavior 
(Simpson and Sword, 2009). At low population densities individuals are found 
in the solitarious phase and display avoidance behavior to other individuals, 
are less active, and spend less time grooming (Simpson et al., 2001). Upon 
crowding, a noticeable change in behavior of solitarious individuals can occur 
within hours, where individuals aggregate and sometimes migrate in large 
numbers. This shift in behavior is referred to as gregarization (Simpson and 
Sword, 2009). Gregarization can be reversed if a solitarious individual is ex-
posed to crowded conditions temporally, the longer time spent in crowded 
conditions, the more resistant individuals become to a reversal to solitarious 
behavior. This can lead to positive feedback of gregarization within a popula-
tion. The molecular basis of the behavioral change has been linked to the neu-
rotransmitters serotonin and catecholamine (Anstey et al., 2009; Ma et al., 
2011) as well as the biogenic amine receptors tyramine receptor and octopa-
mine receptor α (Ma et al., 2015). 

While the behavioral changes can occur within hours, the morphological 
change induced by crowding takes longer time to be induced (Simpson and 
Sword, 2009). The most obvious difference between solitarious and gregari-
ous individuals is coloration, where the solitarious phase nymphs generally 
are green and the gregarious phase nymphs are yellow/orange and black 
(Tanaka et al., 2016). At least two hormones have been linked to these color 
differences. A neuropeptide hormone called [His]7-corazonin has been shown 
to induce the black color of the gregarious phase (Sugahara et al., 2015), 
whereas JH is involved in induction of the green color of the solitarious phase 
(Breuer et al., 2003). The involvement of JH in coloration is corroborated by 
findings showing that the JH titer is higher in the solitarious morph during the 
fourth instar, and interestingly, ecdysone levels differs between the morphs as 
well (Hartfelder and Emlen, 2012). A recent study connected the action of JH 
to induce the green color to the protein yellow protein of the takeout family, 
taking steps toward an understanding of the genetic mechanisms underlying 
the color polyphenism (Sugahara and Tanaka, 2018). 

Molecular mechanisms of photoperiod-to-endocrine signaling 
While it is clear that hormones play important regulatory roles in insect 

polyphenisms, many aspects of how environmental cues are incorporated into 
endocrine regulatory systems remain unexplored (Nijhout and Davidowitz, 
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2009; Zera and Denno, 1997). Given the complexity of insect endocrine reg-
ulation this gap in knowledge is not entirely surprising, but for a number of 
reasons it is important to fill. Not the least because it will give deeper insights 
into how polyphenisms work, but also because the environment-to-endocrine 
signaling axis may be where selection is predisposed to act on genetic varia-
tion underlying variation in reaction norms (Suzuki and Nijhout, 2008, 2006).   
In this section I will discuss how environmental factors can control endocrine 
processes. Due to the broadness of this subject, I will limit the discussion to 
what is known about photoperiod-to-endocrine regulation. As is clear from 
the results in presented in Paper I, photoperiod is the main environmental 
factor controlling wing polyphenism in G. buenoi, further warranting this re-
striction.  

Sensing light versus sensing photoperiod 
In polyphenisms reactive to photoperiod it is obvious that light-sensitive 

organs are of importance. However, it may be less obvious that these organs 
not necessarily have to be the compound eyes or ocelli which are the primary 
visual organs in insects (Goto et al., 2009). Two of the most compelling ex-
amples of how organs other than compound eyes and ocelli can be photoperi-
odically sensitive come from Manduca sexta and Bombyx mori. In both spe-
cies, it was shown that brains cultivated in vitro at different photoperiods can 
alter photoperiodically regulated diapause patterns when re-implanted into 
larvae of the final instar (Bowen et al., 1984; Hasegawa and Shimizu, 1987).  
Many other creative experimental approaches involving e.g. tissue ablation, 
surgical removal of organs and spatially constrained light treatments have 
shown that compound eyes as well as various regions in the head can be in-
volved in photoperiodic responses (Goto et al., 2009). The visual system for 
sensing light can thus be separate from the system that senses photoperiod. 

Linking photoperiodism to endocrine regulation 
Much of the information of how information about photoperiod can influ-

ence insect development and life-history through hormones comes from re-
search on photoperiodic control of diapause (Denlinger et al., 2017) and stud-
ies of developmental timing mechanisms (Steel and Vafopoulou, 2006). One 
of the most comprehensive models of photoperiod-to-endocrine regulation 
have been developed through research on pupal diapause termination in the 
Chinese oak silkmoth Antheraea pernyi (Takeda and Suzuki, 2022). Here, di-
apause termination occurs by ecdysone secretion from the PTG through stim-
ulation by prothoracicotropic hormone (PTTH), a neurosecretory hormone. 
PTTH is released from cells in close proximity to circadian clock neurons 
(Sauman and Reppert, 1996a, 1996b). The circadian clock in these neurons is 
programmed by photoperiod and communicates to the PTTH secretory cells 
through secretion of melatonin, or the melatonin precursor, serotonin 
(Matsumoto and Takeda, 2002; Mohamed et al., 2014). An enzyme called 
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arylalkylamine N-acetyltransferase (aaNAT) catalyzes the conversion of ser-
otonin to melatonin and is thought to be controlled transcriptionally by the 
circadian clock (Takeda and Suzuki, 2022). In long-day photoperiods, or dur-
ing night, the model posits that aaNAT transcription is elevated, leading to 
synthesis of more melatonin which when secreted can bind to receptors ex-
pressed by the PTTH containing cells, which in turn activates PTTH secretion 
through an intracellular signaling pathway. During short-day photoperiods, 
less aaNAT is transcribed, which leads to a higher level of serotonin release 
which stimulates the PTTH secretory cells to retain PTTH, resulting in less 
ecdysone release from the PTG (Takeda and Suzuki, 2022). This model is in-
teresting because it connects the activity of the circadian clock to ecdysone 
release and thus constitute a clear candidate pathway for how photoperiodi-
cally induced polyphenisms can be regulated. 

While it has been firmly established that the release of ecdysone can occur 
with different dynamics depending on photoperiod conditions (Hayes et al., 
2019; Nijhout, 2009), it is less known how tissues can respond differently to 
the same ecdysone pulse. On this matter, research in the bloodsucking bug 
Rhodnius prolixus has provided important information. In this species it has 
been shown that ecdysone titers fluctuates diurnally, with troughs during the 
photophase and peaks in the scothophase (Steel and Vafopoulou, 2006). Inter-
estingly, EcR nuclear abundance was found to cycle in circadian patterns and 
in synchrony with the daily change in ecdysone titer in a tissue-specific man-
ner (Vafopoulou and Steel, 2006). These results suggest a potential mecha-
nism where tissue-specific ecdysone responses might occur through program-
ming of EcR localization by photoperiod-controlled daily fluctuation in ecdy-
sone titers (Steel and Vafopoulou, 2006).  

The molecular mechanisms of wing polyphenism 
In this section, I will discuss the available literature on how wing polyphen-

ism is regulated at the molecular genetic level. Most studies have addressed 
this subject in species within the order Hemiptera, which includes water strid-
ers, but wing polyphenisms reminiscent of those commonly found in hemip-
terans have been characterized in other insect orders. For example, female-
limited seasonal wing polyphenism in the tussock moth (Lepidoptera) has 
been shown to occur through a degenerative effect on growing wing tissue by 
ecdysone signaling (Lobbia et al., 2003; Yoshida and Kato, 2019). Comparing 
wing polyphenism in diverse insect orders will undoubtedly be useful for 
deeper insights of how this trait has recurrently evolved during insect evolu-
tion. However, I will here restrict the discussion to hemipteran wing poly-
phenisms. 

A major step toward a molecular genetic understanding of morph determi-
nation processes were made in the middle of the last decade when two groups 
independently identified the conserved insulin/insulin-like growth factors 
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signaling (IIS) pathway to regulate alternative wing morph fates in the brown 
planthopper N. lugens (Lin et al., 2016b; Xu et al., 2015). In general, activation 
of this pathway occurs by the binding of insulin-like peptides (ILPs) to insulin 
receptors (InRs), which then initiates an intracellular signaling cascade 
through a number of kinases (Teleman, 2009). Firstly, the binding of ILPs to 
InR induces an activation of phosphoinositide 3-kinase (PI3K) which phos-
phorylates a cell membrane-associated second messenger protein. This in turn 
activates the Akt kinase to phosphorylate the forkhead box protein O (FOXO) 
transcription factor. When phosphorylated, FOXO is sequestered in the cyto-
plasm, while in its unphosphorylated state it can enter the nucleus where it 
induces gene expression programs which inhibits proliferation (Teleman, 
2009).  

In line with a growth-inhibitory role of FOXO, a consistently found result 
is that FOXO knockdown in the brown planthopper leads to development of 
long-winged individuals (Lin et al., 2016b, 2016c; Xu et al., 2015; Zhang et 
al., 2021) and evidence suggest that wing progenitor tissue in FOXO RNAi 
individuals is more mitotically active compared to control treatments (Lin et 
al., 2020). Therefore, the long-winged fate is promoted by high IIS pathway 
activity and the short-winged fate is promoted by low levels of activity. 

The mechanism that regulates the level of IIS downstream signaling occurs 
through two InR homologs (Xu et al., 2015). Of these, InR1 is responsible for 
the canonical communication with the intracellular IIS signal transduction 
pathway, whereas InR2 can inhibit InR1 activity. This is thought to occur 
through heterodimerization between InR1 and InR2, where InR2 may makes 
InR1 less able to activate PI3K (Lin et al., 2016b), or reduce the affinity to 
ILPs, resulting in less IIS activity and thus activation of FOXO and a reduction 
in cellular proliferation.  

Regulation of the brown planthopper wing polyphenism thus largely occurs 
through the relative activities of InR1 and InR2, but how the activity of these 
proteins is regulated by environmentally sensitive signaling mechanisms is not 
yet fully understood. One possibility would be through a threshold response 
to ILPs released after high glucose intake, where high enough ILP concentra-
tions overcomes the inhibitory effects of InR2 on internal IIS activation (Lin 
et al., 2018). An alternative but not mutually exclusive mechanism could in-
volve transcriptional regulation of both or either of the receptors to introduce 
ratios of InR dimer complexes which enables divergent tissue/cellular re-
sponses to ILP signaling. Evidence in line with such a mechanism comes from 
the observation that a micro RNA (miRNA) regulated by JH and ecdysone can 
inhibit expression of InR1 (Ye et al., 2019). 

The discovery that the IIS pathway is important for regulation of wing pol-
yphenism in the brown planthopper inspired other researchers to test a role for 
this pathway in other hemipteran insects. E.g., Fawcett et al. showed that 
RNAi against FOXO and injection of insulin modify the reaction norm to nu-
trition in the wing polyphenic soapberry bug (Fawcett et al., 2018). Similarly, 
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RNAi against insulin receptors in the fire bug Pyrrhocoris apterus produced 
shifts in wing morph frequencies (Smýkal et al., 2020). From these observa-
tions and those from other polyphenisms in which IIS has been implicated, it 
was suggested that IIS could be a hot-spot for the evolution of polyphenisms 
in general (Smýkal et al., 2020). 
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Research aims 

The main aim of my PhD thesis has been to identify the proximate pro-
cesses that underlie wing length polyphenism using G. buenoi as a model or-
ganism and has been conducted with the intent to provide a starting point for 
comparative studies of the genetic basis to variation in wing dimorphism be-
tween water strider species. While ecological factors underlying water strider 
wing dimorphism has been investigated in detail before, my thesis provides 
the first account on the genetic and hormonal basis for wing morph induction. 
In a broader phylogenetic perspective, my studies also aimed contribute to the 
general understanding of induction mechanisms of polyphenisms in insects, 
with a particular emphasis on providing a wider substrate for inferences on 
wing polyphenism within Hemiptera, for which much knowledge already ex-
ist. Finally, the aim has also been to conceptually highlight and summarize the 
utility of molecular biological methods in ecological and evolutionary biology 
research. 

 
Paper I Previous research in G. buenoi indicated that wing morph de-

termination may occur through photoperiod variation. In this 
paper, we aimed to explore whether wing morphology is sensi-
tive to photoperiod variation in lab conditions. Further, we ex-
plored the role of nymphal density and nutrition as potential 
cues for wing morph induction. Lastly, we investigated 
whether the IIS pathway, which in other hemipterans have been 
shown to regulate wing morph fates, also play a role in G. bue-
noi wing polyphenism. 

 
Paper II Hormones play a central role in regulation of polyphenisms and 

 the two hormones ecdysone and JH have been linked to wing 
dimorphisms in various species. In this paper, we used RNAi, 
hormone manipulation and RNAseq to explore a potential role 
of ecdysone and JH in regulation of the G. buenoi wing poly-
phenism.  

 
Paper III Much of the research on the genetic mechanisms underlying 

wing polyphenism have been conducted through candidate 
gene approaches, limiting the scope for identifying novel 
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mechanisms involved in wing morph induction. Through 
morph-specific RNAseq, our aim in Paper III was to explore 
the global changes in transcriptomes between nascent wing 
morphs and to identify new candidate growth regulatory path-
way to functionally validate with RNAi. 

 
Paper IV The aim of Paper IV was to review the existing literature on 

the limitations of sequencing methods to identify the genetic 
basis of ecologically and evolutionary relevant phenotypic var-
iation, and to highlight the strength and benefits of using func-
tional genetic methods like RNAi and CRISPR-Cas to validate 
candidate genes and genetic variation.  
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Methods 

Study organism 
G. buenoi is native to North America, occurring in the continental USA, 

Canada and Alaska. It is considered a generalist species with regard to aquatic 
habitats, but is mostly found in temporary ponds (Spence, 1989). As noted in 
other sections in this thesis, G. buenoi is wing polyphenic and are found with 
three distinct wing lengths, or morphologies (Armisén et al., 2018). The mi-
cropterous and macropterous, i.e. short-winged and long-winged, morphs are 
the most common, whereas a morph with intermediate wing length (mesopter-
ous) can also occur. Functionally, the distinction of the mesopterous morph 
from the micropterous is superfluous, as neither can use their wings to fly. 
However, from a developmental stand point it can be argued that the mes-
opterous morph represent a distinct ontogeny, where the mechanisms for wing 
growth have been activated but not sufficiently to produce a full-length wing. 
Like most polyphenisms, the morphs of G. buenoi does not only differ in wing 
length, but also in thorax morphology, where the most pronounced differences 
are found in the pronotum. In macropterous individuals, the pronotum is dis-
tinctly bulkier in the wing hinge area. 

Most research on G. buenoi has been performed in Canadian populations 
(Spence, 1989), and it is also from there that the founding individuals of the 
lab population used throughout my work was originally collected (described 
in Paper I). Where studied, it has been found that Canadian G. buenoi popu-
lations are partially bivoltine (Spence, 1989). Here, overwintering adults 
emerge during spring to give rise to a new generation, in which some individ-
uals directly reproduce whereas others enter diapause when reaching adult-
hood. The decision to reproduce or go into diapause is associated with the age 
at the summer solstice, where the younger an individual is at the solstice, the 
more likely it is for it to diapause. Therefore, the overwintering diapausing 
population is a mix of individuals from the first and second summer genera-
tion (Spence, 1989). Wing morphology is partly associated with the voltinism 
pattern, where the diapausing population almost exclusively is macropterous, 
while the directly reproducing individuals is predominantly micropterous but 
can also be macropterous (Spence, 1989). 

Wings are formed gradually in G. buenoi, where wing progenitor structures 
called wing buds starts to develop during instar two but are firstly visually 
apparent in instar three. For each successive moult, the wing buds increase in 
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size and undergo distinct changes in shape. Importantly, no morphological 
differences between wing buds of nascent micropterous and macropterous in-
dividuals are visible to the eye during the nymphal stages. 

G. buenoi has proven to be amenable to rearing in lab conditions, where 
continuous direct reproduction can be induced by continous long photoperi-
ods, without the need for a period of diapause. At 20-25°C nymphs are hatched 
from eggs after seven to eight days, and nymphal development is normally 
completed after three weeks. Depending on photoperiod conditions, time until 
reproduction for adults vary. Short photoperiods induce macropterous indi-
viduals which will not breed unless exposed to a long photoperiod. This pro-
cess takes approximately two weeks. Individuals emerging as adults in a long 
photoperiod become predominantly micropterous and starts breeding after a 
week.  

As food, any small to medium-sized arthropod works for water striders, but 
in my work, I have used commercially bred crickets. For two reasons this has 
been the most practically and experimentally sound alternative. The amount 
of food required for large experiments and keeping of a stock population is 
high, rearing arthropods to match this need would require too much space and 
too much time. Also, the crickets can be ordered in specific sizes/ages, giving 
the opportunity to standardize the amount of food given in experiments.  

Experiments in controlled environments 
Being able to expose individuals to controlled and standardized environ-

ments has been an absolute requirement for the work in this thesis. Here, I 
have to a very large degree relied on growth rooms designed for plant ecology 
studies with a thermostat and broad-spectrum light armatures which are pro-
grammable in both light intensity and periods. The rooms have been designed 
for the purpose of performing experiments, and conditions within the rooms 
are thus minimally variable. Although these rooms have been most useful for 
my studies, it is worthwhile to mention that they do not have the capacity to 
replicate the gradual increase and decrease of light conditions occurring dur-
ing dawn and dusk in natural settings.  

Water striders require water as habitat and for this purpose regular tap water 
is sufficient. To contain this water, I have used opaque plastic containers with 
transparent plastic lids of the same model within experiments or between ex-
perimental replicates with the intent to remove potential effects of different 
rearing environments. 

One of the most challenging factors with regard to performing controlled 
experiments on water striders is keeping the water surface clean. Since the 
light sources in the growth rooms are designed for plants, the growth of green 
algae, which sometimes can affect the water surface tension, has been a prev-
alent problem. The best remedy for not letting this affect the outcome of 
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standardized experiments have been to regularly change the water in the boxes 
and to use air stones in the water, which keeps the algae from aggregating on 
the surface. Whereas algae can have a deteriorating effect on water strider 
survival when let out of control, I have not observed any effects of the pres-
ence of algae and patterns of wing morph induction. 

RNA interference and microinjections 
RNAi, or sequence-specific knockdown of gene expression through short 

non-coding RNAs, has since its discovery (Fire et al., 1998) become an essen-
tial tool for functional genetic research. Although most powerful when utilized 
in species like D. melanogaster where tissue-specific expression of the RNAi 
substrate is possible, it has also played essential roles in functionally charac-
terizing genes in non-traditional model organisms (reviewed in Paper IV). 
Here, RNAi together with a well assembled and annotated genome sequence 
allows for, in theory, functional assessment of any gene in a species genome. 
However, in reality, it is not always straight-forward to conduct a gene knock-
down experiment. First of all, if a gene is essential for the survival of the or-
ganism and tissue-specific knockdown techniques are not available, the sys-
temic effect of RNAi will likely lead to death and thus often an inability to 
study the phenotype of interest. Our efforts to explore the role of the hormone 
receptors EcR and Met or the transcriptional co-activator Yki is an excellent 
example of that. To a certain degree, one can modulate the dosage of dsRNA 
(the most commonly used RNAi substrate) to decrease the knockdown effects 
and thus potentially get surviving individuals. Although with this approach 
there is a chance that the threshold dose for a potential RNAi response in a 
particular phenotype of interest may be above the threshold for mortality (e.g. 
EcR RNAi in Paper II), in which case a true role for the gene of interest would 
remain hidden.  

Another limitation with systemic RNAi, which is the general approach for 
the studies of genetic mechanisms underlying wing polyphenisms cited in this 
thesis, is that if an effect on the phenotype of interest is found after knockdown 
of a candidate gene, one can never be sure that the effect comes from a gene 
knockdown in the tissue of focus. Instead, the effect could come from knock-
down of the gene in another tissue that is involved in the regulation of other 
tissues. This is of particular importance for the interpretation of knockdown 
experiments targeting genes which are known to be involved in hormone reg-
ulations, such as hormone receptors. To a certain degree, this obstacle can be 
tackled with proper controls and additional complementary molecular studies, 
e.g. qPCR.  

The standard procedure for performing an RNAi knockdown experiment in 
non-model insects involves the generation of a template for dsRNA synthesis 
through PCR and then utilizing microinjections to introduce the dsRNA to the 



 

 28 

circulatory system. For studying wing polyphenism with RNAi, having mi-
croinjection protocols that minimize traumatic effects on injected individuals 
is important, since injection itself has proven to have an effect on wing morph 
frequencies (Lin et al., 2016c; Smýkal et al., 2020). In my experience, trauma 
during microinjection in G. buenoi can occur but is usually visible in the wings 
of adult individuals as scarred tissue, and not in a change in wing morph fre-
quencies.  

To draw reliable conclusions from an RNAi experiment, proper controls 
are important. In this respect, the lack of validation of the knockdown experi-
ments presented in both Paper II and Paper III pose some limitations on the 
conclusions and this issue needs to be addressed in the future. The controls 
that are commonly used in RNAi experiments is to use qPCR to validate that 
knockdown of the targeted gene is sufficiently achieved, and to use a different 
dsRNA targeting another part of the gene of interest. The latter one controls 
for the potentiality of a dsRNA to induce phenotypic changes due to off-target 
effect, i.e., unintentional knockdown of another gene. Here, the use of a sepa-
rate dsRNA reduces the chances that an observed phenotype after targeting a 
specific gene originates from off-target effects, as any two dsRNA:s are not 
likely to have the same potential off-target effects. When dealing with genes 
within a gene family with high sequence conservation, the dual dsRNA con-
trol can be difficult to employ as one might be constrained in which part of a 
transcript to target with RNAi. This aspect also highlights another limitation 
with RNAi which we observed in Paper I, where high sequence similarity 
between genes can lead to unintentional co-knockdowns, which make it diffi-
cult to deduce which gene has a potential effect on a phenotype of interest.  

The use of RNAi to investigate the effects of gene expression differences 
identified in e.g. RNAseq experiments is perhaps when the methods comes to 
its most powerful use. Here, RNAi has the potential to recapitulate ecologi-
cally relevant variation underlying the generation of alternative phenotypic 
outcomes, and has in such a case high inferential capacity on the role of a 
particular gene in a phenotype of interest.  

Hormone manipulations 
Manipulation of hormones titers as well as using hormone analogs and an-

tagonists is a common practice in studies of polyphenic insects and have in 
many cases been informative on how polyphenisms are regulated.  (Fawcett 
et al., 2018; Hardie, 1980; Iwanaga and Tojo, 1986; Rountree and Nijhout, 
1995; Vellichirammal et al., 2017; Zera, 2004). However, it has been argued 
that relying on hormone manipulation experiments as the only evidence for 
endocrine regulation of morph induction severely limits any conclusions, be-
cause injection of one hormone can lead to changes in endogenous titers of 
many other hormones, which in turn could be affect the phenotype (Zera, 
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2009). This is a valid argument and its implication should be weighed care-
fully when interpreting hormone manipulation experiments. Nevertheless, we 
performed methoprene (a juvenile hormone analog) topical applications and 
20-hydroxyecdysone (20E, the active form of ecdysone) injections on G. bue-
noi nymphs without prior information about endogenous concentrations of 
these hormones. 

We carried out two separate experiments for each of the two hormone treat-
ments (see Paper II for details). In the first experiment, we injected or applied 
the compounds in instar three, four and five individuals which were staged, 
meaning that all individuals were of roughly the same age. In the second ex-
periment, we carried out the treatments on groups of individuals of varying 
ages within each instar. The reasoning behind the former experiment was to 
have control of how much compound per mass unit was applied, and to see 
which concentrations had a physiological effect. The reasoning behind the lat-
ter experiment came from the evidence in other species that individuals are 
sensitive to hormones only in narrow intervals of development, and by allow-
ing for variation in age among the treated individuals, those that were in this 
sensitive stage would potentially show a switch in wing morphology. 

To summarize, hormone manipulation has proven useful in studying the 
endocrine regulation of polyphenisms, but needs to be accompanied with com-
plementary methods for conclusions regarding a role for a hormone in regula-
tion of the inductive process. Here, hormone titer measurements are most use-
ful as a complementary analysis (Zera, 2009) 

RNA sequencing 
Protein coding genes are expressed at two levels, RNA and protein. 

Whereas the expression levels of proteins in most cases are more relevant to 
gene function than the expression level of mRNAs, the most feasible way to 
asses gene expression in the generation of phenotypes is to utilize RNA se-
quencing (RNAseq). The information gathered with this method generates a 
snapshot of the repertoire of RNAs expressed within cells at a given timepoint, 
and one can thus make inferences about the cellular processes occurring at that 
time. 

RNAseq has been used in several studies to explore the gene expression 
differences that generate alternative wing morphs in polyphenic insects 
(Vellichirammal et al., 2016; Zhang et al., 2022, 2021) and has indeed been 
informative, despite the general challenge to confidently enough predict which 
morph an individual will develop to.  

An important aspect of using RNAseq to study polyphenic development is 
to gather data with temporal/developmental resolution, where the aim should 
arguably be to capture the transcriptomes before, during and after the switch 
mechanism takes place (Nijhout, 2009). This is not an easy task, but can be 
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greatly informed by experiments with either inductive hormonal or inductive 
environmental factors. 

As described in the introductory section, regulation of polyphenisms occur 
through the integration of environmental cues into physiological processes 
that lead to hormone secretion which in turn affects peripheral tissues. There-
fore, in order to elucidate a complete picture of the underlying mechanisms of 
morph determination, it is necessary to investigate regulatory events occurring 
in several different tissues and organs within an insect during the sensitive 
developmental stages. In this regard, RNAseq is in principal a suitable method 
to use where it in an optimal case should be done with high-tissue resolution. 
However, for most tissues, such kind of experiments are practically difficult 
to accomplish because many of the model species for wing polyphenism are 
small which complicates tissue dissection procedures. Here, development of 
single-cell or low-input protocols would likely be of good use. 

Sequencing of RNA isolated from growing wing tissue has now been per-
formed in at least three studies, see Paper III and (Zhang et al., 2022, 2021). 
In our work, we exposed G. buenoi individuals to photoperiod conditions in-
ductive to the alternative wing morphs (Paper I) and then sampled groups at 
four different developmental stages (Paper III), two during instar four and 
two during instar five. Here, the intent was to at least capture the gene expres-
sion occurring before and after but preferably also during the action of the 
switch mechanism. Analysis of the RNAseq data was made through compar-
isons between photoperiods within developmental stages. In Paper II, we 
sampled individuals at only one developmental time point, which was the 
same as the last time point in instar five for the experiment in Paper III.  

When designing these experiments, we faced a challenge in how to most 
effectively stage individuals to reduce developmental variation generated by 
different growth rates between photoperiods. To overcome this challenge, we 
sampled individuals based on relative age within each instar, expressed as a 
percentage of development based the average duration of each instar within 
each photoperiod. Additionally, we wanted to reduce potential variation that 
could originate from different circadian rhythms induced by the different pho-
toperiods. Therefore, we only sampled individuals within a time window 
which was midday in each photoperiod plus minus two hours. 
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Summary of the papers 

Paper I - Photoperiod controls wing polyphenism in a water 
strider independently of insulin receptor signalling 

Water striders display a significant amount of variation in wing dimor-
phism and have been intensively studied as a model system for dispersal var-
iation in an ecological and evolutionary perspective (Andersen, 1993; Fair-
bairn, 1988, 1985; Fairbairn and King, 2009; Preziosi et al., 1996; Spence, 
1989; Vepsäläinen, 1978). Several studies have identified environmental cues 
that affect wing morph determination in wing polyphenic species. For exam-
ple, temperature influences wing morph frequency of Aquarius remigis 
(Fairbairn and King, 2009), whereas photoperiod and density regulate wing 
morph induction in Gerris odontogaster (Vepsäläinen, 1971) and Tenagoger-
ris euphrosyne (Han, 2020), respectively. In this paper one aim was to identify 
the factors that determine wing morph in G. buenoi.  

Previous research had shown that G. buenoi wing morph expression is 
highly seasonal where populations undergo a shift in production of wing 
morphs at the summer solstice (Spence, 1989). Here, individuals completing 
nymphal development before the summer solstice are exclusively short-
winged whereas adults emerging after show a gradually increased tendency to 
emerge as long-winged individuals, depending on how many days they spent 
as nymphs after the summer solstice. These data strongly suggest that photo-
period or gradual change in photoperiod control wing morph determination in 
G. buenoi, and is to a large degree similar to the data on a natural population 
of the closely related species G. odontogaster (Vepsäläinen, 1971).  

By exposing lab populations of G. buenoi to varying photoperiod condi-
tions we corroborated the idea that photoperiod controls wing morph determi-
nation in this species (Paper I, Figure 1). Specifically, in a long-day (18L:6D) 
condition, we found a very strong bias for individuals to develop to the short-
winged (or micropterous) morph. In short-day conditions (12L:12D or 
14L:10D) individuals developed exclusively to the long-winged (macropter-
ous) morph. In the intermediate photoperiods of 15L:9D and 16L:8D we found 
intermediate wing morph frequencies and also expression of the intermediate 
wing morph (mesopterous). Further experiments showed that nymphal crowd-
ing have a moderately macropterizing effect on individuals reared in 18L:6D, 
whereas wing morph determination was robust to variation in nutritional con-
ditions (Paper I, Figure 2). Taken together, these results led to the conclusion 
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that wing morph determination in G. buenoi is mainly regulated by photoper-
iod with the exception that crowded conditions can induce macropterous de-
velopment in long-day conditions. 

To explore how the sensitivity to photoperiod changes over development, 
we carried out an experiment where we shifted photoperiod from either long-
day to short-day conditions, or short-day to long-day conditions, at defined 
developmental time points (Paper I, Figure 1). Here we found that individu-
als are sensitive to the short- to long-day shift as late as the second day of the 
ultimate instar. At this time, about 30% of development in instar five is com-
pleted. In contrast, individuals experiencing the long- to short-day shift began 
losing the sensitivity to photoperiod change in instar three and lost it com-
pletely in instar four. The main conclusion from this experiment was that a 
long-day photoperiod is highly inductive of the short-winged morph and that 
this inductive effect can be initiated relatively late in development. 

G. buenoi was the first water strider species for which the genome were 
sequenced and assembled (Armisén et al., 2018) making it a good model for 
functional genetic studies. Interestingly, comparative genomic analysis re-
vealed that the G. buenoi genome contains a lineage-specific retro copy of the 
gene encoding insulin receptor 1 (InR1) in addition to having the conserved 
InR1 and InR2 (Armisén et al., 2018). This expansion of the insulin receptor 
repertoire, together with the numerous publications showing a role of insulin 
receptors in wing morph determination in other hemipteran species (Fawcett 
et al., 2018; Smýkal et al., 2020; Xu et al., 2015), prompted us to investigate 
whether the IIS pathway was involved in the G. buenoi wing morph determi-
nation regulated by photoperiod. 

After considerable effort and employment of rigorous controls, we found 
no effect on wing morph frequencies after RNAi against the insulin receptors 
or the IIS pathway transcription factor FOXO, and thus concluded that the IIS 
pathway is not regulating wing morph determination in G. buenoi (Paper I, 
Figure 3). This conclusion is in line with the observation that G. buenoi wing 
morph determination is robust to nutritional conditions, and suggest that other 
growth regulatory pathways control the G. buenoi wing polyphenism.  

Paper II - Contribution of ecdysone signaling to photoperiodic 
wing polyphenism in the water strider Gerris buenoi 

Hormones play determinant roles in insect development and in regulation 
of life-history traits such as reproduction and dispersal (Zera, 2003). Studies 
of diverse insects have also shown that hormones are central in regulation of 
environmentally induced morphological variation, including wing polyphen-
isms (Hartfelder and Emlen, 2012). Two hormones in particular have been in 
the focus of endocrinological studies of wing morph determination; ecdysone 
and JH (Zera, 2009). Here, high levels of JH during the early phases of the last 
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juvenile stage are thought to have an inhibitory effect on the metamorphic 
action of ecdysone on wing and wing muscle tissue, leading to incomplete 
tissue responses and development of short wings and small wing musculature. 
When JH levels are low, however, tissues respond readily to the pulse of ec-
dysone and grow to achieve full size. This model of hormonal control has 
various degrees of support, depending on species under consideration (Zera, 
2009, 2003), but of particular importance is the fact that exogenous treatments 
with JH (or its analogs) induce development of short-winged individuals in 
several different species (Dingle and Winchell, 1997; Hardie, 1980; Iwanaga 
and Tojo, 1986; Ye et al., 2019; Zera and Tiebel, 1988). 

In Paper II, we used RNAi, hormone manipulations and RNAseq to ex-
plore the role of JH and ecdysone in G. buenoi wing polyphenism. Firstly, we 
performed RNAi against the ecdysone receptor (EcR) which resulted in high 
mortality even at low dsRNA doses, but amongst the few surviving individu-
als in 12L:12D we found a statistically significant difference in wing morph 
frequency compared to the negative control treatment (Paper II, Figure 1). 
Secondly, we targeted the putative JH receptor methoprene tolerant (Met) with 
RNAi where we hypothesized that a potential effect of JH in wing morph de-
termination would occur in 18L:6D, the photoperiod where individuals almost 
exclusively develop to the micropterous or mesopterous morphs. By knock-
down of the putative JH receptor Met, we would remove the inhibitory effect 
of JH on wing development, potentially generating macropterous individuals. 
In our results, we found no support for this hypothesis (Paper II, Figure 1).  

In addition to the RNAi experiments, we performed microinjection of 20E 
and topical application of methoprene (a JH analogue). These experiments 
were carried out in both 12L:12D and 18L:6D at different developmental 
stages and doses. While we found no effects on wing morph frequencies after 
hormone treatments (Paper II, Supplemental Figure 1), we observed ele-
vated mortality after 20E injection compared to negative controls, and devel-
opment of juvenile-adult intermediates after methoprene applications, a phe-
notype characteristic of manipulation of JH signaling. 

In an alternative approach to explore the potential role of ecdysone and JH 
in wing morph determination we sequenced RNA isolated from individuals 
reared in 12L:12D and 18L:6D with the aim to explore potential gene expres-
sion differences in hormone synthesis genes. Since EcR RNAi had a small but 
significant effect on wing morph frequencies, we focused the analysis partic-
ularly on genes in the 20E synthesis pathway. We found that none of the con-
served 20E synthesis genes annotated in the G. buenoi genome were differen-
tially expressed. However, two homologous genes associated with ecdysteroid 
metabolism in D. melanogaster were significantly differentially expressed, 
where one was upregulated in 12L:12D and the other in 18L:6D (Paper II, 
Figure 2A).  

Finally, we utilized the RNAseq data set generated in Paper III to specifi-
cally explore the expression of ecdysone related genes in nascent wing tissue 
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of individuals reared in 12L:12D and 18L:6D. Here, we found that a large 
proportion of these genes were differentially expressed in late instar five, in-
dicating that ecdysone signaling at this time point of development differs be-
tween individuals destined to become macropterous respectively micropterous 
(Paper II, Figure 2B). 

Taken together, the results in this paper highlights a potential role for ec-
dysone signaling through EcR in G. buenoi wing morph determination. How-
ever, given the small sample sizes in the EcR RNAi experiment and the un-
certainties why 20E injection did not affect wing morph frequencies and 
whether the endogenous level of 20E differ between morphs, we refrain from 
drawing any conclusion before more data is available. In particular, we iden-
tify a need to measure 20E titers in nascent wing morphs to get a better under-
standing of the potential way this hormone can regulate wing morph fates.  

Paper III - Wing polyphenism in a water strider is caused by 
photoperiod-specific expression of the Fat/Hippo pathway 

Much of what is known about the molecular genetic mechanisms of wing 
polyphenisms come from studies that have been published in the recent decade 
where RNAi have been used to knock down gene expression of candidate 
genes (Zhang et al., 2019). This work has been dominated by studies of the 
brown planthopper N. lugens and have provided insight into the molecular 
mechanisms that underlie development of alternative wing morphs (Lin et al., 
2020, 2018, 2016c, 2016a, 2016b; Xu et al., 2015; Xue et al., 2021; Ye et al., 
2019; Zhang et al., 2022, 2021; Zhuo et al., 2017). The discovery that the IIS 
pathway regulates wing morph fate (Lin et al., 2016b; Xu et al., 2015) not only 
guided further studies of how wing morphs are induced in the brown planthop-
per, but also generated informed hypothesis for studies in other hemipterans 
which found a conserved role for the IIS pathway in wing morph regulation 
(Fawcett et al., 2018; Smýkal et al., 2020). As described above, IIS is seem-
ingly not involved in regulation of wing polyphenism in G. buenoi, suggesting 
that some other growth regulatory pathway play this role instead, and that the 
role of IIS is not ubiquitous in regulation of wing polyphenisms in Hemipter-
ans.  

In Paper III, we utilized the strong effect of photoperiod on G. buenoi 
wing morph induction to investigate wing tissue transcriptomic differences 
between nascent wing morphs with the aim to identify candidate genetic path-
ways for wing morph determination. This experimental approach has not been 
feasible in many other wing polyphenic species because induction of wing 
morphs by environmental factors are often partial, and in order to investigate 
the gene expression differences between alternative developmental trajecto-
ries, one must be confident of what morph a particular sampled nymph will 
develop into (Lin et al., 2016c). In two recent studies, RNAi with complete 
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penetrance to bias wing morph trajectory has been used to sample transcrip-
tomes with high confidence (Zhang et al., 2022, 2021) and provided novel 
details of the regulatory networks of wing morph determination. However, the 
manipulation of individuals onto alternative developmental trajectories with 
RNAi may invoke artefactual gene expression and provide limited knowledge 
about the effect of environmental factors on tissue gene expression responses.  

We found that most transcriptomic differences between nascent wing 
morphs occurred during late instar five, where a considerable number (~2300) 
of genes where differentially expressed (Paper III, Figure 2). Gene ontology 
enrichment analysis indicated significant enrichment for a plethora of biolog-
ical processes, including GO terms associated with juvenile hormone signal-
ing, insulin receptor signaling, ecdysone receptor signaling and Hippo signal-
ing. Among the differentially expressed genes underlying enrichment for 
Hippo signaling we found Dachsous, Fat and Yorkie, all of which play an 
important role in wing growth, patterning and size determination in D. mela-
nogaster (Irvine and Harvey 2015; Gridnev and Misra 2022). These genes are 
core components of the Fat/Hippo pathway (regulation of Hippo signaling oc-
cur through several branches, of which Fat and Dachsous constitutes one) 
which have been highlighted before as a missing link between circulatory 
components and local tissue responses of growth and patterning (Gotoh et al., 
2015). Intriguingly, RNAi against Dachsous, Fat and Yki in nascent macrop-
terous individuals produced a small but significant shift to development of 
micropterous or mesopterous individuals (Paper III, Figure 3). Additionally, 
RNAi against these genes produced aberrations in the pronotum. 

Taken together, these results suggest that expression of genes in the 
Fat/Hippo pathway is down-regulated stage-specifically by exposure to long 
photoperiods to inhibit wing growth, leading to the stunted wings seen in mi-
cropterous individuals. Future work is needed to connect the variable expres-
sion of these genes to variation in upstream factors, for which we hold ecdy-
sone as the main candidate given that this hormone has been linked to 
Fat/Hippo signaling in D. melanogaster (Parker and Struhl, 2020; Zhang et 
al., 2015). Furthermore, rigorous controls are currently lacking and need to be 
employed to firmly establish that knockdown of these genes recapitulate gene 
expression levels found in nascent micropterous individuals. 

The idea that the Fat/Hippo but not the IIS pathway play a causal role in 
photoperiod induced wing polyphenism makes it tempting to speculate that 
the evolutionary routes of induction systems are biased with regard to the en-
vironmental cue that is used to predict the future adaptive landscape. For ex-
ample, induction in the brown planthopper occurs at least in part through var-
iation in host plant quality, where feeding on host plants with high glucose 
content predict the onset of senescence in rice plants and induces development 
of long-winged individuals which in turn facilitates migration (Lin et al., 
2018). Thus, regulation through the nutrient sensitive IIS pathway provides a 
seemingly direct connection between the inductive cue of high glucose 
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concentration and regulation of tissue growth. Since IIS is sensitive to nutri-
tive conditions in the first place, the modifications required to co-opt this path-
way to regulate the brown planthopper wing polyphenism may occur with less 
constraints compared to modifications of other growth regulatory pathways. 
With the same logic, evolution of wing polyphenism in G. buenoi may have 
faced less constrains going through the Fat/Hippo pathway, which may be 
connected to photoperiod through ecdysone (see above), compared to other 
growth regulatory pathways. Future functional and comparative investiga-
tions, within and across groups of wing polyphenic insects, will be necessary 
to provide empirical support for this idea.  

Paper IV - Functional genomic tools for emerging model 
species 

The high feasibility and low cost of sequencing methods in the post-ge-
nomic era has enabled researchers to characterize nucleotide and tran-
scriptomic variation in an ever-increasing number of species and populations 
in the pursuit of understanding the genomic basis of evolutionary and ecolog-
ically interesting phenomena. Although powerful, these methods are limited 
in their scope of inference, where methods for functional validation are needed 
to make causal connections between variation at the genetic, genomic or tran-
scriptomic level, to phenotypic variation. In Paper IV we review how func-
tional genetic methods like RNAi and CRISPR/Cas can and have been em-
ployed to functionally characterize phenotypes of evolutionary and ecological 
relevance. We highlight both the technical advantages and disadvantages of 
these methods, and give examples of when they have successfully been em-
ployed to validate the role of candidate genes in generation of phenotypic var-
iation. 

In a more conceptual perspective of the review, we argue that research 
within the field of ecology and evolution should strive to, when possible, func-
tionally test candidate genes in an ecologically relevant manner. This argu-
mentation stems from the proliferation of studies which have used knockout 
studies to characterize genes with putative relevance for population level phe-
notypic variation. While genetic knockouts can be informative to the under-
standing of which genes are important for a phenotype of interest, they rarely 
recapitulate the genetic variation that may be of interest to understand the ge-
netic basis to population or species level phenotypic variation. We therefore 
emphasize the need to develop techniques for gene editing through the homol-
ogy directed repair pathway, which have the potential to replace one natural 
genetic variant for another, and thus recapitulate ecologically and evolution-
ary relevant variation. This kind of approach gives inferences of the genetic 
basis to phenotypic variation much more power and will therefore be 
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important for a better understanding of how evolutionary and ecological pro-
cesses modulate phenotypic variation.  



 

 38 

Conclusions and future prospects 

G. buenoi as a model for photoperiodically induced variation 
In a book chapter about photoperiodic effects on insect morphology 

(Nijhout, 2009), Frederik Nijhout pointed out important future directions in 
the pursuit to understand the mechanisms that act downstream of hormones to 
induce alternative developmental pathways. Of these, I believe that at least 
two are of high relevance to the findings in this thesis. Firstly, he identified a 
need for: 

“…a good model organism for photoperiodically cued morphological change. 
Like other model systems it should be easy to rear in large numbers and have 
a short generation time. Obviously, it should have simple but unambiguous 
forms, and preferably be associated with diapause to give it the broadest pos-
sible appeal for research.” (Nijhout, 2009).  

 
Arguably, the robust role of photoperiod on morph induction that we found 

in Paper I make G. buenoi to fit well into this description, and it may be of 
particular convenience that it is the wings that display the most striking poly-
phenic response, as wing development in insects is one of the most well-un-
derstood developmental processes in biology through research on D. melano-
gaster wing discs (Tripathi and Irvine, 2022). As a testament to the usefulness 
of G. buenoi as a model for photoperiodically induced morphological varia-
tion, we managed in Paper III to accommodate another pressing need that 
Nijhout called out for, namely, to obtain  tissue-specific gene expression data 
over multiple developmental time points before and after hormonal induction 
(Nijhout, 2009). Whereas our results in Paper II does not allow for reliable 
conclusions with regard to the endocrine basis of wing polyphenism in G. bue-
noi, it is reasonable to believe that hormones play an important and decisive 
role in this species as has been documented in numerous others (see above). 
Taken together, one of the conclusions of this thesis is that G. buenoi is a 
suitable model to study photoperiodically induced morphological variation. 

The genetic mechanism of wing morph determination in G. buenoi and 
its implication for comparative studies 

The work presented in Paper I, II and III have provided important steps 
towards understanding the mechanism that underlie wing morph determina-
tion in G. buenoi and perhaps also other water striders. The two most 
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important conclusions are that the IIS pathway is not ubiquitous in regulating 
wing polyphenism in hemipteran insects, and that expression of the Fat/Hippo 
pathway is induced by photoperiod in G. buenoi and is likely causally in-
volved in wing morph determination.  

To obtain further insights into the process of wing morph determination in 
G. buenoi there is a need to establish a link between hormonal signals and the 
expression of Fat/Hippo pathway genes, presuming that this pathway indeed 
plays a downstream regulatory role in nascent wing tissue. Here, I suggest that 
ecdysone is a likely candidate hormone, an idea which is supported by the 
observation that a large number of ecdysone related genes were differentially 
expressed between nascent wing morphs in developing wing tissue and that 
EcR RNAi had a small but significant effect on wing morph frequencies. Im-
portant first steps towards exploring this hypothesis would be to measure titers 
of ecdysone during development in 12L:12D and 18L:6D and to measure ex-
pression levels of e.g. Dachsous, Fat and Yorkie with qPCR in a time series 
of high developmental resolution. The ecdysone titer and qPCR expression 
data can then be correlated to infer whether potential variation in ecdysone co-
occur with the gene expression changes in the Fat/Hippo components. 

Additionally, it would also be interesting to explore molecular and cellular 
processes acting downstream of Dachsous, Fat and Yorkie signaling. Here, 
further analysis of the RNAseq data presented in Paper III would be a good 
starting point. As it has been found that the wing length variation in the brown 
planthopper is dependent on numerous cell cycle regulators (Lin et al., 2020), 
it would be interesting to investigate whether such a signature can be seen in 
the transcriptomic data for G. buenoi. If so, it would suggest that regulation of 
the cell cycle is an important and conserved feature of wing polyphenisms, but 
that it can be achieved through different regulatory pathways.  

While I find it likely that the generation of macropterous wings involves 
positive regulation of cell cycle components to sustain growth of tissue size, I 
suggest that generation of micropterous wings solely through lack of cell cycle 
progression is more of an open question. The reason being that programmed 
cell death (PCD) might be an important factor for remodeling tissues, and has 
been shown to act in the tussock moth female wing polyphenism (Yoshida and 
Kato, 2019). In line with such a scenario, the low expression of Yorkie in 
nascent micropterous individuals might de-repress genes in involved in PCD 
(Verghese et al., 2012). In line with a role for PCD in micropterous wing de-
velopment, I have observed that nascent micropterous wing development in-
cludes ontogenetic stages where the full volume of the instar five wing bud is 
completely filled with tissue, whereas the final size of adult micropterous wing 
is markedly shorter than the wing bud itself, suggesting that wing tissue at 
some point undergoes a decrease in size (unpublished observations). A closer 
documentation on the progression of growth and change in shape and size of 
wing tissue using microscopy methods would provide information on how 
wing size differentiation occurs at a tissue level.   
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The proximate aim of the work presented in this thesis has been to under-
stand how alternative wing morphs are generated in the wing polyphenic water 
strider G. buenoi. But, seen from a broader perspective, the work has been 
conducted with the ultimate aim to identify the genetic variation that underlie 
variation in environmental and genetic modes of wing morph determination 
in water striders. While my work falls short of explicitly addressing this ulti-
mate aim, I am confident that it will be helpful for future studies directed to-
wards this subject. For example, evaluations of gene expression differences 
between wing morphs of other species could specifically target Fat/Hippo 
genes through qPCR instead of using RNAseq. Also, RNAi against Fat/Hippo 
components in dimorphic and monomorphic species can yield insights on 
whether the mechanism of wing size reduction is conserved, even in species 
which have lost environmental sensitivity. Finally, through knowledge about 
the functional properties of genes, i.e. whether they are casually involved in 
e.g. wing development or wing polyphenism, information of population level 
genetic variation becomes much more informative and give deeper insight into 
how genetic variation causes phenotypic diversity.  
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Svensk sammanfattning 

Att en individs egenskaper bestäms av arv och miljö är sedan länge ett väl-
känt faktum. Till exempel, en individ som utsätts för fysiska påfrestningar kan 
bli både starkare och mer uthållig efteråt. Inom biologin kallas fenomen som 
gör det möjligt för miljövariabler att påverka en individs egenskaper för fen-
otypisk plasticitet. Fenotyp är ett ord som beskriver en egenskap eller karaktär 
hos en eller flera individer och ordet plasticitet syftar till att egenskapen är 
böjbar eller föränderlig, och är därmed inte förutbestämd av en individs arv, 
eller mer specifikt, arvsmassa. 

I mitt avhandlingsarbete har jag studerat fenotypisk plasticitet i vingut-
veckling hos skräddare med syftet att förstå hur miljöfaktorer interagerar med 
genetiska faktorer för att generera fenotyper som kan vara av relevans för en 
individs överlevnad och förmåga till reproduktion. Vingar hos skräddare kan 
vara av olika längd, vilket gör att man i naturen kan hitta individer som är 
långvingade, kortvingade eller inte har några vingar alls. I många fall så av-
görs vinglängden av de miljöfaktorer som en individ utsätts för under dess 
utveckling och är således ett exempel på fenotypisk plasticitet. 

I mina studier har jag visat att fotoperiod, d.v.s. antalet timmar med mörker 
respektive ljus, en individ utsätts för är helt avgörande för beslutet att skaffa 
långa eller korta vingar i skräddararten Gerris buenoi. Då en individ växer upp 
i en kort fotoperiod (få timmar med ljus) blir den med mycket stor sannolikhet 
långvingad. Om en individ istället utsätts för en lång fotoperiod så utvecklar 
den med lika hög sannolikhet korta vingar.  

Varför sker då detta och varför blir de just kortvingade vid långa fotoperi-
oder? Mycket forskning har ägnats åt att svara på just den frågan, och det har 
att göra med att det är dyrt ur ett energiperspektiv att både utveckla en funge-
rande vingapparat, d.v.s. vingar och vingmuskulatur, och att använda den till 
att flyga med. I förhållanden där flygförmåga inte behövs så är det därmed 
bättre ur ett evolutionärt perspektiv att lägga energin på reproduktion istället. 
Den här förklaringen till inom- och mellanartsvariation i flygförmåga har ge-
nom åren fått mycket stöd. Att individer blir kortvingade vid långa fotoperiod 
tros ha att göra med att långa fotoperioder indikerar att de goda förhållanden 
som råder under sommaren, då dagarna är långa, kommer vara kvar tillräckligt 
länge för att det ska vara värt att satsa sin energi på reproduktion, som kan ske 
innan de mer besvärligare förhållanden anländer på senare på hösten, då ving-
arna behövs.  
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För många insektsarter som uppvisar liknande förmåga som skräddare att 
utveckla långa eller korta vingar beroende på miljöbetingelser, har det varit 
känt sedan länge att hormoner är viktiga komponenter för beslutsprocessen. I 
en del av mitt arbete har jag genom laboratorieexperiment karaktäriserat två 
viktiga insektshormoners roll i hur Gerris buenoi reglerar sin vinglängd. Här 
fann jag data som tyder på att ecdyson, som är viktigt hormon för 
skinnömsning hos insekter, kan ha en viktig roll i beslutsprocessen, men för 
att kunna dra den slutsatsen entydigt behövs det mer data. 

I ett annat experiment som syftade till att förstå vilka gener som är invol-
verade i den process som gör skräddarnas vingutveckling känslig för variat-
ioner i fotoperiod så sekvenserade jag RNA från individer i olika utvecklings-
stadier. RNA är den biologiska molekyl som bland annat förmedlar informat-
ionen som finns sparad i arvsmassans gener till cellernas proteinsyntesmaski-
neri. Genom att sekvensera RNA kan man därför få reda på vad som händer i 
en cell vid ett specifikt tillfälle och se vilka gener som uttrycks under specifika 
förhållanden. Medan det är proteinerna som utför de flesta funktionerna i en 
cell eller i en vävnad så sker en stor del av regleringen av genernas uttryck på 
RNA-nivå. 

I resultaten från RNA-sekvenseringen hittade jag en stark association mel-
lan uttrycket av en grupp av gener som verkar i en specifik molekylär signa-
leringsväg och utvecklandet av långa vingar. När jag sedan manipulerade ut-
trycket av dem här specifika generna i individer som hölls i en kort fotoperiod, 
och var alltså på väg att utveckla långa vingar, så ändrades mönstret hos vissa 
individer som istället utvecklade korta vingar. Det här resultatet tyder på att 
de gener som jag upptäckte vara associerade med utveckling av långa vingar 
verkligen är viktiga för beslutsprocessen som sker via fotoperiod.  

En av de större slutsatserna i avhandlingen kommer från det här experi-
mentet, och är extra viktig därför att i många andra insektsarter så har det visat 
sig att en annan signaleringsväg är viktig för vingutvecklingsbeslutet. Mina 
resultat tyder alltså på att plasticitet i vingutveckling kan ske på flera alterna-
tiva sätt i insekter, vilket har betydelse för vår förståelse hur olika fenotyper 
kan påverkas av miljöfaktorer. 

Vetskapen om vilka gener som styr förmågan att vara plastisk i vingut-
vecklingen gör det lättare att i ett bredare perspektiv studera evolutionen av 
den här egenskapen. Därför kan mina resultat i förlängningen komma att vara 
viktiga för att jämföra plasticitet i vingutveckling hos många andra skräddarar-
ter och också för att studera hur olika populationer av samma art kan skilja sig 
i förmåga att vara plastisk eller inte.  

 



 

 43 

Acknowledgements 

Arild: I am most grateful that you entrusted in me to venture into the, for us 
both, unknown territory of water strider functional genetics. I believe that I 
can safely conclude that over these four and a half years we have explored 
much and covered a lot of ground, given that we started with an empty room 
with not a single water strider in sight. It will be interesting to see what comes 
out of all the projects in the future. Thank you also for all the interesting dis-
cussions over the years, it has been most rewarding and I’ve learned more than 
I could imagined about evolution and population genetics.  
 
Abdou: Thank you for sharing your enthusiasm about water striders, and for 
all the advice and collaboration. Without you, Arild and I would truly be out 
in the dark in many aspects!  
 
Mattias: I have enjoyed your company in the strider lab a lot over the years. 
Without your hard work and seemingly endless stamina in caring for water 
striders, the studies I have conducted during my PhD would not have been 
what they are. Thank you for all the illuminating discussions on matters high 
and low.  
 
David: Your bioinformatic skills have been like a gift from above during the 
last year and truly saved the RNAseq data from my embarrassingly blunt cod-
ing capabilities. It has been great collaborating with you and I wish you all the 
best in your future career and life.  
 
Aleix: It has been a joy being part of introducing you to the world of water 
strider wing dimorphisms. I’m sure that you with your sharp mind, high am-
bition and impeccable working morale will reach far. I hope that my work 
presented in this thesis can be of help to your experiments in the future. Best 
of luck with all the interesting projects!  
 
McKenna: It has been a joy getting to know you and I’m sure that you will 
become a great PI someday, and thank you for bringing all your fascinating 
animal physiology facts to the lab!  
 



 

 44 

Shrinath, Elise, Marion, Freya, Lauri, Hanna, Elin, Kevin, Sofia: Much 
of the work presented in this thesis I owe to you. Whatever you do now and 
in the future, you should know that I am grateful for your contribution and 
hard work! 
 
Gabriel: Thank you for all the stories from far and wide, and for always being 
enthusiastic about my strider work! 
 
Jesper: Even though your humor may not always be as brilliant as your input 
on the matters of evolutionary biology and population genetics, you always 
bring a little positive spiciness and action when you enter a room, even on the 
dullest of days. Never stop stirring the social pot, Jesper, and thank you for 
your curiousness and enthusiasm, it has really helped me appreciate my own 
work!  
 
Karin, Madee, Philipp: Thank you for your support and friendship, and for 
sharing some memorable adventures with me over the years. I will always 
remember our stays in Cesky Krumlov and Portugal with a lot of joy and the 
taste of beer.  
 
Lars, Linnea, David, Milena, Shadi, Merce, Venkat, Thadd, Dasha, 
Martyna: It has been great working along-side you all, I wish you all the best 
in your current and future work! 
 
Niclas, Anna, Elina, Vaishali, Veera: Thank you all for being great PIs and 
colleagues!  
 
Yvonne, Christoffer, Gunilla, Johanna: Lab work at IEG would not be pos-
sible without you, and since I enjoy lab work, thank you! 
 
Annette, Frida, Doug: Thank you for your kind help over the years! 
 
Johan, Stefan, Börje, Fredrik m. fl: IEG along with the whole of EBC would 
fall apart if it was not for you. Thank you for all the help with instruments and 
other equipment essential for research. 
 
Dan, David, Ante, Axel A, Axel Å: Det är svårt att undgå att stalla in hästarna 
när man doktorerar, det sker gärna för ofta, för länge. Därför vill jag tacka er, 
som hjälper till att släppa ut dem ibland. 
 
Adrian, Louise, Joel, Elli, Anna, Olle, Adam, Alex: Tack för våra studieår, 
jag kommer alltid att minnas alla våra galenskaper, jag är glad att jag delade 
dem med er. 
 



 

 45 

Kerstin, Håkan, Johanna: Ni är en stor inspiration och jag tror inte att jag 
hade kommit ens hälften så långt utan ert stöd. Tack, ni är bäst! 
 
Lina: Tack för ditt outtröttliga stöd, Lina. Du är den största anledningen till 
att jag klarade av att slutföra det här. Ingen är värd ett större tack än du!  
 



 

 46 

References 

Abouheif, E., Wray, G.A., 2002. Evolution of the gene network underlying 
wing polyphenism in ants. Science 297, 249–52. 
https://doi.org/10.1126/science.1071468 

Andersen, N.M., 1993. The Evolution of Wing Polymorphism in Water 
Striders (Gerridae): A Phylogenetic Approach. Oikos 67, 433–443. 
https://doi.org/10.2307/3545355 

Andersen, N.M., 1982. The Semiaquatic Bugs (Hemiptera, Gerromorpha) - 
Phylogeny, Adaptations, Biogeography and Classification, Ento-
monograph. Scandinavian Science Press LTD., Klampenborg, Den-
mark. 

Anstey, M.L., Rogers, S.M., Ott, S.R., Burrows, M., Simpson, S.J., 2009. 
Serotonin mediates behavioral gregarization underlying swarm for-
mation in desert locusts. Science 323, 627–630. 
https://doi.org/10.1126/science.1165939 

Antonova, Y., Arik, A.J., Moore, W., Riehle, M.A., Brown, M.R., 2012. In-
sulin-Like Peptides, in: Insect Endocrinology. Elsevier, pp. 63–92. 
https://doi.org/10.1016/B978-0-12-384749-2.10002-0 

Armisén, D., Rajakumar, R., Friedrich, M., Benoit, J.B., Robertson, H.M., 
Panfilio, K.A., Ahn, S.-J., Poelchau, M.F., Chao, H., Dinh, H., 
Doddapaneni, H.V., Dugan, S., Gibbs, R.A., Hughes, D.S.T., Han, 
Y., Lee, S.L., Murali, S.C., Muzny, D.M., Qu, J., Worley, K.C., 
Munoz-Torres, M., Abouheif, E., Bonneton, F., Chen, T., Chiang, 
L.-M., Childers, C.P., Cridge, A.G., Crumière, A.J.J., Decaras, A., 
Didion, E.M., Duncan, E.J., Elpidina, E.N., Favé, M.-J., Finet, C., 
Jacobs, C.G.C., Cheatle Jarvela, A.M., Jennings, E.C., Jones, J.W., 
Lesoway, M.P., Lovegrove, M.R., Martynov, A., Oppert, B., Lillico-
Ouachour, A., Rajakumar, A., Refki, P.N., Rosendale, A.J., Santos, 
M.E., Toubiana, W., van der Zee, M., Vargas Jentzsch, I.M., Low-
man, A.V., Viala, S., Richards, S., Khila, A., 2018. The genome of 
the water strider Gerris buenoi reveals expansions of gene reper-
toires associated with adaptations to life on the water. BMC Ge-
nomics 19, 832. https://doi.org/10.1186/s12864-018-5163-2 

Armisén, D., Viala, S., Cordeiro, I. da R.S., Crumière, A.J.J., Hendaoui, E., 
Le Bouquin, A., Duchemin, W., Santos, E., Toubiana, W., Vargas-
Lowman, A., Burguez Floriano, C.F., Polhemus, D.A., Wang, Y., 
Rowe, L., Moreira, F.F.F., Khila, A., 2022. Transcriptome-based 



 

 47 

Phylogeny of the Semi-aquatic Bugs (Hemiptera: Heteroptera: Ger-
romorpha) Reveals Patterns of Lineage Expansion in a Series of 
New Adaptive Zones. Mol. Biol. Evol. 39, msac229. 
https://doi.org/10.1093/molbev/msac229 

Ayoade, O., Morooka, S., Tojo, S., 1999. Enhancement of short wing for-
mation and ovarian growth in the genetically defined macropterous 
strain of the brown planthopper, Nilaparvata lugens. J. Insect Phys-
iol. 45, 93–100. https://doi.org/10.1016/S0022-1910(98)00103-6 

Blanckenhorn, W.U., 2009. Causes and consequences of phenotypic plastic-
ity in body size: the case of the yellow dung fly Scathophaga sterco-
raria (Diptera:Scathophagidae), in: Phenotypic Plasticity of Insects - 
Mechanisms and Consequences. Science Publishers, Enfield, NH, 
USA, pp. 369–422. 

Bowen, M.F., Saunders, D.S., Bollenbacher, W.E., Gilbert, L.I., 1984. In 
vitro reprogramming of the photoperiodic clock in an insect brain-
retrocerebral complex. Proc. Natl. Acad. Sci. 81, 5881–5884. 
https://doi.org/10.1073/pnas.81.18.5881 

Braendle, C., Caillaud, M.C., Stern, D.L., 2005. Genetic mapping of aphica-
rus - a sex-linked locus controlling a wing polymorphism in the pea 
aphid (Acyrthosiphon pisum). Hered. Edinb 94, 435–42. 
https://doi.org/10.1038/sj.hdy.6800633 

Brakefield, P.M., Frankino, W.A., 2009. Polyphenisms in Lepidoptera: Mul-
tidisciplinary approaches to studies of evolution and development, 
in: Phenotypic Plasticity of Insects - Mechanisms and Conse-
quences. Science Publishers, Enfield, NH, USA, pp. 337–368. 

Breuer, M., Hoste, B., De Loof, A., 2003. The endocrine control of phase 
transition: some new aspects. Physiol. Entomol. 28, 3–10. 
https://doi.org/10.1046/j.1365-3032.2003.00313.x 

Burg, K.R.L. van der, Lewis, J.J., Brack, B.J., Fandino, R.A., Mazo-Vargas, 
A., Reed, R.D., 2020. Genomic architecture of a genetically assimi-
lated seasonal color pattern. Science 370, 721–725. 
https://doi.org/10.1126/science.aaz3017 

Canfield, M., Greene, E., 2009. Phenotypic plasticity and the semantics of 
polyphenism, in: Phenotypic Plasticity of Insects - Mechanisms and 
Consequences. Science Publishers, Enfield, NH, USA, pp. 65–80. 

Condamine, F.L., Clapham, M.E., Kergoat, G.J., 2016. Global patterns of in-
sect diversification: towards a reconciliation of fossil and molecular 
evidence? Sci. Rep. 6, 19208. https://doi.org/10.1038/srep19208 

Denlinger, D.L., Hahn, D.A., Merlin, C., Holzapfel, C.M., Bradshaw, W.E., 
2017. Keeping time without a spine: what can the insect clock teach 
us about seasonal adaptation? Philos. Trans. R. Soc. B Biol. Sci. 
372, 20160257. https://doi.org/10.1098/rstb.2016.0257 

Dingle, H., Winchell, R., 1997. Juvenile hormone as a mediator of plasticity 
in insect life histories. Arch. Insect Biochem. Physiol. 35, 359–373. 



 

 48 

https://doi.org/10.1002/(SICI)1520-6327(1997)35:4<359::AID-
ARCH2>3.0.CO;2-N 

Fairbairn, D.J., 1988. Adaptive significance of wing dimorphism in the ab-
scence of dispersal: a comparative study of wing morphs in the 
waterstrider, Gerris remigis. Ecol. Entomol. 13, 273–281. 

Fairbairn, D.J., 1985. Comparative ecology of Gerris remigis (Hemiptera: 
Gerridae) in two habitats: a paradox of habitat choice. Can. J. Zool. 
63, 2594–2603. https://doi.org/10.1139/z85-388 

Fairbairn, D.J., King, E., 2009. Why do Californian striders fly? J Evol Biol 
22, 36–49. https://doi.org/10.1111/j.1420-9101.2008.01619.x 

Fawcett, M.M., Parks, M.C., Tibbetts, A.E., Swart, J.S., Richards, E.M., 
Vanegas, J.C., Cenzer, M., Crowley, L., Simmons, W.R., Hou, W.S., 
Angelini, D.R., 2018. Manipulation of insulin signaling phenocopies 
evolution of a host-associated polyphenism. Nat. Commun. 9, 1699. 
https://doi.org/10.1038/s41467-018-04102-1 

Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., Mello, C.C., 
1998. Potent and specific genetic interference by double-stranded 
RNA in Caenorhabditis elegans. Nature 391, 806–811. 
https://doi.org/10.1038/35888 

Frederik Nijhout, H., 2013. Arthropod Developmental Endocrinology, in: 
Minelli, A., Boxshall, G., Fusco, G. (Eds.), Arthropod Biology and 
Evolution: Molecules, Development, Morphology. Springer, Berlin, 
Heidelberg, pp. 123–148. https://doi.org/10.1007/978-3-642-36160-
9_6 

Goldstein, I., Ehrenreich, I.M., 2021. Genetic variation in phenotypic plastic-
ity, in: Phenotypic Plasticity & Evolution - Causes, Consequences 
and Controversies. CRC Press, Taylor & Francis group, pp. 91–111. 

Goodman, W.G., Cusson, M., 2012. The Juvenile Hormones, in: Insect En-
docrinology. Elsevier, pp. 310–365. https://doi.org/10.1016/B978-0-
12-384749-2.10008-1 

Goto, S.G., Shiga, S., Numata, H., 2009. Photoperiodism in Insects: Percep-
tion of Light and the Role of Clock Genes, in: Nelson, R.J., 
Denlinger, D.L., Somers, D.E. (Eds.), Photoperiodism: The Biologi-
cal Calendar. Oxford University Press, p. 0. 
https://doi.org/10.1093/acprof:oso/9780195335903.003.0011 

Gotoh, H., Hust, J.A., Miura, T., Niimi, T., Emlen, D.J., Lavine, L.C., 2015. 
The Fat/Hippo signaling pathway links within-disc morphogen pat-
terning to whole-animal signals during phenotypically plastic growth 
in insects. Dev. Dyn. 244, 1039–1045. 
https://doi.org/10.1002/dvdy.24296 

Gotthard, K., Nylin, S., 1995. Adaptive Plasticity and Plasticity as an Adap-
tation: A Selective Review of Plasticity in Animal Morphology and 
Life History. Oikos 74, 3–17. https://doi.org/10.2307/3545669 

Greenwood, M., Chapman, R.F., 1984. Differences in numbers of sensilla on 
the antennae of solitarious and gregarious Locusta migratoria L. 



 

 49 

(Orthoptera: Acrididae). Int. J. Insect Morphol. Embryol. 13, 295–
301. https://doi.org/10.1016/0020-7322(84)90004-7 

Guerra, P.A., 2011. Evaluating the life-history trade-off between dispersal 
capability and reproduction in wing dimorphic insects: a meta-analy-
sis. Biol. Rev. Camb. Philos. Soc. 86, 813–835. 
https://doi.org/10.1111/j.1469-185X.2010.00172.x 

Han, C.S., 2020. Density-dependent sex-biased development of macroptery 
in a water strider. Ecol. Evol. 10, 9514–9521. 
https://doi.org/10.1002/ece3.6644 

Hardie, J., 1980. Juvenile hormone mimics the photoperiodic apterization of 
the alate gynopara of aphid, Aphis fabae. Nature 286, 602–604. 
https://doi.org/10.1038/286602a0 

Hartfelder, K., Emlen, D.J., 2012. Endocrine Control of Insect Polyphenism, 
in: Insect Endocrinology. Elsevier, pp. 464–522. 
https://doi.org/10.1016/B978-0-12-384749-2.10011-1 

Hasegawa, K., Shimizu, I., 1987. In vivo and in vitro photoperiodic induc-
tion of diapause using isolated brain-suboesophageal ganglion com-
plexes of the silkworm, Bombyx mori. J. Insect Physiol. 33, 959–
966. https://doi.org/10.1016/0022-1910(87)90008-4 

Hayes, A.M., Lavine, M.D., Gotoh, H., Lin, X., Lavine, L.C., 2019. Chapter 
Two - Mechanisms regulating phenotypic plasticity in wing poly-
phenic insects, in: Jurenka, R. (Ed.), Advances in Insect Physiology. 
Academic Press, pp. 43–72. 
https://doi.org/10.1016/bs.aiip.2019.01.005 

Hendry, A.P., 2016. Key Questions on the Role of Phenotypic Plasticity in 
Eco-Evolutionary Dynamics. J. Hered. 107, 25–41. 
https://doi.org/10.1093/jhered/esv060 

Henrich, V.C., 2012. The Ecdysteroid Receptor, in: Insect Endocrinology. 
Elsevier, pp. 177–218. https://doi.org/10.1016/B978-0-12-384749-
2.10005-6 

Iwanaga, K., Tojo, S., 1986. Effects of juvenile hormone and rearing density 
on wing dimorphism and oöcyte development in the brown 
planthopper, Nilaparvata lugens. J. Insect Physiol. 32, 585–590. 
https://doi.org/10.1016/0022-1910(86)90076-4 

Kingsolver, J.G., 1996. Experimental Manipulation of Wing Pigment Pattern 
and Survival in Western White Butterflies. Am. Nat. 147, 296–306. 
https://doi.org/10.1086/285852 

Kingsolver, J.G., 1995. Fitness Consequences of Seasonal Polyphenism in 
Western White Butterflies. Evolution 49, 942–954. 
https://doi.org/10.1111/j.1558-5646.1995.tb02329.x 

Kingsolver, J.G., 1987. Evolution and coadaptation of thermoregulatory be-
havior and wing pigmentation pattern in pierid butterflies. Evol. Int. 
J. Org. Evol. 41, 472–490. https://doi.org/10.1111/j.1558-
5646.1987.tb05819.x 



 

 50 

Koyama, T., Mirth, C.K., 2018. Unravelling the diversity of mechanisms 
through which nutrition regulates body size in insects. Curr. Opin. 
Insect Sci., Insect genomics * Development and regulation 25, 1–8. 
https://doi.org/10.1016/j.cois.2017.11.002 

Labandeira, C.C., Dilcher, D.L., Davis, D.R., Wagner, D.L., 1994. Ninety-
seven million years of angiosperm-insect association: paleobiologi-
cal insights into the meaning of coevolution. Proc. Natl. Acad. Sci. 
91, 12278–12282. https://doi.org/10.1073/pnas.91.25.12278 

Lecoq, M., Cease, A., 2022. What Have We Learned after Millennia of Lo-
cust Invasions? Agronomy 12, 472. https://doi.org/10.3390/agron-
omy12020472 

Li, B., Bickel, R.D., Parker, B.J., Saleh Ziabari, O., Liu, F., Vellichirammal, 
N.N., Simon, J.-C., Stern, D.L., Brisson, J.A., 2020. A large ge-
nomic insertion containing a duplicated follistatin gene is linked to 
the pea aphid male wing dimorphism. eLife 9, e50608. 
https://doi.org/10.7554/eLife.50608 

Lin, X., Gao, H., Xu, Y., Zhang, Y., Li, Y., Lavine, M.D., Lavine, L.C., 
2020. Cell Cycle Progression Determines Wing Morph in the Poly-
phenic Insect Nilaparvata lugens. iScience 23, 101040. 
https://doi.org/10.1016/j.isci.2020.101040 

Lin, X., Xu, Y., Jiang, J., Lavine, M., Lavine, L.C., 2018. Host quality in-
duces phenotypic plasticity in a wing polyphenic insect. Proc. Natl. 
Acad. Sci. 115, 7563–7568. 
https://doi.org/10.1073/pnas.1721473115 

Lin, X., Xu, Y., Yao, Y., Wang, B., Lavine, M.D., Lavine, L.C., 2016a. JNK 
signaling mediates wing form polymorphism in brown planthoppers 
(Nilaparvata lugens). Insect Biochem. Mol. Biol. 73, 55–61. 
https://doi.org/10.1016/j.ibmb.2016.04.005 

Lin, X., Yao, Y., Wang, B., Emlen, D.J., Lavine, L.C., 2016b. Ecological 
Trade-offs between Migration and Reproduction Are Mediated by 
the Nutrition-Sensitive Insulin-Signaling Pathway. Int. J. Biol. Sci. 
12, 607–616. https://doi.org/10.7150/ijbs.14802 

Lin, X., Yao, Y., Wang, B., Lavine, M.D., Lavine, L.C., 2016c. FOXO links 
wing form polyphenism and wound healing in the brown planthop-
per, Nilaparvata lugens. Insect Biochem. Mol. Biol. 70, 24–31. 
https://doi.org/10.1016/j.ibmb.2015.12.002 

Linz, D.M., Tomoyasu, Y., 2018. Dual evolutionary origin of insect wings 
supported by an investigation of the abdominal wing serial homo-
logs in Tribolium. Proc. Natl. Acad. Sci. 115, E658–E667. 
https://doi.org/10.1073/pnas.1711128115 

Lobbia, S., Niitsu, S., Fujiwara, H., 2003. Female-specific wing degenera-
tion caused by ecdysteroid in the Tussock Moth, Orgyia recens: Hor-
monal and developmental regulation of sexual dimorphism. J. Insect 
Sci. 3, 11. 



 

 51 

López-Varea, A., Vega-Cuesta, P., Ruiz-Gómez, A., Ostalé, C.M., Molnar, 
C., Hevia, C.F., Martín, M., Organista, M.F., de Celis, J., Culí, J., 
Esteban, N., de Celis, J.F., 2021. Genome-wide phenotypic RNAi 
screen in the Drosophila wing: phenotypic description of functional 
classes. G3 GenesGenomesGenetics 11, jkab349. 
https://doi.org/10.1093/g3journal/jkab349 

Lüning, J., 1992. Phenotypic plasticity of Daphnia pulex in the presence of 
invertebrate predators: morphological and life history responses. 
Oecologia 92, 383–390. https://doi.org/10.1007/BF00317464 

Lynch, M., Walsh, B., 1998. Genotype x environment interaction, in: Genet-
ics and Analysis of Quantitative Traits. Sinauer Associated, Inc. 
Publishers, Sunderland, Massachusetts, 01375, USA, pp. 657–689. 

Ma, Z., Guo, W., Guo, X., Wang, X., Kang, L., 2011. Modulation of behav-
ioral phase changes of the migratory locust by the catecholamine 
metabolic pathway. Proc. Natl. Acad. Sci. U. S. A. 108, 3882–3887. 
https://doi.org/10.1073/pnas.1015098108 

Ma, Z., Guo, X., Lei, H., Li, T., Hao, S., Kang, L., 2015. Octopamine and ty-
ramine respectively regulate attractive and repulsive behavior in lo-
cust phase changes. Sci. Rep. 5, 8036. 
https://doi.org/10.1038/srep08036 

Matsumoto, M., Takeda, M., 2002. Changes in brain monoamine contents in 
diapause pupae of Antheraea pernyi when activated under long-day 
and by chilling. J. Insect Physiol. 48, 765–771. 
https://doi.org/10.1016/S0022-1910(02)00102-6 

Mayr, E., 1963. Animal species and evolution. Belknap Press of Harvard 
University, Cambridge, MA. 

Moczek, A.P., 2009. Phenotypic plasticity and the origins of diversity: A 
case study on horned beetles, in: Phenotypic Plasticity of Insects - 
Mechanisms and Consequences. Science Publishers, Enfield, NH, 
USA, pp. 81–134. 

Mohamed, A.A.M., Wang, Q., Bembenek, J., Ichihara, N., Hiragaki, S., Su-
zuki, T., Takeda, M., 2014. N-acetyltransferase (nat) Is a Critical 
Conjunct of Photoperiodism between the Circadian System and En-
docrine Axis in Antheraea pernyi. PLOS ONE 9, e92680. 
https://doi.org/10.1371/journal.pone.0092680 

Nijhout, H.F., 2009. Photoperiodism in Insects: Effects on Morphology, in: 
Nelson, R.J., Denlinger, D.L., Somers, D.E. (Eds.), Photoperiodism: 
The Biological Calendar. Oxford University Press, p. 0. 
https://doi.org/10.1093/acprof:oso/9780195335903.003.0013 

Nijhout, H.F., 2003. Development and evolution of adaptive polyphenisms. 
Evol. Dev. 5, 9–18. https://doi.org/10.1046/j.1525-
142X.2003.03003.x 

Nijhout, H.F., Davidowitz, G., 2009. The developmental-physiological basis 
of phenotypic plasticity. Phenotypic Plast. Insects Mech. Conse-
quences 589–608. 



 

 52 

Nijhout, H.F., Riddiford, L.M., Mirth, C., Shingleton, A.W., Suzuki, Y., Cal-
lier, V., 2014. The developmental control of size in insects. WIREs 
Dev. Biol. 3, 113–134. https://doi.org/10.1002/wdev.124 

Parker, J., Struhl, G., 2020. Control of Drosophila wing size by morphogen 
range and hormonal gating. Proc. Natl. Acad. Sci. 117, 31935–
31944. https://doi.org/10.1073/pnas.2018196117 

Pfennig, D.W. (Ed.), 2021. Phenotypic Plasticity & Evolution: Causes, Con-
sequences, Controversies. CRC Press, Boca Raton. 
https://doi.org/10.1201/9780429343001 

Preziosi, R.F., Fairbairn, D.J., Roff, D.A., Brennan, J.M., 1996. Body Size 
and Fecundity in the Waterstrider Aquarius remigis: A Test of Dar-
win’s Fecundity Advantage Hypothesis. Oecologia 108, 424–431. 

Rainford, J.L., Hofreiter, M., Nicholson, D.B., Mayhew, P.J., 2014. Phyloge-
netic Distribution of Extant Richness Suggests Metamorphosis Is a 
Key Innovation Driving Diversification in Insects. PLOS ONE 9, 
e109085. https://doi.org/10.1371/journal.pone.0109085 

Reis, M., Siomava, N., Wimmer, E.A., Posnien, N., 2021. Conserved and 
Divergent Aspects of Plasticity and Sexual Dimorphism in Wing 
Size and Shape in Three Diptera. Front. Ecol. Evol. 9. 

Rhen, T., Schroeder, A.L., 2016. The genetics of thermosensitive sex deter-
mination. Temp. Multidiscip. Biomed. J. 4, 109–111. 
https://doi.org/10.1080/23328940.2016.1259723 

Roff, D.A., 1990. The evolution of flightlessness in insects. Ecol. Monogr. 
604, 389–421. 

Roff, D.A., 1986. The evolution of wing dimorphism in insects. Evol. Int. J. 
Org. Evol. 40, 1009–1020. https://doi.org/10.1111/j.1558-
5646.1986.tb00568.x 

Rountree, D.B., Nijhout, H.F., 1995. Hormonal control of a seasonal poly-
phenism in Precis coenia (Lepidoptera: Nymphalidae). J. Insect 
Physiol. 41, 987–992. https://doi.org/10.1016/0022-1910(95)00046-
W 

Sauman, I., Reppert, S.M., 1996a. Circadian clock neurons in the silkmoth 
Antheraea pernyi: novel mechanisms of Period protein regulation. 
Neuron 17, 889–900. https://doi.org/10.1016/s0896-6273(00)80220-
2 

Sauman, I., Reppert, S.M., 1996b. Molecular characterization of prothorac-
icotropic hormone (PTTH) from the giant silkmoth Antheraea 
pernyi: developmental appearance of PTTH-expressing cells and re-
lationship to circadian clock cells in central brain. Dev. Biol. 178, 
418–429. https://doi.org/10.1006/dbio.1996.0228 

Scheiner, S.M., Levis, N.A., 2021. The loss of phenotypic plasticity via nat-
ural selection: genetic assimilation, in: Phenotypic Plasticity & Evo-
lution - Causes, Consequences and Controversies. CRC Press, Tay-
lor & Francis group, pp. 161–181. 



 

 53 

Schiesari, L., Kyriacou, C.P., Costa, R., 2011. The hormonal and circadian 
basis for insect photoperiodic timing. FEBS Lett., Circadian 
Rhythms 585, 1450–1460. https://doi.org/10.1016/j.feb-
slet.2011.02.026 

Siddiqui, J.A., Zou, X., Liu, Q., Zhang, H., Lin, X., Huang, X., 2019. Func-
tional Morphology and Defensive Behavior in a Social Aphid. In-
sects 10, 163. https://doi.org/10.3390/insects10060163 

Simpson, S.J., Despland, E., Hägele, B.F., Dodgson, T., 2001. Gregarious 
behavior in desert locusts is evoked by touching their back legs. 
Proc. Natl. Acad. Sci. U. S. A. 98, 3895–3897. 
https://doi.org/10.1073/pnas.071527998 

Simpson, S.J., Sword, G.A., 2009. Phase polyphenism in Locusts: Mecha-
nisms, population consequences, adaptive significance and evolu-
tion, in: Phenotypic Plasticity of Insects - Mechanisms and Conse-
quences. Science Publishers, Enfield, NH, USA, pp. 147–189. 

Smýkal, V., Pivarči, M., Provazník, J., Bazalová, O., Jedlička, P., Lukšan, 
O., Horák, A., Vaněčková, H., Beneš, V., Fiala, I., Hanus, R., 
Doležel, D., 2020. Complex Evolution of Insect Insulin Receptors 
and Homologous Decoy Receptors, and Functional Significance of 
Their Multiplicity. Mol. Biol. Evol. 37, 1775–1789. 
https://doi.org/10.1093/molbev/msaa048 

Spence, J.R., 1989. The habitat templet and life history strategies of pond 
skaters (Heteroptera: Gerridae): reproductive potential, phenology, 
and wing dimorphism. Can. J. Zool. 67, 2432–2447. 
https://doi.org/10.1139/z89-344 

Steel, C.G.H., Vafopoulou, X., 2006. Circadian orchestration of develop-
mental hormones in the insect, Rhodnius prolixus. Comp. Biochem. 
Physiol. A. Mol. Integr. Physiol., Comparative neuroendocrinology: 
Integration of hormonal and environmental signals in vertebrates 
and invertebrates 144, 351–364. 
https://doi.org/10.1016/j.cbpa.2006.02.018 

Sugahara, R., Saeki, S., Jouraku, A., Shiotsuki, T., Tanaka, S., 2015. Knock-
down of the corazonin gene reveals its critical role in the control of 
gregarious characteristics in the desert locust. J. Insect Physiol. 79, 
80–87. https://doi.org/10.1016/j.jinsphys.2015.06.009 

Sugahara, R., Tanaka, S., 2018. Environmental and hormonal control of 
body color polyphenism in late-instar desert locust nymphs: Role of 
the yellow protein. Insect Biochem. Mol. Biol. 93, 27–36. 
https://doi.org/10.1016/j.ibmb.2017.12.004 

Suzuki, Y., Nijhout, H.F., 2008. Constraint and developmental dissociation 
of phenotypic integration in a genetically accommodated trait. Evol. 
Dev. 10, 690–699. https://doi.org/10.1111/j.1525-
142X.2008.00282.x 



 

 54 

Suzuki, Y., Nijhout, H.F., 2006. Evolution of a Polyphenism by Genetic Ac-
commodation. Science 311, 650–652. https://doi.org/10.1126/sci-
ence.1118888 

Takeda, M., Suzuki, T., 2022. Circadian and Neuroendocrine Basis of Photo-
periodism Controlling Diapause in Insects and Mites: A Review. 
Front. Physiol. 13:867621. 
https://doi.org/10.3389/fphys.2022.867621 

Tanaka, S., Harano, K., Nishide, Y., Sugahara, R., 2016. The mechanism 
controlling phenotypic plasticity of body color in the desert locust: 
some recent progress. Curr. Opin. Insect Sci., Global change biology 
* Molecular physiology 17, 10–15. 
https://doi.org/10.1016/j.cois.2016.05.011 

Teleman, A.A., 2009. Molecular mechanisms of metabolic regulation by in-
sulin in Drosophila. Biochem. J. 425, 13–26. 
https://doi.org/10.1042/BJ20091181 

Toubiana, W., Armisén, D., Viala, S., Decaras, A., Khila, A., 2021. The 
growth factor BMP11 is required for the development and evolution 
of a male exaggerated weapon and its associated fighting behavior in 
a water strider. PLOS Biol. 19, e3001157. 
https://doi.org/10.1371/journal.pbio.3001157 

Toubiana, W., Khila, A., 2019. Fluctuating selection strength and intense 
male competition underlie variation and exaggeration of a water 
strider’s male weapon. Proc. R. Soc. B Biol. Sci. 286, 20182400. 
https://doi.org/10.1098/rspb.2018.2400 

Tripathi, B.K., Irvine, K.D., 2022. The wing imaginal disc. Genetics 220, 
iyac020. https://doi.org/10.1093/genetics/iyac020 

Uyehara, C.M., Leatham-Jensen, M., McKay, D.J., 2022. Opportunistic 
binding of EcR to open chromatin drives tissue-specific develop-
mental responses. Proc. Natl. Acad. Sci. 119, e2208935119. 
https://doi.org/10.1073/pnas.2208935119 

Vafopoulou, X., Steel, C.G.H., 2006. hormone nuclear receptor (EcR) exhib-
its circadian cycling in certain tissues, but not others, during devel-
opment in Rhodnius prolixus (Hemiptera). Cell Tissue Res. 323, 
443–455. https://doi.org/10.1007/s00441-005-0076-1 

van der Burg, K.R., Reed, R.D., 2021. Seasonal plasticity: how do butterfly 
wing pattern traits evolve environmental responsiveness? Curr. 
Opin. Genet. Dev., Developmental Mechanisms, patterning and evo-
lution 69, 82–87. https://doi.org/10.1016/j.gde.2021.02.009 

Vellichirammal, N.N., Gupta, P., Hall, T.A., Brisson, J.A., 2017. Ecdysone 
signaling underlies the pea aphid transgenerational wing polyphen-
ism. Proc Natl Acad Sci U A. 
https://doi.org/10.1073/pnas.1617640114 

Vellichirammal, N.N., Madayiputhiya, N., Brisson, J.A., 2016. The ge-
nomewide transcriptional response underlying the pea aphid wing 



 

 55 

polyphenism. Mol. Ecol. 25, 4146–4160. 
https://doi.org/10.1111/mec.13749 

Vepsäläinen, K., 1978. Wing Dimorphism and Diapause in Gerris: Determi-
nation and Adaptive Significance, in: Dingle, H. (Ed.), Evolution of 
Insect Migration and Diapause, Proceedings in Life Sciences. 
Springer US, New York, NY, pp. 218–253. 
https://doi.org/10.1007/978-1-4615-6941-1_10 

Vepsäläinen, K., 1974. Determination of wing length and diapause in water-
striders (Gerris Fabr., Heteroptera). Hereditas 77, 163–176. 

Vepsäläinen, K., 1971. The role of gradually changing daylength in determi-
nation of wing length, alary dimorphism and diapause in a Gerris 
odonlogaster (Zett.) population (Gerridae, Heteroptera) in South Fin-
land. Ann. Acad. Sci. Fenn. [Biol.] 183, 1–25. 

Verghese, S., Bedi, S., Kango-Singh, M., 2012. Hippo signalling controls 
Dronc activity to regulate organ size in Drosophila. Cell Death Dif-
fer. 19, 1664–1676. https://doi.org/10.1038/cdd.2012.48 

Wagner, D.L., Liebherr, J.K., 1992. Flightlessness in insects. Trends Ecol. 
Evol. 7, 216–220. https://doi.org/10.1016/0169-5347(92)90047-F 

Watt, W.B., 1969. Adaptive significance of pigment polymorphisms in co-
lias butterflies, II. thermoregulation and photoperiodically controlled 
melanin variation in Colias eurytheme. Proc. Natl. Acad. Sci. U. S. 
A. 63, 767–774. 

West-Eberhard, M.J., 2003a. Plasticity, in: Developmental Plasticity and 
Evolution. Oxford University Press, pp. 34–35. 

West-Eberhard, M.J., 2003b. The nature and analysis of phenotypic transi-
tions, in: Developmental Plasticity and Evolution. Oxford University 
Press, pp. 197–208. 

Whitman, D.W., Agrawal, A.A., 2009. What is phenotypic plasticity and 
why is it important?, in: Phenotypic Plasticity of Insects - Mecha-
nisms and Consequences. Science Publishers, Enfield, NH, USA, 
pp. 1–63. 

Xu, H.J., Xue, J., Lu, B., Zhang, X.C., Zhuo, J.C., He, S.F., Ma, X.F., Jiang, 
Y.Q., Fan, H.W., Xu, J.Y., Ye, Y.X., Pan, P.L., Li, Q., Bao, Y.Y., 
Nijhout, H.F., Zhang, C.X., 2015. Two insulin receptors determine 
alternative wing morphs in planthoppers. Nature 519, 464–7. 
https://doi.org/10.1038/nature14286 

Xue, W.-H., Xu, N., Chen, S.-J., Liu, X.-Y., Zhang, J.-L., Xu, H.-J., 2021. 
Neofunctionalization of a second insulin receptor gene in the wing-
dimorphic planthopper, Nilaparvata lugens. PLOS Genet. 17, 
e1009653. https://doi.org/10.1371/journal.pgen.1009653 

Ye, X., Xu, L., Li, X., He, K., Hua, H., Cao, Z., Xu, J., Ye, W., Zhang, J., 
Yuan, Z., Li, F., 2019. miR-34 modulates wing polyphenism in 
planthopper. PLOS Genet. 15, e1008235. 
https://doi.org/10.1371/journal.pgen.1008235 



 

 56 

Yoshida, A., Kato, Y., 2019. Morphology and development of the short wing 
in the seasonal dimorphism of the tussock moth, Orgyia thyellina 
(Lepidoptera: Lymantriidae): comparison with the long wing. Appl. 
Entomol. Zool. 54, 47–54. https://doi.org/10.1007/s13355-018-
0590-8 

Zera, A.J., 2009. Wing polymorphism in Gryllus (Orthoptera: Gryllidae): 
Proximate endocrine, energetic and biochemical mechanisms under-
lying morph specialization for flight vs. reproduction, in: Phenotypic 
Plasticity of Insects - Mechanisms and Consequences. Science Pub-
lishers, Enfield, NH, USA, pp. 609–653. 

Zera, A.J., 2004. The endocrine regulation of wing polymorphism in insects: 
state of the art, recent surprises, and future directions. Integr. Comp. 
Biol. 43, 607–616. 

Zera, A.J., 2003. The Endocrine Regulation of Wing Polymorphism in In-
sects: State of the Art, Recent Surprises, and Future Directions. In-
tegr. Comp. Biol. 43, 607–616. https://doi.org/10.1093/icb/43.5.607 

Zera, A.J., Denno, R.F., 1997. Physiology and Ecology of Dispersal Poly-
morphism in Insects. Annu. Rev. Entomol. 42, 207–230. 
https://doi.org/10.1146/annurev.ento.42.1.207 

Zera, A.J., Tiebel, K.C., 1988. Brachypterizing effect of group rearing, juve-
nile hormone III and methoprene in the wing-dimorphic cricket, 
Gryllus rubens. J. Insect Physiol. 34, 489–498. 
https://doi.org/10.1016/0022-1910(88)90190-4 

Zhang, C., Robinson, B.S., Xu, W., Yang, L., Yao, B., Zhao, H., Byun, P.K., 
Jin, P., Veraksa, A., Moberg, K.H., 2015. The Ecdysone Receptor 
Coactivator Taiman Links Yorkie to Transcriptional Control of 
Germline Stem Cell Factors in Somatic Tissue. Dev. Cell 34, 168–
180. https://doi.org/10.1016/j.devcel.2015.05.010 

Zhang, C.-X., Brisson, J.A., Xu, H.-J., 2019. Molecular Mechanisms of 
Wing Polymorphism in Insects. Annu. Rev. Entomol. 64, 297–314. 
https://doi.org/10.1146/annurev-ento-011118-112448 

Zhang, J.-L., Chen, S.-J., Liu, X.-Y., Moczek, A.P., Xu, H.-J., 2022. The 
transcription factor Zfh1 acts as a wing-morph switch in planthop-
pers. Nat. Commun. 13, 5670. https://doi.org/10.1038/s41467-022-
33422-6 

Zhang, J.-L., Fu, S.-J., Chen, S.-J., Chen, H.-H., Liu, Y.-L., Liu, X.-Y., Xu, 
H.-J., 2021. Vestigial mediates the effect of insulin signaling path-
way on wing-morph switching in planthoppers. PLOS Genet. 17, 
e1009312. https://doi.org/10.1371/journal.pgen.1009312 

Zhuo, J.-C., Lei, C., Shi, J.-K., Xu, N., Xue, W.-H., Zhang, M.-Q., Ren, Z.-
W., Zhang, H.-H., Zhang, C.-X., 2017. Tra-2 Mediates Cross-Talk 
Between Sex Determination and Wing Polyphenism in Female 
Nilaparvata lugens. Genetics 207, 1067–1078. 
https://doi.org/10.1534/genetics.117.300328 



 

 57 

Zimova, M., Hackländer, K., Good, J.M., Melo-Ferreira, J., Alves, P.C., 
Mills, L.S., 2018. Function and underlying mechanisms of seasonal 
colour moulting in mammals and birds: what keeps them changing 
in a warming world? Biol. Rev. 93, 1478–1498. 
https://doi.org/10.1111/brv.12405 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2231

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-495377

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2023


	Abstract
	List of Papers
	Contents
	Introduction
	Synopsis
	Phenotypic plasticity
	Morphological plasticity in insects
	Insect polyphenism
	Environmental and endocrine basis of morph determination
	The molecular mechanisms of wing polyphenism


	Research aims
	Methods
	Study organism
	Experiments in controlled environments
	RNA interference and microinjections
	Hormone manipulations
	RNA sequencing

	Summary of the papers
	Paper I - Photoperiod controls wing polyphenism in a water strider independently of insulin receptor signalling
	Paper II - Contribution of ecdysone signaling to photoperiodic wing polyphenism in the water strider Gerris buenoi
	Paper III - Wing polyphenism in a water strider is caused by photoperiod-specific expression of the Fat/Hippo pathway
	Paper IV - Functional genomic tools for emerging model species

	Conclusions and future prospects
	Svensk sammanfattning
	Acknowledgements
	References



