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Abstract
Whilst the geographical range of species is a fundamental unit of macroecology
and a leading predictor of extinction risk, the evolutionary dynamics of species’
ranges remain poorly understood. In some aquatic beetles, thermal niche has been
shown to be related to both the relative range size and position of congeners but
whether other physiological niche parameters play a role is unknown. Here, immunocompetence and metabolic plasticity were related to biogeography in these
insects. Immunocompetence was first compared within a rare-common pair of
Hydroporus species, finding species-specific immunity, which was affected by sex
and acclimation time in the laboratory, with no clear relationship with rarity.
This relationship was explored further in Deronectes species, whilst controlling
for sex and acclimation time. Southern, narrow-ranging species had higher phenoloxidase (PO) activity, lower parasite load and antimicrobial peptide (AMP)
activity that was stronger against Gram-negative Bacteria but weaker against
Gram-positive Bacteria than their wider-ranging counterparts. As both of these
studies found that PO activity did not positively correlate with encapsulation or
AMP activity as reported in the literature, the pathway was investigated further
in Tribolium castaneum. The data showed that the assumptions of the widely-used
PO assay were violated, with differential activity between PO-driven reactions in
melanin synthesis and different substrates used by larvae and adults. Future work
should be wary of using the PO assay as a marker of potential melanin production
and take into account the developmental requirements for melanin at different life
stages. The relationship between metabolic plasticity and range was then assessed
in Deronectes, finding that southerly species had more marked changes in glucose
and protein content under elevated temperature stress than their northerly counterparts. Glucose content was also significantly positively correlated to lipid content, indicating that the energetics of species exhibiting differing range sizes may
warrant future study. As the results from Hydroporus suggested that there may
be trade-offs between immune defence and metabolism, the data on metabolic
plasticity and immunocompetence in a sub-sample of Deronectes species were
iii

combined with thermal physiology, dispersal ability, body size and phylogenetic
relatedness to assess which of these best explained variation in range size and
position. Whilst variation in range extent and position were explained in part by
thermal physiology, aspects of metabolic plasticity and immunocompetence also
appeared to be important. This thesis provides one of the first indications that
immunocompetence and metabolic plasticity may be related to geographical range
and suggests parameters that may be worthy of exploration in other taxa.
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1.1

Why is it important to study range drivers?

Geographical range size and how it changes through time, is one of the fundamental ecological and evolutionary characteristics of a species (Gaston, 2003).
However, range size is also a strong predictor of species extinction risk with
narrow-ranging species deemed most vulnerable to extinction (Thomas et al.,
2004a; Gaston and Fuller, 2009). Indeed, of the 4440 threatened species in groups
for which the Red List is complete, or almost so, 47% are listed on the basis of
geographic range criteria alone and about 75% of amphibians are listed solely on
range measures (IUCN critera B1 or B2). It is now widely acknowledged that
climate change is occurring rapidly and on a global scale, with global surface air
temperatures predicted to increase by 2 - 4.5 ◦ C by 2100 (Pachauri, 2008; IPCC,
2014). If global average temperatures exceed 1.5 - 2.5 ◦ C, then 2 - 30% of plant
and animal species assessed are likely to be at increased risk of extinction (Thomas
et al., 2004a; Meehl et al., 2007). Increasing global temperatures are already having ecological impacts, including causing the geographic ranges of species to shift
(Thomas et al., 2004a; Sunday et al., 2012, 2015).
Since Grinnell (1917) first revealed the role of climatic thresholds in restricting
species geographic boundaries, many studies have observed temperature-driven
poleward and elevational shifts in species distributions (Hickling et al., 2006; Burrows et al., 2011; Sunday et al., 2012). Studies have found that at southern range
boundaries (in the northern hemisphere), organisms experience severe contractions
in their latitudinal range, due to elevated temperatures making the climate unsuitable (Parmesan and Yohe, 2003; Jump et al., 2006; Parmesan, 2006). However
at poleward range boundaries areas, which were previously inhospitable, the environment is becoming hospitable due rises in temperature, allowing organisms to
expand their range polewards (Hickling et al., 2005; Parmesan, 2006; Chen et al.,
2011). Although generally this may result in poleward shifts in distribution, variations in abiotic factors, such as temperature and humidity in micro-habitats, will
also be important (Helmuth et al., 2002).
To date, multiple methods have been used to identify species vulnerable to climate change, including niche modelling, trait-based approaches and mechanistic
studies (Buckley et al., 2010; Sunday et al., 2011a; Schurr et al., 2012; Sunday
et al., 2012; Pacifici et al., 2015). Of these approaches, mechanistic models have
been said to have the greatest power to assess extinction probability driven by

3

1. General introduction

climate change (Buckley et al., 2010). However, these also require a vast amount
of information about each species and current data are limited to a few species or
taxa (Lester et al., 2007; Buckley et al., 2010). As Gaston (1994) states, "comparisons of a few rare species with a few common congeners are most desirable"
and more comparative studies of the biologies of closely related rare and common
species needed. In spite of research effort, a significant gap remains in not only
understanding the mechanisms behind geographical range size but also in assessing the vulnerability of species exhibiting differing range sizes to climate change.
Given the current biodiversity crisis, there has never been a time when our understanding of the physiological responses of animals to environmental changes is
more urgent (Bozinovic et al., 2011).

1.2

Range size and rarity

The geographical range size of species varies enormously in extent, with some congeners spanning continents whilst others remain limited to a single mountain range
(Darwin, 1859; Darlington, 1957; MacArthur, 1972; Brown et al., 1996; Gaston,
1996; Kunin and Gaston, 1997; Gaston, 2003; Chown et al., 2004). However, the
geographical range size of species cannot be neatly defined, as the measurement
of range size is not straightforward and is still a substantial challenge (Gaston,
1991, 1996, 2003; Gaston and Fuller, 2009). Gaston (1991) identified two methods of measuring species’ range sizes, Extent Of Occurrence (EOO) and the Area
Of Occupancy (AOO). EOO is defined as "the area encompassing the known,
inferred or projected sites of species presence" and AOO as "the area within its
EOO which is occupied by a species" (Gaston and Fuller, 2009). These are also
known as the expected and realised range of a species, respectively. Previous work
assessing the link between functional or mechanistic traits and range size has used
known range limits to calculate latitudinal range extent and central position as
a measure of range size based on known population persistence (Calosi et al.,
2010). As geographic range limits are controlled by complex interactions between
species-specific physiological, phenological and ecological traits, dispersal ability
and biotic interactions, species should be collected from their latitudinal central
position to avoid range edge effects (Addo-Bediako et al., 2000a; Sexton et al.,
2009; Bozinovic et al., 2011; Abellán and Ribera, 2011; Sánchez-Fernández et al.,
2016).
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As mentioned, range size is also a strong predictor of species extinction risk with
narrow-ranging species deemed to be the most vulnerable to extinction (Gaston
and Fuller, 2009). The IUCN use range size to infer species vulnerability to short
term extinction because species with small geographic ranges tend to have low
abundance and/or specialist life-historie. These traits may make species more
susceptible to extinction from, for example, local disturbances, habitat loss, and
the demographic attributes of small populations such as reduced gene flow and
inbreeding (Gaston et al., 1997; Kunin and Gaston, 1997; Frankham and Ralls,
1998; Munday, 2004; Hobbs et al., 2010; Slatyer et al., 2013).
In nature, few species are considered exceptionally abundant, whereas most species
are deemed rare, enabling the maximum number of species to coexist (Stevens,
1989; Magurran and Henderson, 2003). Problems with this general theory arise
when studies identify widespread species that exhibit low abundance and a high
degree of specialisation and endemic species that demonstrate high abundance
and a low degree of specialisation (Hobbs et al., 2010). For the purposes of this
thesis, rare species will be defined as those that are narrow-ranging, i.e. with a
distribution of less than 2.5 degrees of latitude.

1.3

What determines geographical range size?

Geographical range size variation most likely occurs due to a combination of ecological and evolutionary processes that drive interspecific differences. These processes include, fundamental niche breadth or environmental tolerance, body size,
population abundance, latitude, environmental variability, colonisation, dispersal
ability, evolutionary history and extinction dynamics (Stevens, 1989; Brown et al.,
1996; Gaston, 1996, 2003; Sánchez-Fernández et al., 2016). Other abiotic and biotic factors that have been suggested to play a role in distributional range size
have included the presence of physical barriers, such as mountain ranges, oceans
and deserts (or the ability to overcome such barriers), and human-mediated introductions; and climatic conditions (see Gaston 2003 for more information). Climate is thought to affect species range sizes by altering competition, parasitism,
predation, prey and habitat availability, and reproduction through phenological
asynchrony altering the timing of developmental events and therefore reproductive
output (Gaston, 2003).
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Since the year 2000, many climate-based hypotheses regarding variation in species
distributional ranges have emerged (Pither, 2003). These hypotheses include the
Climate Variation Hypothesis (CVH), the Climate Extreme Hypothesis (CEH)
and Optimal Climate Hypothesis (OCH). The CVH suggests a positive relationship between breadth of thermal tolerance and level of climatic variability experienced with increasing latitude (Addo-Bediako et al., 2000a; Deutsch et al., 2008;
Dillon et al., 2010; Bozinovic et al., 2011; Sunday et al., 2011a, 2012). The CEH,
suggests that extreme climatic variables within the species distributional range
may control range size, e.g. species that can tolerate extreme climatic events will
have wider range sizes (Pörtner et al., 2006; Bozinovic et al., 2011). Lastly, the
OCH suggests that species will inhabit where the climate is optimal for them.
In general, range size tends to be positively correlated with fundamental niche
breadth, lending support to the CVH (Calosi et al., 2008b; Sunday et al., 2011a).
The fundamental niche breadth hypothesis proposes that species with broader
fundamental niches will tend to achieve greater local densities, survive in more
places, and occupy wider geographical ranges than their narrow-niched relatives
(Brown, 1984; Gaston et al., 1997; Gaston and Spicer, 2001; Slatyer et al., 2013);
Assuming that the geographical range of a species is a spatial reflection of a species
ecological niche (Lomolino et al., 2006).
Rapoport’s rule further proposes that species in less variable climates (i.e. lower
latitudes) have narrower environmental tolerances, leading to smaller ranges,
which allows the coexistence of more species (Stevens, 1989; Bozinovic et al.,
2011). Therefore, variation in physiological traits is thought to play a pivotal
role in fundamental niche breadth, with wider-ranging species predicted to have
broader physiological tolerances and plasticity than their range-restricted relatives (Brattstrom, 1968, 1970; Spicer and Gaston, 1999; Gaston and Spicer, 2001;
Calosi et al., 2008b; Sunday et al., 2011a). Other ecological ‘rules’ that may apply, include Bergmann’s rule that body size increases with latitude and altitude
(Blanckenhorn and Demont, 2004; Shelomi, 2012; Horne et al., 2015). In addition,
Rensch’s rule suggests that male body size may be more variable or ‘evolutionary divergent’ than female body size leading to sexual dimorphism (Blanckenhorn et al., 2007a,b; Hirst et al., 2015), which may also be influenced by latitude
(Blanckenhorn et al., 2006). However, research has shown that these rules do not
always apply, for example in some insects the inverse of the rule applies (Atkinson,
1995; Ashton, 2002; Blanckenhorn and Demont, 2004; Blanckenhorn et al., 2006;
Adams and Church, 2008; Shelomi, 2012; Hirst et al., 2015). It has been suggested
6
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that trade-offs in fitness costs between the sexes and with increased environmental
heterogeneity associated with higher latitudes may explain divergences from these
rules (Hirst et al., 2015).
As previously mentioned, geographic ranges are likely to be controlled by complex interactions between species-specific physiological, phenological and ecological traits, dispersal ability, evolutionary history and biotic interactions (AddoBediako et al., 2000b; Bozinovic et al., 2011; Abellán and Ribera, 2011; SánchezFernández et al., 2016). Therefore many of the underlying traits which allow
species to persist may be phylogenetically conserved among related species (Bozinovic et al., 2011). Closely related species can demonstrate very different distributional range sizes. For example, Gaston and Spicer (2001) and Calosi et al.
(2010) found that phylogenetically closely related species had different thermal
tolerances and physiological performances, with those exhibiting wide ranges performing better physiologically. The phylogenetic history of species must therefore
be taken into account and before a better understanding of range limits or the
factors driving them can be attained (Gaston, 2009).
A number of studies have suggested that dispersal ability plays a pivotal role in
shaping the range sizes of species within clades and across taxa (Juliano, 1983;
Böhning-Gaese et al., 2006; Lester et al., 2007; Rundle et al., 2007a,b; Arribas
et al., 2012b; Sánchez-Fernández et al., 2016). This literature suggests that physical factors are limiting to a high proportion of species with most species being
dispersal limited (there being other biogeographic regions where the species could
persist but cannot reach). However, as dispersal ability is considered an emergent
trait and therefore influenced by a number of ecological, physiological and morphological factors it is difficult to quantify (Rundle et al., 2007b), with research
showing that dispersal ability is likely to play a limited role in shaping interspecific differences in biogeography (Lester et al., 2007; Calosi et al., 2010). Further
work has also stated that although dispersal is vital to evolutionary potential,
locally adapted populations may have limited evolutionary rescue abilities due
to an interplay between gene flow and habitat heterogeneity decreasing dispersal
(Schiffers et al., 2013). Locally adapted, ‘rare’ species may therefore likely to be
more vulnerable to climate change.
Recently, studies have tested the hypotheses and rules described above, to better understand the mechanisms behind geographical range size, predict species
responses to variations in climate and how this may affect a species distribu7
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tional range size (Bozinovic et al., 2011; Sunday et al., 2011a, 2012). To date,
multiple studies have shown that lower lethal temperature tolerances can control
the southern distributional limits of species (Addo-Bediako et al., 2000a; Calosi
et al., 2008a,b; Sunday et al., 2011b; Pither, 2003). This research lends support
to the physiological tolerance assumption of Rapoport’s rule and suggests that
warm adapted species may live closer to their thermal tolerance limits than coldadapted species (Somero et al., 2005). Climatic factors such as temperature may
therefore be important in limiting range size, primarily through their effects on
metabolism and competition, shifting developmental timing and opportunities for
successful reproduction, but these do not act in isolation. Therefore, it is most
likely a combination of ecological, evolutionary and physiological processes that
drive distributional range sizes (Stevens, 1989; Brown et al., 1996; Gaston, 1996,
2003).

1.4

Physiological correlates of range

Macrophysiology is considered the "conceptual convergence between the fields of
ecology and physiology in the study of large spatial and temporal-scale patterns
to explain how high levels of environmental variability affect physiological traits"
(Bozinovic et al., 2011). Although little is known of the physiological mechanisms
underlying range size variation, it is clear that some species appear more resilient
than others (Clark et al., 2011). Previous work, has assessed a number of physiological processes across range size, over latitudes and with temperature (Martin
et al., 2004a; Deutsch et al., 2008; Martin et al., 2008; Calosi et al., 2010; Martin
et al., 2010; Agosta et al., 2013).
More recently, studies have concentrated on understanding the mechanisms underlying geographic range size in order to predict how distributional ranges could
change under future climatic conditions (Calosi et al., 2008a,b; Bozinovic et al.,
2011). One mechanism which has received widespread interest is the idea of phenological or physiological plasticity. Plasticity is the ability of organisms to adjust
their phenology or physiology to cope with broader thermal tolerances and exploit
wider geographical ranges (Bozinovic et al., 2011). In terrestrial environments,
it is thought that climate variability increases with latitude; therefore organisms
inhabiting higher latitudes may require a broader range of physiological tolerances
(Addo-Bediako et al., 2000b). In addition to this, species demonstrating wide ge8
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ographic ranges are thought to be adapted to a broader range of environmental
conditions, potentially allowing them to inhabit both the northern and southern edges of their range boundaries. It might therefore be assumed that species
exhibiting wider geographical range sizes may cope better with the increased temperatures associated with future climate change scenarios.
Stress can be defined as "a measurable alteration of a physiological (or behavioural,
biochemical or cytological) steady state, which is induced by an environmental
change, and which renders the individual (or the population, or community) more
vulnerable to further environmental change" (Bijlsma and Loeschcke, 2013). Furthermore, Lannig et al. (2010) states that environmental change can be considered
stressful if an organism needs to increase energy expenditure on maintenance, defence or repair. Alterations in these energy budgets can have knock-on effects on
individual fitness and in turn population dynamics. In nature it is often found
that the relationship between abiotic variables and the distributional limits of a
species are determined by physiological constraints. Historically, the importance
of physiological mechanisms to our understanding of the ecology and evolution
of taxa has been underestimated with variation in physiological traits being dismissed as irrelevant or random noise/error (Bozinovic et al., 2011).
Although empirical attempts have been made to explore the variation between
physiological traits, and despite immunity being a critical determinant of an organisms fitness, no work to date has investigated the relationship between immunity and range size. Immune defence strategies between widespread and narrowrange species may differ because species distributed across larger areas may be
exposed to a wider range of pathogens, exerting stronger selection pressure on the
innate immune system (Schulenburg et al., 2009; Barthel et al., 2014). Despite
the lack of an adaptive immune system in insects, studies have demonstrated immune priming in various insects and suggest that diversity in immune defences
may be genetically fixed or phenotypically plastic (Little and Kraaijeveld, 2004;
Sadd et al., 2005; Moret, 2006; Sadd and Schmid-Hempel, 2006; Roth and Kurtz,
2008). Widespread species may therefore respond immunologically better to a
diverse array of pathogens, whereas narrow-range species may respond stronger
against specific pathogens and not others they are unfamiliar with.
As climate variability in macrohabitats generally increases with latitude, organisms inhabiting higher latitudes may require a broader range of physiological tolerances (Addo-Bediako et al., 2000b; Deutsch et al., 2008; Dillon et al., 2010;
9
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Bozinovic et al., 2011; Sunday et al., 2011b). As temperature can affect all life
functions, changes in metabolic processes can have subsequent effects on distribution, abundance, phenology, voltinism and behaviour, through survival, reproduction and immunocompetence (Thomas and Blanford, 2003; Thomas et al., 2004b;
Musolin, 2007). An ability to cope with a range of temperatures may therefore
be deemed highly beneficial for expanding species and generalists, but this may
come at a cost with energetic trade-offs.
Rapoport’s rule also states that species at lower latitudes have smaller distributional ranges allowing the coexistence of more species (Stevens, 1989; Gaston
et al., 1998; Bozinovic et al., 2011). One explanation for this is that species at
lower latitudes, experience less variable climates and so have narrower environmental tolerances (Spicer and Gaston, 1999; Gaston and Spicer, 2001; Gaston, 2003).
This is supported by data, which suggest that wide-ranging organisms may have
broader thermal tolerances (Ghalambor et al., 2006; Calosi et al., 2008a, 2010).
Brett’s rule further states that heat tolerances of ectotherms (compared with cold
tolerances) are relatively invariant with geographical distance and latitude, indicating that cold tolerance may be more important than heat tolerance in driving
a species distribution (Gaston et al., 2009; Lancaster et al., 2015, 2016).
The ability of an organism to adapt its metabolism to fit energetic requirements without the guidance of a hereditary method of adjustment can be termed
metabolic plasticity. Although contention remains around plasticity and its definition in different disciplines (Pigliucci, 2001; West-Eberhard, 2003), for the purposes of this thesis, physiological plasticity will be defined as the ability of an
organism, or species, to adjust their physiology to cope with broader thermal tolerances, allowing them to exploit wider geographical ranges (Gaston et al., 2009;
Bozinovic et al., 2011).
To date no information exists on the relationships between metabolic plasticity or
immunity and variation in range size and position. Ideally, this information would
be taken into account in bioclimatic modelling of species range shifts but currently
there is not enough information. As there is interest from the United Nations
Environment Programme World Conservation Monitoring Centre to include this
in future models (Micheal Harfoot, personal communication 2015), work needs to
be done to understand the mechanisms behind geographical range size and indicate
whether narrow-ranging species may be more vulnerable to climate change.
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1.5

Diving beetles as model species

With roughly 1 million characterised species (ca. 5 million estimated species, 32
orders and more than 600 families worldwide) insects account for 22% of known
animals (Bulet and Stocklin, 2005). Insects provide unique and essential ecosystem services such as nutrient recycling, pest control and pollination (Losey and
Vaughan, 2006). Like many ectotherms, insects are sensitive to changes in climate
as they are dependent on environmental temperatures to maintain their metabolic
processes (Deutsch et al., 2008; Lachenicht et al., 2010; Lalouette et al., 2007). It
is these metabolic processes that ultimately control energy production and allocation, with subsequent effects on immune health and reproductive fitness (Pörtner
et al., 2001; Musolin, 2007; Deutsch et al., 2008).
Past work using insects as model systems has shown that they have already been
responding to changes in climate for over 100 years, through evolutionary responses (Parmesan, 2006), range shifts (Parmesan et al., 1999; Crozier and Dwyer,
2006), phenological asynchrony (Singer and Parmesan, 2010; Parmesan, 2007), alterations in behaviour and physiology (Huey et al., 2012; Andrew et al., 2013),
voltinism (Jaramillo et al., 2009), abundance, and community structure (Musolin,
2007). Species may also be affected by climate change in very different ways,
despite having ecologically and biogeographically similar traits (Arribas et al.,
2012a). As a result, insects are among the most vulnerable groups to climate
change and their decline could have severe detrimental effects on global ecosystems (Thomas et al., 2004a; Losey and Vaughan, 2006; Potts et al., 2010).
Freshwaters represent a tiny fraction of the global habitat occupied by organisms,
yet they hold a disproportionately large percentage of all known species (Dudgeon
et al., 2006). Among the aquatic insects, beetles (order Coleoptera) represent over
350,000 known species with possibly millions of species still undescribed (Jäch and
Balke, 2008). In the case of macro-invertebrates, beetles are second only to flies
in terms of the number of species occurring in inland waters. Within the water
beetles, the Dytiscidae are arguably the most diverse family of beetles, containing
over 4000 described species (Bergsten et al., 2001). The Dytiscidae represent one
of the major aquatic radiations, being found in practically every form of inland
water body on Earth, where they are often the most ecologically important or the
only predators (Jäch and Balke, 2008; Abellán et al., 2005; Ribera, 2003; Ribera
et al., 2008; Yee, 2014).
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Within Dytiscids, diving beetles can be omnivorous or carnivorous, and range
in length from 1-50 mm. Although most species are closely associated with their
aquatic habitat throughout their life cycle (except in the pupal stage) many species
are strong flyers and able to disperse readily over land (Ribera et al., 2008). European diving beetles, namely Deronectes (Dytsicidae) have a high species richness
in the Mediterranean, where they are found in fast-flowing streams at intermediate
elevations across the Palaearctic (Ribera et al., 2008; Calosi et al., 2010; GarcíaVázquez et al., 2016). The wide biodiversity of Dytiscidae in the Mediterranean
suggest that many extant taxa originated from here during the Plio-Pleistocene
(Ribera and Vogler, 2004). However, due to Pleistocene conditions, many species
were forced in to southern refugial populations, of which only a few species tolerant of low temperatures were able to expand their ranges northwards afterwards
(Hewitt, 2000; Abellán et al., 2011; Hidalgo-Galiana et al., 2014b).
As much is known about the biology, ecology and phylogenetic history of Dytsicids, the group has been used as model organisms in a variety of ecological and
evolutionary studies, such as coexistence and competition of closely related taxa
(e.g. Juliano and Lawton 1990; Scheffer and van Nes 2006); the evolution of the
stygobiontic fauna (Leys et al., 2003, 2005); the role of habitat constraints in
large-scale macro-ecological patterns (Ribera et al., 2001, 2003b); the mechanics
and functional morphology of swimming and surfacing behaviour (Calosi et al.,
2007, 2012); oxygen limitation and respiratory control (Verberk and Bilton, 2011;
Verberk and Calosi, 2012; McCue and De Los Santos, 2013; Verberk and Bilton,
2013, 2015; Verberk et al., 2016); and thermal physiology (Calosi et al., 2008a,b,
2010).
Deronectes is a well-defined and studied taxonomic assemblage of ecologically
similar congeners. The genus contains species whose geographical ranges vary
widely from endemics known to inhabit single mountain systems, such as D. delarouzei and D. algibensis, to intermediate (D. hispanicus and D. bicostatus) and
wide ranging species such as D. latus, whose distribution extends over much of
Europe (Fery and Brancucci, 1997; Fery and Hosseinie, 1998). Although the temperatures experienced by individuals are largely buffered by the aquatic medium,
seasonal and latitudinal variations in temperature do exist (Calosi et al., 2010).
For example, in streams inhabited by Deronectes in Andalucia, Spain, water temperatures can vary between 6 and 30 ◦ C annually (A. Millán, P. Abellán and D.
Sánchez-Fernández, personal communication), whereas in England, temperatures
fluctuate between 2 and 25 ◦ C (D. T. Bilton, personal observation; Hildrew 1979).
12
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Widespread species therefore experience a greater range of temperatures variation
across their distributional range. Most European species of Deronectes belong to
the western clade, with the exception of the latus group which is more closely
related to eastern Mediterranean taxa (Fery and Brancucci, 1997; Fery and Hosseinie, 1998; Ribera et al., 2001). Within the western clade of Deronectes there are
four distinct lineages, the opatrinus, aubei, platynotus and moestus groups, with
representative species of varying range sizes collected from each of these groups
for comparison.
Previous work on Deronectes found that physiological plasticity and dispersal
ability have limited roles in shaping the distribution of species, and that absolute thermal limits were good indicators of a species latitudinal range (Calosi
et al., 2008b). Calosi et al. (2008b) also demonstrated that within Deronectes,
species with the ‘best’ absolute thermal tolerances were also the ‘best’ acclimators, suggesting an absence of trade-offs between resources. Calosi et al. (2012)
further found that widespread, more northern species possessed higher diving performances (i.e. surfacing less frequently and spending longer submerged), than
geographically-restricted southern relatives. A number of explanations were proposed, including that widespread species may have larger air stores (which take
longer to fill and empty); exchange their sub-elytral and tracheal air stores more
thoroughly; have lower oxygen requirements; or have a greater ability to rely
on physical gills (Calosi et al., 2012). Furthermore, genetic studies show that
widespread species of Deronectes were able to escape refugial areas and recolonise
north after the last ice age, but that closely related congeners within the genus
could not. It may be that higher diving performance, dispersal ability and thermal
tolerance in widespread Deronectes species may have contributed to their range
expansion (Overgaard et al., 2011; Hidalgo-Galiana et al., 2014b). If widespread
diving beetles in the genus Deronectes are ‘better’ at acclimating, diving and dispersing, are these species also better metabolically and immunologically, compared
to their narrow-ranging counterparts.
Deronectes species make an ideal model group as they have been well-studied, their
phylogeny is known and previous work has indicated the importance of thermal
physiology in driving range size. Deronectes species are also sensitive to temperature, easy to maintain in laboratory conditions and contain relatively large
quantities of haemolymph, which is convenient for the measurement of numerous
assays. Abellán and Ribera (2011) showed that range size is shaped by an interplay of geographic and ecological factors, which are both affected by phylogeny.
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Therefore comparing species traits can produce valuable insights into evolutionary
processes. However as species are related, the traits measured cannot be treated
as independent data because strong relationships between traits may be based
on few truly independent events or masked by phylogenetic differences between
groups (Revell, 2010; Chamberlain et al., 2012; Orme, 2013).

1.6

Insect immunology

Immunity is defined as resistance to a pathogen and the immune system is the
process by which organisms defend themselves against microorganisms (SchmidHempel, 2005). In most organisms, the immune system is broadly divided into the
fast-responding short-lived innate responses and the slow-responding but specific
and long-lasting adaptive responses (Schmid-Hempel, 2005; Lemaitre and Hoffmann, 2007). In invertebrates, the innate immune system plays a key role in front
line defence and in organising the appropriate adaptive response (Schmid-Hempel,
2005) as they lack the adaptive immune system that provides immunological memory. For a long time it was thought that innate responses were an evolutionary
throwback, providing no more than a holding operation for the exquisitely complex
adaptive immune responses. However, recent work suggests that innate immune
responses play a crucial role as a first line of defence and in the organisation of
the subsequent adaptive response (Brown, 2001).
The innate immune system can be further subdivided into cellular and induced
immune defences. In invertebrates, cellular (also known as constitutive) immune
responses involve a multitude of highly differentiated haemocytes Nappi and Ottaviani 2000; Lawniczak et al. 2007). These haemocytes comprise of plasmotocytes, which are similar to mammalian phagocytes and important in phagocytosis;
lamellocytes, which play a role in encapsulation; and crystal cells, which are vital
for producing pro-phenoloxidase for melanisation and clotting (Gillespie, 1997;
Tzou et al., 2002a; Laughton and Siva-Jothy, 2010; Buchon et al., 2014). These
immune cells are always present, non-specific, immediate in effect and lead to
different immune pathways (Siva-Jothy et al., 2005; Cerenius et al., 2008; Haine
et al., 2008b). By contrast the induced (also known as humoral) immune responses
consist of soluble peptides and proteins which like the immune cells circulate in
the haemolymph and activate downstream immune reactions (Werner, 2004). In
vertebrates, these peptides and proteins are mainly produced in epithelial tissues,
14
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blood cells and in the liver but in invertebrates, such as insects, these are produced in the fat body (Werner, 2004). These peptides and proteins recognise
invading microorganisms and trigger proteolytically activated systems such as the
phenoloxidase cascade and the synthesis of antimicrobial peptides to prevent infection (Laughton and Siva-Jothy, 2010; Ravi et al., 2011).
Detailed studies of immunocompetence in the fruit fly, Drosophila melanogaster,
suggest that insects primarily minimise the risk of infection by adapting their
life-history to avoid pathogens ; Fruit flies also have an outer body wall, cuticle,
chitinous tracheal and gut endothelia representing further challenges to infection
(Choe et al., 2002; Tzou et al., 2002a; Schmid-Hempel and Ebert, 2003; Lemaitre
and Hoffmann, 2007). However, once a parasite has breached these defences, the
immune system recognises that a foreign body is present and responds through a
suite of signal transduction pathways (Nappi and Ottaviani, 2000), each producing
a different immune responses (Fig. 1.2).

Figure 1.1: Known responses of the insect immune system, based on Drosophila
melanogaster. Detection of microbial pathogens (ellipses) by recognition proteins
(star) activates a large array of interconnected and synergistic host-defence mechanisms (boxes). Diagram adapted from Tzou et al. (2002a).
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Pathogen recognition
There are a variety of models explaining how organisms can recognise infections
but the most widely accepted is the pattern recognition hypothesis (Janeway,
1989; Medzhitov, 2009). The pattern recognition hypothesis is that immune responses are triggered when the host recognises pathogen associated molecular
patterns (PAMPs) such as lipopolysaccharides (LPS), peptidoglycans (PG) or
β-1,3-glucans from foreign microorganisms. Although, as Werner (2004) points
out, the phrase ‘pathogen associated molecular patterns’ is slightly misleading because most PAMPs are displayed by non-pathogenic microorganisms (since true
pathogens have co-evolved with their hosts to hide their recognisable cell wall
motifs). In insects, the presence of foreign micro-organisms stimulates Toll receptors leading to innate immune responses (Brown, 2001) and activating signal
transduction pathways (Nappi and Ottaviani 2000; Fig. 1.1).
Depending on the type of microorganism, different recognition proteins and binding sites are involved, which trigger different immune pathways. Generally fungal
cell walls contain β-1,3-glucan, Gram-positive Bacteria have a cell wall consisting
of several layers of PG made from murein with extruding teichoic acids, whereas
Gram-negative Bacteria have a single layer of PG surrounded by an outer membrane of LPS. Other PAMPs include flagellins, which can be found in Grampositive and Gram-negative Bacteria, fragments of collagen or nucleic acids such
as double stranded RNA from Bacteria or viruses, as well as a broad variety of
ligands. These differences in the cell wall’s molecular motif identifies the microorganism when the relevant recognition proteins bind to them, enabling the host’s
immune system to respond appropriately. For example, in Drosophila the PAMP
flagellin from Bacillus thuringiensis has been shown to activate the transcription
of the antimicrobial peptide Cecropin A1 in mbn-2 cells (Fire et al., 1998).
Once the receptor recognition protein and PAMPs are bound, downstream signal
transduction events are initiated, triggering the cellular and induced components
of the innate immune system. The downstream signal transduction pathways controlling the responses are the Spaetzle-Toll pathway (also known as the Spaetzle,
Toll or Dif pathway) triggered primarily through infections by fungi and Grampositive Bacteria, the Imd pathway (also known as the Relish pathway) triggered
by Gram-negative Bacteria, the JNK pathway, the less-understood JAK/STAT
pathway, thought to control cellular reactions (Schmid-Hempel, 2005) and the prophenoloxidase cascade, which are described in more detail below (Fig. 1.2).
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In insects, the immune system responds first by clotting the haemolymph and
melanising the invading pathogen, before phagocytosing the pathogen. However,
if the pathogen is too large to phagocytose, the pathogen will become encapsulated and coagulated before opsonization occurs (pathogen marked by lectins for
destruction by phagocytes; Tzou et al. 2002a; Fig. 1.1). Cellular responses to microbial pathogens such as melanisation, phagocytosis and encapsulation involve a
multitude of highly differentiated haemocytes (the cellular component of arthropod haemolymph; Lawniczak et al. 2007). A subset of haemocytes are involved
in immune responses, e.g. cells that release phenoloxidase (PO), crystal cells for
melanisation, plasmatocytes for phagocytosis and lamellocytes for encapsulation
(Tzou et al., 2002a; Lemaitre and Hoffmann, 2007). Insects also release cytotoxic
molecules including reactive oxygen (e.g. peroxyl or hydroxyl radicals) and nitrogen (e.g. nitric oxide) species, quinoid intermediates of melanin, and a range
of other defence molecules (lysozyme, proteolytic and hydrolytic enzymes; Nappi
and Ottaviani 2000). These reactive species can be harmful to the cell so must
be kept at a minimum by rapidly removing them.

Spaetzle-Toll pathway
The Spaetzle-Toll pathway is involved in cellular and induced defences and is
mainly induced by Gram-positive bacteria and fungi, although Gram-negative
Bacteria can produce a weak response (Hedengren et al., 1999; Tzou et al., 2002a;
Leulier et al., 2003). The Spaetzle-Toll/Dif pathway has a multitude of names
because Spaetzle is the name of the ligand for a receptor protein called Toll,
which leads to the production of Dorsal-related immunity factor (Dif).
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Figure 1.2: Specific insect innate immune pathways based on Drosophila literature. Permission to reproduce this image has been granted from Robert M Brucker
01/04/2015. Image credit to Robert M. Brucker (2011). Figure also published in
Brucker and Bordenstein (2012).
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When peptidoglycan recognition proteins identify a microorganism, Spaetzle is
cleaved by unknown serine proteases to form its active cytokine ligand. This ligand binds extracellularly to leucine-rich repeats on a Toll interleukin recognition
domain, activating it. Together with other proteins (MyD88, Traf2 and Pelle),
Spaetzle binding then causes the inhibitor κB protein, Cactus, to dissociate from
NF-κB transcription factor, Dorsal or Dif (De Gregorio et al., 2002b). As Cactus degrades, Dif and Dorsal are released and translocate to the nucleus in high
concentrations, altering gene expression. However, whilst Dorsal is important for
dorso-ventral embryonic development in insects, Dif is important in activating
the genes encoding for AMP production by binding to κB-like sites (Ip et al.,
1993).
In Drosophila, seven types of AMPs have been identified, attacin, cecropin, defensin, diptericin, drosocin, drosomycin, and metchnikowin (Agaisse and Perrimon, 2004). Of the known AMPs the Spaetzle-Toll pathway specifically targets
the gene for drosomycin, which has antifungal activity as well as contributing
to the production of cecropins and attacins (in concert with the Imd pathway;
Werner 2004). AMPs form the first line of defence against pathogens and are
highly conserved between groups (Bulet et al., 2004). In insects, AMPs are produced mainly by the fat body (Arrese and Soulages, 2010) and to a lesser extent
in the circulating haemocytes, cuticular cells, mid-gut, salivary glands and reproductive organs (Schmid-Hempel, 2005). Depending on their tissue distribution,
AMPs ensure either systemic or local protection against environmental pathogens
(see Bulet et al. 2004; Werner 2004; Lemaitre and Hoffmann 2007 for more information on AMPs). AMPs are synthesised in large quantities in response to
infection, are small in size and specific in their action (Bulet et al., 2004).

Imd pathway
Similar to the Spaetzle-Toll pathway, the Imd or Relish pathway has multiple
names, Imd because the pathway was first demonstrated in immunodeficient (Imd)
flies and leads to the activation of the Rel factor ‘Relish’ (Georgel et al., 2001).
The Imd pathway also alters the gene expression of antimicrobial peptides through
another NF-κB signalling pathway. The Imd pathway is induced by mainly Gramnegative Bacteria, but also Gram-positive Bacteria and maybe even fungi (Choe
et al., 2002; Tzou et al., 2002a; Bulet and Stocklin, 2005). The Imd pathway first
recognises PG when PG recognition proteins bind to the PAMPs on a microor19
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ganism, i.e. PGRP-LC/LE in Gram-negative and Gram-positive Bacteria, respectively. This binding causes the receptor to dimerise (combine with another similar
molecule) resulting in the recruitment of adapter proteins (for protein binding)
called IMD and dFADD (aka the death protein) along with the caspase DREDD
(cysteine-aspartic proteases that play essential roles in apoptosis/programmed cell
death, necrosis, and inflammation). Concurrently a number of kinases including
dTAK1 are activated, which go on to activate IRD5 by phosphorylation. This
IRD5 in complex with an IKKγ orthologue (one of two or more homologous gene
sequences found in different species, in this case ‘Kenny’) phosphorylates Relish.
Relish is then cleaved by DREDD, releasing the N -terminal nuclear/transcription
factor (REL-68) on Relish from the cytoplasm, which then translocates to the nucleus where it is able to influence the transcription of genes encoding for all seven
known AMPs, but primarily diptericin (Lemaitre et al., 1995, 1997; Hedengren
et al., 1999, 2000; Georgel et al., 2001).

JNK pathway
In addition to dTAK1 activation being important in the Imd pathway and AMP
gene regulation, dTAK1 can also activate the JNK pathway (Silverman et al.,
2003; Park et al., 2004; Delaney et al., 2006). The JNK or c-Jun N-terminal
kinase pathway is vital in development and key in activating the cellular immune
responses (Silverman et al., 2003; Agaisse and Perrimon, 2004; Park et al., 2004;
Garver et al., 2013). The JNK pathway is one of the first lines of immune defence,
producing a wide variety of immune responses before the Imd pathway is even
concluded. This variety of immune responses is thought to be possible due to the
many complex upstream cascades which can lead to JNK (Garver et al., 2013).
Previous work by Jaramillo-Gutierrez et al. (2010), has shown that JNK regulates
reactive oxygen species (ROS) through the expression of genes the products of
which prevent oxidative damage, such as oxidation resistance 1 (OXR1), catalase,
and glutathione peroxidase. The same paper also found that inhibiting the JNK
pathway enhanced malarial infection, suggesting that as well as controlling ROS,
JNK may mediate an antiplasmodial response.
In mosquitos, the JNK pathway is activated by dTAK1 from the Imd pathway
through the phosphorylation of JNKK which binds to a scaffolding protein connecting kinase to AP-1 (CKA). This binding brings the JNKK closer to the JNK
protein ‘Basket’ (BSK), which JNKK dephosphorylates using a phosphatase called
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‘puc’. During this process CKA is also phosphorylated, resulting in the dissociation of BSK so it can translocate to the nucleus where it phosphorylates AP-1
transcription factors to transcribe the genes involved in early immune responses,
such as wound repair (Kockel et al., 2001; Garver et al., 2013). Interestingly, puc
not only controls JNK phosphorylation but is also controlled by JNK through its
transcription in a negative feedback loop (Martin-Blanco et al., 1998; Libert et al.,
2008; Garver et al., 2013). Some suggest that AP-1 transcription factors used in
the JNK pathway prevent the activation of Relish dependent genes but that once
Relish is activated the JNK response is discontinued.

JAK/STAT pathway
The JAK in JAK/STAT pathway stands for ‘Janus kinase’ and the STAT stands
for ‘signal transducers and activators of transcription’ (Agaisse and Perrimon,
2004; Lemaitre and Hoffmann, 2007). The JAK/STAT pathway, first described in
flies, can be activated by many chemical messengers, including cytokines (Binari
and Perrimon, 1994). These bind to the receptor ‘domeless’ (Dome) which then
signals through JAK (Hopscotch) and STAT (STAT92E/Marelle) leading to the
transcription of genes involved in cellular and humoral immune responses (Agaisse
and Perrimon, 2004), such as the opsonisation of Gram-negative Bacteria and their
phagocytosis (Lagueux et al., 2000; Levashina et al., 2001; Schmid-Hempel, 2005;
Lemaitre and Hoffmann, 2007). Much like the JNK pathway, there is not much
known about the JAK/STAT pathway in insects other than that it is important
in embryonic development and provides an immune response to injury or stress
(Harrison et al., 1998; Silverman et al., 2003; Agaisse and Perrimon, 2004; Park
et al., 2004; Garver et al., 2013). Like the JNK pathway, the JAK/STAT pathway
is also complex and requires the coordination and integration of different cell types
and regulatory mechanisms (Agaisse and Perrimon, 2004).

Opsonisation and phagocytosis
In insects, opsonisation and phagocytosis occur when particles such as bacterial
cells are labelled by lectins for destruction by phagocytes (Roth, 2009). Once
marked, the plasmatocytes attach to the target particle altering the structure of
their cytoskeleton to internalise the particle and activate downstream reactions
(Janeway et al., 2001; Meister and Lagueux, 2003). The targets are engulfed into
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phagosomes that fuse with lysosomes to form phagolysosomes, enabling the target
particle to be destroyed e.g. by reactive oxygen and nitrogen species (Janeway
et al., 2001). If the particle is too large to be phagocytosed, e.g. parasitoid eggs,
then these will be encapsulated with melanin produced from the pro-phenoloxidase
cascade.

Antimicrobial peptide activity
Both the Spaetzle-Toll and Imd pathways induce the synthesis of lysozymes and
AMPs, which cause cell lysis of bacteria and viruses (Nappi and Ottaviani, 2000;
Schmid-Hempel, 2005). AMPs are produced mainly by the fat body and to a lesser
extent in the circulating haemocytes, cuticular cells, mid-gut, salivary glands and
reproductive organs (Schmid-Hempel, 2005). Depending on their tissue distribution, AMPs ensure either a systemic or a local protection of the organism against
environmental pathogens (Bulet et al., 2004). Recent work suggests that induced
AMPs primarily protect against persisting bacteria in the body rather than clearing microbial infections (Haine et al., 2008a). AMPs are synthesised in large
quantities in response to infection, are small in size and specific in their action
(Bulet et al., 2004). In insects, over 20 immune inducible AMPs have been identified and although their structures are diverse, most AMPs can be categorised into
a few families, cecropins, drosocins, attacins, defencins, diptericins, drosomycins
and metchnikowins (see Werner 2004, Lemaitre and Hoffmann 2007 and Ravi et al.
2011 for more information). Diptericins, drosocins and attacins have been shown
to be effective against Gram-negative Bacteria, whereas defensins are thought to
defend against Gram-positive Bacteria (Bulet and Stocklin, 2005; Lemaitre and
Hoffmann, 2007; Ravi et al., 2011). However, the mechanisms by which the AMPs
act at the membrane level are still largely unknown (Lemaitre and Hoffmann,
2007).

Pro-phenoloxidase cascade
Among the signalling cascades, the pro-phenoloxidase (pro-PO) cascade is the
only pathway known to occur entirely extracellularly and is vital in melanising
pathogens and damaged tissues (Cerenius and Söderhäll, 2004; Cerenius et al.,
2010). The pro-PO cascade is initiated when non-self material is detected or a
wound is received. On recognising the presence of a foreign microorganism, pro22
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PO is activated by a serine proteinase cascade resulting in the cleavage and therefore activation of the prophenoloxidase-activating enzyme (pro-ppA; see references
6 - 16 in Cerenius and Söderhäll 2004 for insect examples). The inactive enzyme
pro-PO is then cleaved again, forming the active enzyme phenoloxidase (PO).
Interestingly pro-PO is encoded for by many genes in insects and it is thought
that the phenoloxidases resulting from them may have different enzymatic characteristics, such as substrate specificity or activation mechanisms (Cerenius and
Söderhäll, 2004; Christensen et al., 2005; Binggeli et al., 2014).
The enzyme phenoloxidase (PO), converts tyrosine-based precursor molecules
(phenols which form around pathogens) into melanin via quinoid intermediates
in a process known as melanisation (Söderhäll and Cerenius, 1998). Melanisation
occurs at the site of injury or the presence of foreign objects, such as parasites,
to physically shield the host by surrounding the intruder and producing highlyreactive toxic quinone intermediates (Agaisse and Perrimon, 2004; Cerenius and
Söderhäll, 2004). A melanised cell capsule forms around the pathogen in a process known as encapsulation before the pathogen undergoes opsonization (Agaisse
and Perrimon, 2004; Schmid-Hempel, 2005). Haemolymph can also coagulate in
response to injury or viral infection, with infected cells becoming encapsulated by
haemocytes (Muta and Iwanaga, 1996; Washburn et al., 1996).
The cascade by which PO is activated produces cytotoxic by-products, which
might also contribute to the death of pathogens. These by-products, known as
reactive oxygen and nitrogen species, as well as melanin itself, are thought to
be toxic to microorganisms (Nappi and Ottaviani, 2000; Nappi and Christensen,
2005). Once produced, ROS react rapidly with a multitude of molecules such
as proteins, lipids, carbohydrates and nucleic acids which can destroy or alter
their function (Hwang et al., 2014). As a result, ROS cause cellular damage in
organisms and play a role in killing pathogens. Over the last decade, ROS have
also been found to be involved in a number of reversible regulatory processes in
virtually all cells and tissues (for a review of reactive oxygen species see Bedard
and Krause 2007). Previous studies in insects have also found that ROS can
mediate immunity against bacteria and promote longevity (Diaz-Albiter et al.,
2012; Hwang et al., 2014).
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1.7

Insect metabolism

Metabolic pathways
Metabolism is broadly split into two categories, catabolism that extracts energy
from environmental sources and anabolism that uses this energy and small precursor molecules produced in catabolism to synthesise new biomolecules. Focussing
on catabolism, energy can be produced aerobically through cellular respiration
or anaerobically through fermentation via a number of linked reactions. Initially,
glucose is metabolised into pyruvate via 10 linked reactions in a process known
as glyocolysis that occurs in the cytosol of cells (see Fig. 1.3). The pyruvate
produced then enters mitochondria to supply the tricarboxylic acid (TCA) or
Krebs cycle as acetyl-CoA. Glycolysis produces ATP, NADH and the TCA cycle
produce ATP, NADH and QH2 , the latter two of which are required in oxidative
phosphorylation. If ATP is abundant, a slow form of pyruvate kinase slows glycolysis enabling anaplerotic reactions to occur, replenishing TCA intermediates and
allowing some intermediates to biosynthesis energy storage molecules (i.e glucose
as glycogen, aceytl-CoA as fatty acids and metabolites such as α-ketoglutarate as
proteins). The NADH produced from glycolysis and the TCA cycle then reduces
to NAD+ , regenerating NAD+ for use in glycolysis and the TCA cycle, passing
electrons to the electron transport chain. As these electrons pass through complexes I, III, and IV, hydrogen ions are pumped from the mitochondrial matrix
into the intermembrane space leading to a hydrogen ion gradient (see Fig. 1.3).
This hydrogen gradient drives the synthesis of ATP via ATP synthase, as the hydrogen ions flowing back into the mitochondrial matrix, phosphorylating ADP to
ATP in a process known as oxidative phosphorylation. Substrate level phosphorylation occurs in glycolysis and the TCA cycle but is not as efficient at producing
ATP as oxidative phosphorylation.
Under aerobic conditions, organisms can use lipid, carbohydrate or amino acids
for respiration, although there is considerable variation between species in terms of
the relative substrates used (Larade and Storey, 2002; Storey, 2005). However under hypoxic conditions, carbohydrates become the primary source of fuel because
the oxidation of hexose phosphates (from glucose and glycogen) to triose phosphates via glycolysis produces ATP via substrate-level phosphorylation (Larade
and Storey, 2002). Although the ATP yield is low compared to the complete oxidation of carbon dioxide and water via the TCA cycle, species with high tolerances
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to oxygen stress can adapt this pathway to prolong survival using fermentation
pathways alone (Storey, 2005).
In anoxia-tolerant marine invertebrates these adaptations can include: large fuel
stores in tissues (of mainly glycogen but also amino acids); coupling glycolysis to
additional substrate-level phosphorylation reactions to increase ATP output per
hexose phosphate; producing alternative ‘end-products’ to lactate; and depressing
metabolic rate (Storey and Storey, 1990; Grieshaber et al., 1994; Larade and
Storey, 2002; Peck et al., 2002; Sokolova and Pörtner, 2003).
Under anaerobic conditions (such as those caused by elevated temperatures) the
switch to anaerobic metabolism occurs because NADH and QH2 cannot be reoxidised to NAD+ and Q+ for use in glycolysis and the TCA cycle (see Fig. 1.3;
Larade and Storey 2002). When NAD and Q are completely reduced, they are unable to act as electron acceptors (oxidants) to produce more NADH and FADH2 .
Therefore although plenty of electrons are present in the mitochondrial matrix,
they can not be passed along the electron transport chain and oxidative phosphorylation can no longer occur, severely reducing ATP production. Under these
conditions, the only active energy producing pathway is glycolysis, as NADH can
be regenerated to NAD+ through the conversion of pyruvate to lactate by the Llactate dehydrogenase (see Fig. 1.3). The rate of glycolysis then increases, known
as the Pasteur effect, drawing on energy stores (largely glycogen) in an attempt to
produce enough ATP to meet the energy demand. In doing so, energy stores become depleted and lactate levels build up as lactate cannot be broken down faster
than it is produced, causing cellular pH to drop. Under long-term hypoxic stress,
a number of other fermentation pathways can also occur in invertebrates, such
as opine fermentation, the aspartate-succinate pathway and the glucose-succinate
pathway. However, there is no evidence for these latter pathways in diving beetles,
perhaps because in nature under these levels of stress the animals would crawl out
of the water and disperse by flight to more suitable areas.
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Figure 1.3: ATP producing metabolic pathways, including glycolysis, the TCA
cycle, the electron transport chain, oxidative phophorylation and lactic fermentation. Diagram amalgamated from those in Nelson et al. (2008).
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Adenylate nucleotides
When oxygen is limiting at extreme temperatures, mitochondrial energy production (using TCA and oxidative phosphorylation) can become too inefficient to
sustain cellular functions, compromising ATP production (Seebacher et al., 2010).
In the past, ATP production has been measured using adenylate nucleotides,
mainly as an indicator of microbial biomass (Skjoldal and Barkati, 1982), but
also as a measure of homeostasis in ecototherms (Colinet, 2011; Melatunan et al.,
2011). ATP content can also be used to calculate further parameters, such as
the adenylate energy charge (AEC) ratio, which indicates the energy status of organisms, and total adenylate nucleotides (TAN) available (Skjoldal and Barkati,
1982; Khlyntseva et al., 2009; Melatunan et al., 2011).
Under sub-optimal conditions, TAN would become reduced, because ADP and
AMP are converted into ATP to regulate the AEC. Furthermore, tissues with
reduced mitochondrial density maintain a lower AEC, with higher levels of free
ADP, AMP and inorganic phosphate, increasing the stimulation of glycolysis and
favouring the use of carbohydrate substrates (Khlyntseva et al., 2009; Melatunan
et al., 2011). For example, in the beetle Alphitobius diaperinus, chronic cold
stress did not lead to ATP depletion, suggesting that ADP and AMP conversion
to ATP may have been compensating for ATP decline (Colinet, 2011). This is
further supported by a study on the periwinkle Littorina littorea, which found
that under sub-lethal elevations in temperature AEC remained stable but ATP
content declined, indicating an increased reliance on anaerobic metabolism with
temperature when using carbohydrates as the energy source (Melatunan et al.,
2011).
The ratio of adenylate nucleotides can in turn affect the substrates used to produce energy. When glucose concentrations decrease, AMP:ATP ratios increase,
activating AMP-protein kinases (AMPK) to restore the energy status. Once activated, AMPK switches on catabolic pathways that generate ATP, while switching
off ATP-consuming, anabolic pathways such as the synthesis of lipids, glucose,
glycogen, and proteins (Hardie and Hawley, 2001; Hardie, 2011). It is essential
that ATP producing and consuming processes are maintained in a balance by
ATP synthase, to keep the ratio of AMP and ATP low (1:100) and maintain an
ADP:ATP ratio of the order of 1:10 (Hardie and Hawley, 2001; Hardie, 2011).
If a cellular stress causes the rate of ATP demand to exceed ATP supply, the
ADP:ATP ratio will rise, and AMP will be generated. It has been hypothesised
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that tissues with higher levels of free ADP, AMP and inorganic phosphate, increase the stimulation of glycolysis and favour the use of carbohydrate substrates
(Holloszy and Coyle, 1984).

Temperature and metabolism
Temperature can affect all life functions from changes in the rates of biochemical and physiological processes to the stability of biomolecules (Hoffmann, 1984;
Prosser, 1991; Hochachka and Somero, 2016). An ability to cope with a range
of temperatures is deemed highly beneficial for expanding species and generalists
(Lancaster, 2016). In insects, thermal tolerance has been assessed through acclimation ability, lethal limits and baseline metabolic rates (Calosi et al., 2008a,b;
Gray, 2013; Lehmann et al., 2015). Recently, work has begun to assess the effect
of energy supply on thermal tolerance and changes in metabolism at low temperatures (Andersen et al., 2010; Overgaard et al., 2011; MacMillan et al., 2012;
Colinet and Renault, 2014; Foray et al., 2014). However, changes in metabolism
or energy supply in response to elevated temperatures have not yet been explored.
In aquatic ectotherms, it has been hypothesised that elevated temperatures may
affect the function and physiology of organisms by limiting oxygen availability at
extreme temperatures (Gillooly et al., 2001; Pörtner, 2002; Sokolova et al., 2008;
Verberk and Bilton, 2011; Calosi et al., 2012).

Oxygen limitation hypothesis
The oxygen limitation hypothesis suggests that as environmental temperatures
increase, the metabolic rate of ectotherms increases and bodily processes become
more efficient (Pörtner et al., 2001; Pörtner, 2002). However, as metabolic rates
increase so does oxygen consumption. As oxygen demand becomes greater than
environmental or functional oxygen availability, organisms cannot supply oxygen
at a rate sufficient to support the increased ATP production required to satisfy
the increased ATP demand (Pörtner, 2002). Organisms may then begin to divert energy from other processes to maintain their metabolic rate. The extent to
which this applies to surface-exchangers like some diving beetles is unclear. For
example, Deronectes, use air trapped in a sub-elytral stores for diving but can
also use tracheal setae for gas exchange in flowing, well-oxygenated water (Kehl
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and Dettner, 2009; Madsen, 2012). This gives Deronectes species greater respiratory control than many groups (Madsen, 2012; Verberk and Bilton, 2013). It is
therefore unlikely that temperature-induced changes in dissolved oxygen will affect diving beetles, but elevated temperatures may raise metabolic demands and
therefore mitochondrial oxygen requirements.

Metabolic adjustments
As previously mentioned, when metabolic rate increases organisms can switch
from aerobic to anaerobic energy-producing pathways. Under sub-lethal elevations
in temperature, Melatunan et al. (2011) found that the periwinkle, L. littorea
accumulated ‘end-product’ metabolites, such as lactate and succinate, while ATP
concentrations remained stable. This indicates an increased reliance on anaerobic
metabolism with temperature when using carbohydrates as the energy source
(Melatunan et al., 2011). As thermal tolerance relies on an organism’s ability
to maintain cellular function under stress, thermally tolerant species may also
be expected to show higher metabolic plasticity (Hoffmann, 1984; Prosser, 1991;
Pörtner, 2002; Hochachka and Somero, 2016). In the last 15 years, studies have
begun to focus on the physiological mechanisms underpinning the evolution of
geographical range size in diving beetles (Addo-Bediako et al., 2000a, 2002; Calosi
et al., 2008b; Sánchez-Fernández et al., 2010; Arribas et al., 2012a). Metabolic
adjustments in response to variations in temperature are especially critical for
aquatic ectotherms, such as diving beetles, as their body temperatures fluctuate
across the entire range of their habitat temperatures (Sokolova and Pörtner, 2003).
Plasticity of such metabolic processes may therefore be vital in widespread, more
northerly distributed species of Deronectes, as organisms encounter increasingly
variable climates with latitude (Addo-Bediako et al., 2000b).

1.8

Immune and metabolic trade-offs

Evolutionary ecology assumes that an organism must allocate limited resources
to a wide range of tasks, with each task contributing in varying degrees to an
organism’s fitness (Lawniczak et al., 2007). Because these tasks are costly in
terms of resources, they may be traded off amongst each other within limited
possible allocation strategies (Schmid-Hempel, 2005).
29

1. General introduction

Trade-offs in immunity
Within the immune responses there are two broad costs, those involved in the
evolution of immunity (e.g. antagonistic pleiotropy, increasing fitness through
one trait and decreasing it through another Stearns 2000), and the physiological
costs of maintaining the immune system (e.g. the PO cascade; Rolff and SivaJothy 2003). Studies have shown that trade-offs between immune pathways can
be expected if the systems share resources (Rolff and Siva-Jothy, 2003). Previous
work has also highlighted a trade-off between the ‘fitness’ (the definition of which is
hotly debated) of an organism and its ability to combat infection/parasites (Norris
and Evans, 2000; Zuk and Stoehr, 2002). Therefore an ability to maintain ‘fitness’
whilst effectively combating a range of immune challenges could give widespread
species a significant advantage in the colonisation of diverse habitats.
Limitation studies on immune defence in the bug, Rhodnius prolixus, have shown
that a lack of resources reduced the production of AMPs, lysozyme activity and
nodulae formation, with fewer haemocytes, and decreased resistance to bacteria (Feder et al., 1997). It has also been found that the production of AMPs
depends on body fat reserves (Bulet et al., 1999) and that short term food deprivation leads to the down-regulation of immune function (Rolff and Siva-Jothy,
2003), and increased susceptibility to infection (Schmid-Hempel, 2005). However,
in bumblebees other work has shown that a severe reduction of food availability did not affect their capacity to encapsulate an implant, even though fitness
was drastically reduced (Schmid-Hempel and Schmid-Hempel, 1998). Demanding activities, such as intense reproductive activities or forced foraging can also
have a dramatic effect on the immune system, reducing encapsulation rate (Konig
and Schmid-Hempel, 1995; Siva-Jothy et al., 1998), PO activity (through downregulation via juvenile hormone), haemocyte numbers and resistance to bacterial
infection (Rolff, 2002; Adamo et al., 2001). Melanisation is also thought to be
down-regulated during the reproductive season possibly due to energetic tradeoffs (Zuk and Stoehr, 2002). Furthermore, activating the immune response can
lead to a lower tolerance to desiccation, starvation and reduced fecundity (Fellowes
and Godfray, 2000; Hoang, 2001).
Interestingly in some invertebrates, the same immune challenges lead to lower immune responses in males than females (Kurtz and Sauer, 1999; Zuk and Stoehr,
2002). Females are thought to invest more energy in maintaining their immune
systems, whereas males prioritise attracting and competing for mates (Rolff, 2002).
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Secondary sexual characteristics, such as mate calling in crickets (Ryder, 2000)
and wing pigmentation in damselflies (Rantala et al., 2000; Siva-Jothy, 2000), may
also signal a male’s immune defence capacity and indicate the presence of ‘good’
genes. However, Koskimäki et al. (2004) demonstrated that male damselfly’s
immunocompetence and resource-holding potential depend on energy reserves,
suggesting a trade-off in melanin production for parasite resistance and territorial
behaviour. The activation of immune defences can therefore induce life-history
changes through natural selection (Moret and Siva-Jothy, 2003; Schmid-Hempel,
2005). Metabolic processes may also scale up to affect processes at the community and species level, driving distributional range size, latitudinal extent, and
species composition through selection, performance and evolution. In this way
the genetic structure and therefore the dynamics of a population can be altered.
For example, under high population densities the likelihood of encountering parasites and pathogens is increased, so selection will favour those that invest in
immune defence more so than for organisms reared at low densities (Wilson and
Reeson, 1998). Furthermore, individual immune defence capacity can be reduced
through dispersal and thus affect the population structure at large (Kurtz and
Franz, 2003). Immunocompetence is also a higher-level process dependent on
temperature through lower level metabolism, so if an organism’s metabolism is
negatively affected, less energy may be diverted to maintain immunocompetence
(Martin et al., 2004a; Schmid-Hempel, 2005; Martin et al., 2008).

Trade-offs in energy budgets
Thermal limits differ among ectothermic species depending on latitude or seasonal temperature acclimatisation and are therefore related to geographical distribution (Pörtner, 2002). At southern range boundaries, it has been reported
that organisms experience severe contractions in their latitudinal range due to
elevated temperatures causing increased oxygen stress and trade-offs in energy
budgets (Parmesan, 2006; Findlay et al., 2010). For example, some intertidal organisms exist at the boundary of their physiological limit to thermal stress and do
not have the capacity to acclimate to higher temperatures (Stillman, 2003). At
northern range boundaries, areas which were previously inhospitable are becoming hospitable due the rise in temperature, allowing organisms to expand their
range (Parmesan, 2006). However, species at higher latitudes also experience
more variable seasonality than lower latitude species, so broad thermal tolerance
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is also required. Previous work on the thermal physiology of diving beetles, found
that absolute thermal tolerance range was strongly related to a species latitudinal
range size and position (Calosi et al., 2008a, 2010). Therefore species with low
temperature tolerances are likely to be most at risk from future warming as they
have low absolute thermal tolerance and poor acclimatory ability (Calosi et al.,
2008a; Lachenicht et al., 2010; Sunday et al., 2011b). It is also worth noting that
the taxa which demonstrate low temperature tolerances are those which have the
most restricted global distributions, meaning that these species are likely to be
extremely vulnerable to changing climatic conditions.
During cold-acclimation, organisms are known to accumulate lipids as they are
a more efficient energy store than glycogen (Pörtner, 2002; Arrese and Soulages,
2010). For example, in Antarctic fish, cold acclimation led to increased intracellular lipid storage whereas above their optimal temperature range, cellular processes
switched from mainly carbohydrate (glucose and glycogen) to lipid and finally
protein metabolism (Pörtner, 2002). If these lipid stores become significantly decreased (as they would over long-term stress) protein synthesis could be reduced,
affecting function, immunity and ultimately survival (Arrese and Soulages, 2010).
However, the fat body in insects, which controls the synthesis and utilization of
glycogen and lipids, is important not only in energy storage but also for metabolic
activity, embryogenesis, flight and immune defence via AMP production (Arrese
and Soulages, 2010). Although lipid catabolism is central to cold adaptation at
high latitudes, no work to the author’s knowledge has investigated metabolic adjustments in nutrient use in response to sub-lethal elevations in temperature.
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1.9

Summary

Why some species are widespread while others are very restricted geographically is
one of the most basic questions in biology. This is particularly relevant for groups
of closely related species, which often display large differences in geographical
range size despite sharing many other factors due to their common phylogenetic
inheritance. Despite our increasing knowledge in to what controls geographical
range sizes, the mechanisms controlling the relative distributional ranges of organisms remain unclear. As wide-ranging organisms typically experience a wider
range of environmental conditions and therefore potential pathogens than endemic
species, it has been suggested that they may have enhanced physiological abilities,
such as metabolic plasticity and immunocompetence.
Understanding how ectothermic animals respond to their thermal environment
has been of interest to scientists for over a century, but this research is becoming
increasingly more critical as human activities continue to warm the climate and
test the resilience of animals. In the current epoch, environmental challenges are
arguably larger than ever and it is widely considered that we are in the sixth
mass extinction (Novacek, 2007; Wake and Vredenburg, 2008). Understanding
the mechanisms that control range size may help indicate species’ vulnerability
will further our fundamental understanding of range size, enable more accurate
species distribution models and may help prioritise species for conservation (see
Gaston and Fuller 2009 for references).
Although metabolic trait plasticity and immunocompetence may be vital in more
northerly distributed and widespread species, and despite the clear importance
of plasticity and immunocompetence in maintaining cellular processes and overall
‘fitness’ no work has explored whether a relationship exists between metabolic
plasticity or immunocompetence and latitudinal range. Here immunocompetence
is assessed, along with changes in metabolism and energy supply across a range of
upper sub-lethal temperatures to investigate the roles of metabolic plasticity and
immunocompetence in latitudinal range extent and position. This will be done
using closely-related species of diving beetle which differ in geographical range size
and position, where possible in a phylogenetically controlled framework.
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1.10

Overarching aims and objectives

Having identified the knowledge gaps outlined above, this thesis intends to further the current knowledge base by addressing the following five major aims and
objectives:
1. To compare immunity between the rare Oxbow diving beetle Hydroporus rufifrons and its common relative H. erythrocephalus using a suite of immune
methods tailored for use on small volumes of beetle extract. This approach
serves to validate our choice of assays in terms of their validity and reproducibility in dytiscids and act as a pilot study for Chapter 4 (Chapter 3).
2. To establish whether relationships exist between immunocompetence and
latitudinal range size and position in Deronectes diving beetles using a suite
of immune methods tailored for use on small volumes of beetle extract. This
approach will also assess the effect of sex on immunity (Chapter 4).
3. To indicate whether the rate of dopachrome production from L-dopa oxidation can infer potential melanin production using the red flour beetle,
Tribolium castaneum. This approach will also compare the different lifestages to assess the impact of this on immunity (Chapter 5).
4. To explore whether a relationship exists between metabolic plasticity and
latitudinal range in Deronectes diving beetles using a suite of assays tailored
for use on small volumes of beetle extract. This approach will also serve to
validate our choice of assays in terms of their validity and reproducibility in
dytiscids (Chapter 6).
5. To assess which of the most widely discussed mechanisms drive latitudinal
range in five species of Deronectes diving beetles. For this thermal physiology, body size, dispersal ability, immunocompetence, metabolic plasticity,
and phylogeny will be used (Chapter 7).
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2.1

Chemicals and reagents

Chemicals and reagents used were obtained from Sigma-Aldrich Ltd (Gillingham,
UK) with the exceptions of those listed in Table 2.1. Analytical grade reagents
or similar quality were used in all experiments. Distilled ultrapure water was
obtained using a MilliQ RG (Merck, Billerica, USA) or Elga Purelab Option
System (Elga LabWater, Marlow, UK) and had a resistivity of > 18.2 MΩ cm−1
at 25 ◦ C.

Substance

Table 2.1: Chemicals and reagents used
CAS
Company
number

ADP standard
AMP standard
ATP standard
ATP SL Kit
BCA reagents
Glucose
HEPES
Hydrazine hydrate
Methanol
Mueller-Hinton
broth
and agar
NAD
NADH
Orthophosphoric acid
PBS
PEP

16178-48-6
18422-05-4
987-65-5
144-041
23235
50-99-7
7363-45-9
28502
1135-1LP
CM0337

Melford Laboratories Ltd, Ipswich, UK
Melford Laboratories Ltd, Ipswich, UK
Melford Laboratories Ltd, Ipswich, UK
BioThema AB, Handen, Sweden
Thermo-Scientific, Rochford, USA
Fisher Scientific Ltd, Loughborough, UK
Fisher Scientific, New Jersey, USA
BDH Laboratory Supplies, Poole, UK
BDH Laboratory Supplies, Poole, UK
Oxoid Ltd, Basingstoke, UK

53-84-9
606-68-8
7664-38-2
P3203
13516321

Melford Laboratories Ltd, Ipswich, UK
Melford Laboratories Ltd, Ipswich, UK
Fisher Scientific, Loughborough, UK
Melford Laboratories, Ipswich, UK
Roche Diagnostics GmbH, Mannheim,
Germany
Protease inhibitor cock- 04 693 124 Roche Diagnostics GmbH, Mannheim,
tail tablets
001
Germany
Sodium sulfate
7757-82-6
Fisher Scientific Ltd, Loughborough, UK
Sulfuric acid
30325
BDH Laboratory Supplies, Poole, UK
Trichloromethane
1109-4LG
BDH Laboratory Supplies, Poole, UK
Vanillin
121-33-5
ACROS Organic, New Jersey, USA
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2.2

Animal collection

Early post-teneral adults from the genera Deronectes and Hydroporus were sampled between the months of June - October in the years 2013 and 2014. This
minimised possible confounding effects of age variation (Bowler and Terblanche,
2008), using D-framed pond nets with 1 mm mesh. Adults were studied as these
are the longest life-history stage (c. 1 year) and are readily collected from the field,
unlike larvae which are short lived (c. 1–2 months), hard to collect, difficult to
identify, and in many cases undescribed (Calosi et al., 2010). As adults are predatory, free-swimming and longer-lived they may also encounter more pathogens and
fluctuating environmental conditions than larvae. Individuals of each species were
collected from as close as possible to their latitudinal range central point. This
avoids the possible confounding effects of local adaptation in range edge populations and ensures that the data could be compared between species (Kirkpatrick
and Barton, 1997; Thompson et al., 1999; Calosi et al., 2010). Species identifications were verified by D. T. Bilton. Animals were transported to the laboratory
in 1 L plastic containers with damp, aquatic vegetation and kept in thermally insulated bags (Thermos R , Rolling Meadows, USA) to prevent dessication, stress
and temperature variation (Calosi et al., 2010).

2.3

Animal husbandry

Animals were maintained in 5 L aquaria, filled with aerated artificial pond water
(APW; pH 7.7 adjusted using hydrochloric acid; ASTM 1980) at 15 ± 1 ◦ C, with
submerged vegetation and 10 cm head space. Animals were kept at standardised
densities of 20 individuals per aquarium, with a 12 L : 12 D regime and fed
chironomid larvae obtained from a local aquarist (as in Calosi et al. 2008b and
Calosi et al. 2010). Aquaria were sealed with Cling-film R and covered with plastic
lids to minimise evaporation and prevent individuals escaping. Evaporation was
monitored daily and aquaria topped up with artificial pond water when necessary.
Acclimation and immune work were conducted in computer-controlled constant
temperature rooms (15 ± 1 ◦ C). A minimum acclimation period of 7 d was used
for all animals, to avoid the possible confounding effects of individuals’ recent
thermal history (e.g. Calosi et al. 2010; Sokolova and Pörtner 2003). Individuals
fed and mated during acclimation indicating normal function and behaviour.
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2.4

Water quality

Aquarium water was monitored daily for pH, temperature, salinity, nitrates and
dissolved oxygen (calibrated against 100% oxygen saturated water). Daily measurements showed minimal changes in water quality over the acclimation period
(14.96 ± 0.10 ◦ C, pH = 7.73 ± 0.05, 77.90 ± 7.64% and 7.91 ± 0.16 mg L−1 dissolved oxygen), so aquarium water was changed weekly. The kit and equipment
used to monitor water quality were a Tetra Nitrate Test Kit (Tetra, United Pet
Group, Blacksburg, USA), a Mettler-Toledo FiveEasyT M digital desktop pH meter (Mettler-Toledo International Inc, Schwerzenback, Switzerland) and electrode
(Mettler-Toledo International Inc, Leicester, UK) to measure pH and temperature, and a portable YSI Professional Series Pro 2030 and electrode (YSI Ltd,
Fleet, UK) to confirm temperature readings, measure conductivity and dissolved
oxygen.

2.5

Immune assays

For in vitro immune assays, beetles were crushed using a sterile plunger in 2 mL
syringes through a 0.22 µm filter (Merck Millipore, Darmstadt, Germany) at a
ratio of 1:14 in phosphate buffer, i.e. 1 mg body mass (wet weight) in 14 µL
phosphate buffer. Animals and extracts were kept on ice at all times to limit
degradation. The beetle extract was centrifuged (10,500 g av for 10 min and 4 ◦ C)
to pellet out debris. The supernatant was then transferred to a fresh Eppendorf
tube and stored at -20 ◦ C.

2.5.1

Encapsulation ability

Encapsulation is one of an array of immune responses produced by diving beetles to defend against foreign pathogens. To estimate encapsulation ability, the
commonly applied method of measuring the encapsulation response to a synthetic nylon filament was used (Konig and Schmid-Hempel, 1995; Rantala et al.,
2000; Ryder and Siva-Jothy, 2000; Koskimäki et al., 2004; Rantala and Roff, 2007;
Whitehorn et al., 2011). Assays of encapsulation measure the optical density of
melanotic capsules formed around the filament, which is a combined property of
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their thickness and degree of melanisation (Carton and Nappi, 1997). Individuals were placed under a dissecting microscope (Leica MZ12, Milton Keynes, UK)
and secured with Blu-Tack R (Bostik Ltd, Leicester, UK). A sterile entomological
micro-pin was then used to perforate the intersegmental membrane between the
second and third sternites (Fig. 2.1). A nylon monofilament (half the beetle’s
body length; diameter 0.06 mm) was then inserted into the wound using 7 mm
titanium forceps (John Weiss, Milton Keynes, UK), where it would be exposed to
the circulating haemolymph for 20 h (Konig and Schmid-Hempel, 1995). During
this period animals were kept individually and head-down in perforated 1.5 mL
Eppendorf tubes, so that they could not remove the filament with their hind legs.
After 20 h, individuals were secured with Blu-Tack R and the implant carefully
removed under a dissecting microscope using fine forceps. The implant was then
patted dry and mounted on a microscope slide for photographing.
Each implant was photographed twice under ambient light conditions at × 80
magnification from two different sides using a Bresser USB microscope (Meade
Instruments Europe GmbH, Germany). The image was then split into channels
and the red channel inverted with ‘LUT fire’ applied (shows bright areas in orange
and dim areas in blue). Preliminary studies showed that this method provided
the best melanin band distinction against the background and therefore the most
accurate encapsulation value (Image J software v. 1.48, National Institute of
Health, USA; Fig. 2.2). Each implant and control area were outlined using the
Image J polygon tool and the brightnesses of each area were measured as the
average value of all of the pixels within each image using the same software. The
brightness score for each individual was calculated as the average difference of
the two implant’s images subtracted from the controls (the mean value for part
of the filament that had remained outside the beetle) to give a mean value for
the encapsulation response per individual (as in Konig and Schmid-Hempel 1995,
Gershman et al. 2010 and Whitehorn et al. 2011.
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Figure 2.1: Beetle with a nylon monofilament implant inserted into the intersegmental membrane between the second and third sternites.

Figure 2.2: Left: Encapsulated implant before image analysis showing a melanin
band midway up the implant where the implant had entered the beetle. Right:
the same image in the red channel, inverted and ‘LUT fire’ applied making the
melanin band more distinctive.

2.5.2

Parasite load and identification

Parasite load was assessed because the immune responses of infected beetles can
be primed so that they demonstrate greater immune responses than those without
parasites (Moret, 2006). After encapsulation, individuals were visually assessed
for external parasites under a dissecting microscope, in a watch glass containing
20 µL cold PBS, to prevent the animal dessicating. The exterior of the beetle was
assessed for stalked ciliates, particularly around the mouth-parts and base of the
legs. The animals were then killed before dissection to check for internal parasites
and sexing. This was done by opening the elytra and wings, before lifting the
abdominal tergites and checking around the internal organs for the presence or
signs of parasites (Fig. 2.3). Internal parasite load was assessed as the presence
or absence of flukes or their eggs inside the body cavity.
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Figure 2.3: The internal and external structure of a dytiscid, dorsal side uppermost.
Photographs of any potential parasites found were taken through a dissecting
microscope using an iPhone 4S (Apple Inc, California, USA). When external parasites were found which could not be removed, the whole beetle was stored in
100% ethanol and not used for subsequent assays. Internal macro-parasites were
removed from the body cavity and stored in 100% ethanol. Scanning electron microscopy was used to obtain higher resolution images for identification. Parasites
were dried using an Emitech K850 Critical Point Dryer (Emitech, France), placed
on carbon infiltrated minitabs and gold plated for 10 min using a K550 Sputter Gold Coated Unit (Emitech, France) before being visualised using a JSM-560
OLV scanning electron microscope (JEOL Ltd, Japan). Using these images, parasites were identified as far as possible using published descriptions and taxonomic
keys (Fernandez-Leborans, 2000; Utz, 2004; Clamp and Williams, 2006). Identifications of external parasites were verified by Dr Alan Warren at the Natural
History Museum.
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2.5.3

Antimicrobial peptide responses

Antimicrobial peptides (AMPs) are produced from the fat body as part of an
insect’s antimicrobial response to invading pathogens, and indicate the ability
of an organism to fight bacterial, fungal and viral infections. AMP activity is
commonly measured using the zone of inhibition assay adapted from Moret and
Schmid-Hempel (2000) and Datta et al. (2013). Potential AMP responses to
three biologically-relevant Bacteria, Arthrobacter globiformis (Conn, 1928) and
Bacillus thuringiensis (Berliner, 1915) which are Gram-positive bacterium, and
Escherichia coli (Migula, 1895) which is a Gram-negative Bacteria were measured.
Responses to both Gram-positive and Gram-negative Bacteria were assessed because differing cell wall structures induce the Spaetzle-Toll and ImD pathways,
respectively (De Gregorio et al., 2002b; Govind, 2008; Yokoi et al., 2012).
A. globiformis was chosen as it is commonly used to test AMP activity in insects
even though it has been reported to elicit a weak immune response (Sadd et al.,
2005; Sadd and Schmid-Hempel, 2007; De Souza et al., 2008; Moret and SchmidHempel, 2009; Sadd and Schmid-Hempel, 2009; Lundström et al., 2010; Vinnersten
et al., 2010), whereas B. thuringiensis is present in aquatic systems and has been
well-studied as it elicits a strong immune response in insects due to the endotoxins
it produces (Martin et al., 2004b; Roth and Kurtz, 2008; Roth, 2009; Roth et al.,
2009, 2010a,b; Ibrahim et al., 2010; Behrens et al., 2014). Although E. coli has not
been known to infect water beetles, it was used here as it has been used extensively
in the literature to measure insect AMPs because E. coli is a ubiquitous bacterium
found in soil and aquatic environments (Moret and Schmid-Hempel, 2001; Moret
and Siva-Jothy, 2003; Korner and Schmid-Hempel, 2004; Moret, 2006; Haine et al.,
2008b; Kan et al., 2008; Roth and Kurtz, 2008; Roh et al., 2009; Roth et al., 2009,
2010a; Zanchi et al., 2011; Arce et al., 2012; Moreau et al., 2012; Chae et al., 2012;
Murdock et al., 2013).
To measure AMP activity against these bacteria, E. coli (K-12 strain EMG2,
NCTC), B. thuringiensis (DSM 2046) and A. globiformis (NCIMB 8717) were
grown in 9 cm Petri dishes on Mueller-Hinton agar (Oxoid) at the optimal temperature for each bacterium (37 ◦ C, 30 ◦ C and 27 ◦ C, respectively). Multiple 50
mL conical flasks containing 5 mL Mueller-Hinton broth were inoculated with one
colony per flask and growth curves measured over 10 h to monitor bacterial concentrations (Fig. 2.4). Spread plates containing 10 mL Mueller-Hinton agar and
0.1 mL inoculated broth were also prepared at hourly time points to establish the
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relationship between optical density and colony forming units (Fig. 2.5) so that
a known quantity of cells could be added per Petri dish (Sterilin, Newport, UK)
based on the optical density of the suspension. Minimum inhibition concentration
microplate assays were also run to calculate the minimum concentration of antibiotic required to inhibit bacterial growth. To check that the bacteria grown were
those intended, Gram stains were performed using the Hucker (II) modification,
as described in Hucker and Conn (1923).
Bacteria were then grown over 24 h in a shaking waterbath at the optimal temperature for each bacterium and adjusted to 108 cells mL−1 using sterile MuellerHinton broth. To measure AMP activity, 100 µL of these bacterial suspensions
were added to 10 mL of sterile Mueller-Hinton agar at 48 ◦ C, and poured into
a sterile 9 cm Petri dish. The dish was gently swirled to create a thin layer of
agar and ensure even dispersal of the bacteria. Once set, eight evenly spaced 2
mm wide wells were created in the agar (Fig. 2.6). Samples were centrifuged
for 2 min at 10,500 g av to ensure that any residues from the extraction process
were removed before 3 µL was added per well. A negative control of 3 µL sterile
PBS and 3 µL of the broad spectrum antibiotic tetracyclin (0.0075 mg mL−1 for
A. globiformis, 0.0081 mg mL−1 for B. thuringiensis and 0.125 mg mL−1 for E.
coli) were added as positive controls to each plate. The plates were then sealed
with Parafilm R to prevent dessication and incubated over 96 h at the bacteria’s
optimal temperature until a bacterial lawn was visible. The number of zones of
inhibition produced were recorded and the diameter of those zones was measured
using callipers at the widest and narrowest points. The mean zone of inhibition
diameter per sample was calculated and expressed as a percentage of the zone of
inhibition produced by the positive control, to account for any differences between
plates.
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Figure 2.4: Growth curves of (A). Escherichia coli, (B). Bacillus thuringiensis
and (C). Arthrobacter globiformis cultures measured at 600 nm.
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Figure 2.5: Colony forming units mL-1 of (A). Escherichia coli, (B). Bacillus
thuringiensis and (C). Arthrobacter globiformis cultures grown in Mueller-Hinton
broth against optical density at 600 nm.
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Figure 2.6: Layout of a Petri dish used for the zone of inhibition assay. Petri dishes
(diameter 9 cm) contained 10 mL of Mueller-Hinton agar infused with Bacteria.
Eight wells (diameter 2 mm) were made in the agar and contained one negative
control of distilled water (red circle), one positive control of antibiotic (green
circle) and the remaining six contained two samples in triplicate (white circles).
Zones of inhibition or clear zones produced were measured at the narrowest and
widest points and calculated as a percentage of the positive control.
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2.5.4

Phenoloxidase activity

Phenoloxidase (PO) is an enzyme activated by a proteolytic cascade, which is initiated when non-self material is detected, or when a wound is received (Moret, 2006).
Assays measuring PO activity as the rate of L-dopa oxidation to dopachrome catalysed by PO, assume that higher PO activity is equivalent to a greater capacity for
immune response (Laughton and Siva-Jothy, 2010). However, PO does not always
correlate with other indicators of melanin synthesis or immunocompetence (see
Table 5.1) and the pathway is more complex than usually considered (as discussed
in Chapter 5). To investigate the relationship between PO and melanin synthesis, PO activity was measured at two points in the melanin synthesis pathway
dopachrome production and consumption.
Dopachrome production was also assessed in preliminary experiments with and
without the addition of bovine α-chymotrypsin to give an indicator of naturally
active and potential PO, respectively (Laughton and Siva-Jothy, 2010). It was
found that mechanical crushing activated all pro-PO, so bovine α-chymotrypsin
was not used in the final methods. Previous studies used 20 µL insect haemolymph
for PO assays (Moret and Schmid-Hempel, 2009; Laughton and Siva-Jothy, 2010;
Whitehorn et al., 2011), but due to the limited extract available per sample, existing protocols were adapted to use 3 µL. In preliminary experiments, dopachrome
was also synthesised in two ways, via the oxidation of L-dopa by sodium periodate
or silver oxide (Kalyanaraman et al., 1985). The consumption rates and spectra
of dopachrome, formed via these two methods were compared and the sodium
periodate method was used as this gave more reproducible results and a clearer λ
max at 475 nm.
To measure dopachrome production and consumption rates, 3 µL of beetle extract
was added in triplicate to flat-bottomed 96-well polypropylene microplates (Corning, NY), where each well contained 177 µL of 10 mM MOPS (containing 20 mM
calcium chloride, pH 7) and 20 µL of 4.94 mg mL-1 L-dopa dissolved in MOPS
(for the dopachrome production assay) or 20 µL of dopachrome (2.5 mM L-dopa
and 10 µL 5 mM sodium periodate) dissolved in MOPS (for the dopachrome consumption assay). Dopachrome and sodium periodate were kept in the dark and
on ice to prevent auto-oxidation, and mixed for immediate use. This resulted in a
final volume of 200 µL and a final concentration of 2.5 mM L-dopa and a 1:2 ratio
of L-dopa to sodium periodate (Kalyanaraman et al., 1985). Blanks contained
180 µL MOPS and 20 µL L-dopa or L-dopachrome.
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The initial rate of absorbance decrease at the λ max at 475 nm was measured in
line with previous literature (for the dopachrome production assay) and 375, 475
and 575 nm (for the dopachrome consumption assay) was measured every 60 s for
1 h on a VersaMax Pro microplate reader (Molecular Devices Ltd, Berkshire, UK;
Fig. 2.7; Petrescu et al. 1997; Sisco Bayse and Morrison 1971). Mean absorbance
values at 375 and 575 nm were subtracted from the values at 475 nm to take into
account ongoing melanin formation (Fig. 2.7). Enzyme activity was expressed as
the rate of dopachrome production or consumption at 475 nm min−1 mg−1 protein.
Protein measurement was carried out as described in Section 2.7.4. Measuring
dopachrome consumption is more difficult than dopachrome formation because
as dopachrome decreases, additional pigments or melanochromes form which can
interfere with our measurements (Kagedal et al., 1995). For this reason, multiple
wavelengths were measured.

Figure 2.7: Dopachrome spectrum with three fine dotted lines at 375, 475 and
575 nm showing the wavelengths at which the absorbance was measured. The
data from 375 and 575 nm were averaged to take into account interference from
ongoing melanin formation and subtracted from absorbance values at 475 nm.
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2.6

Thermal ramping

After acclimation, individuals were transferred into 1 L snap-lock plastic containers containing aerated artificial pond water (APW, acidified using hydrochloric
acid as in ASTM, 1980, pH 7.7 and 15 ◦ C), with 2 cm head space and inert plastic
vegetation. Submerged plants were added to the tanks, as in their absence animals became stressed, swimming frenetically and trying to climb out the water.
The tanks were placed in a covered polystyrene water bath and submerged to lid
level. The tanks were then maintained at 15 ◦ C for 30 min prior to ramping, to
allow the beetles’ metabolic rates to settle after being moved.
To take into account that species have different thermal windows, a range of five
environmentally relevant sub-lethal temperatures were used on Deronectes species
to measure metabolic trait plasticity. Animals were maintained at 15 ◦ C or ramped
from 15 ◦ C to 20 ◦ C, 25 ◦ C, 30 ◦ C or 35 ◦ C at a rate of 0.25 ◦ C min−1 and held
at temperature for 24 h (as in Harrison and Woods 2012 and Nguyen et al. 2014).
Temperatures chosen were within the range experienced by adult Deronectes in
the field and below the upper thermal limits of all species (Calosi et al., 2010).
The ramping rate was chosen to mimic the warming of a shallow stream or temporary pond in summer, and in an attempt to ensure that any metabolic changes
measured were due to the treatment temperature and not the rate of thermal
ramping. To maintain stable temperatures, a refrigerated circulating bath with a
heating circulator attached (type R5 and GP200 respectively, Grant Instruments
Ltd, Shepreth, UK) and Labwise software v.1 were used. Submerged Omega R
precision fine wire thermocouples (type K - dia./ga. 0.010 Teflon) monitored water temperature inside the water bath and the individual tanks over time. Water
quality was tested immediately before and after ramping to monitor treatment
temperature and dissolved oxygen levels.

2.7

Metabolic assays

Elevated temperatures experienced during thermal ramping are likely to alter
intracellular physiological responses, requiring different energy storage molecules
to produce energy via different metabolic pathways to maintain the adenylate
energy charge index. After ramping animals were frozen in liquid nitrogen and
crushed using the plunger in a 2.5 mL syringe at a 1:14 ratio with cold 2.5% TCA
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for adenosine triphosphate (ATP), L-lactate and succinate assays, or extraction
buffer (containing 100 mM potassium phosphate, 1 mM DTT and 1 mM EDTA,
pH 7.4) for energy storage molecule assays. TCA extracts were centrifuged and
neutralised (using 90 µl 3 M sodium carbonate mL−1 supernatant), before being
frozen at -20 ◦ C, whereas animals crushed in extraction buffer were centrifuged and
the supernatant frozen in snap-lock Eppendorf tubes at -80 ◦ C. Preliminary work
also tested 50 mM potassium phosphate (containing protease inhibitor cocktail
and EDTA, pH 7.5) and hydrazine-sulphate buffers for ATP, lactate and succinate
assays, but TCA gave the most accurate and repeatable results. The extract was
then passed through a 0.22 µm filter (Millipore, MILLEX GP). However, valuable
extract was absorbed by the filter so centrifugation was used instead.

2.7.1

Adenylate nucleotides

The adenylate energy charge (AEC) index is a biomarker used to assess changes
in energy status due to environmental challenges (De Luca-Abbott et al., 2000;
Colinet, 2011; Melatunan et al., 2011; Turner et al., 2015) or the metabolic state
of organisms (Skjoldal and Barkati, 1982; Khlyntseva et al., 2009). The AEC is
a ratio of ATP plus half ADP to the Total Adenylate Nucleotides (TAN), giving
values that range from 0 and 1 (Atkinson 1977; De Luca-Abbott et al. 2000;
Eq. 2.1). AEC values higher than 0.8 signify that the organism is in a nonlimiting environment, between 0.5 and 0.7 indicate the organism is suffering due
to sub-optimal conditions and animals with an AEC less than 0.5 are unable to
recover (Bayne, 1985; De Luca-Abbott et al., 2000). TAN has also been used as a
proxy for gauging an organism’s physiological condition following environmental
anaerobiosis associated with variations in temperature, dissolved oxygen and pH
(Dehn 1992; De Luca-Abbott et al. 2000; Suska and Skotnicka 2009; Eq. 2.2).
Work by Melatunan et al. (2011) showed that in the periwinkle, Littorina littorea,
AEC remained constant under temperature stress, with ATP reflecting TAN. This
is because an organism’s ATP levels only decline when adenosine diphosphate
(ADP) and adenosine monophosphate (AMP) have been depleted under extreme
stress (i.e. if AEC remains constant and ATP declines, then TAN must decline).
Here, it is assumed that the same is true for diving beetles as although the methods
were optimised and validated to measure all adenylate nucleotides, it was not
possible to measure ADP and AMP concentrations in our samples and therefore
calculate TAN and AEC.
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[AT P ] + 12 [ADP ]
[AT P ] + [ADP ] + [AM P ]

(2.1)

TAN = [AT P ] + [ADP ] + [AM P ]

(2.2)

AEC =

Adenosine triphosphate
To measure sample ATP concentrations, 2 µL of sample, 148 µL 0.1 M tris-acetate
buffer, pH 7.75, containing 2 mM EDTA and 20 µL of ATP SL reagent (containing D-luciferin, luciferase and stabilisers) were added to new glass luminometer
tubes (scratches on used glass tubes and plastic tubes can affect results). Light
emission was measured every 15 s for 90 s (Wulff and Doppen, 1985) in a Pi-102
luminometer (Hygeina International) to see the decline in ATP, before adding 2
µL of 100 µM internal ATP standard (made up in potassium HEPES buffer, pH
7.5) at 105 s and RLU measured at 120 s. Negative controls of distilled water with
an internal positive control (2 µL 100 µM ATP standard) were also run at the
beginning and end of each day to check the chemicals had not degraded during
use. ATP concentration per sample was calculated using the following equation:
ATPsmp = 10-7 x Ismp /(Ismp+std - Ismp ). The factor 10−7 is the molar concentration
of ATP standard in the cuvette (10 µl 10−5 M in a total reaction volume of 1 mL).
Standard curves and sample dilutions were run to assess linearity (y = 1816.5x +
1949, R2 = 0.997 between 0.001 and 1000 µM [ATP]) and sensitivity, finding luminescence peaking in 15 s with 2% coefficient of variance (Fig. 2.9). All reagents
were kept in the dark, on ice and assays carried out at room temperature.

Figure 2.8: Left: structures of D-luciferin and luciferyl adenylate (adapted from
Nelson and Cox 2000). Right: simplified bioluminescent reaction cycle from A.
John Moody (2013) personal communication.
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Figure 2.9: ATP assay optimisation and validation. (A) ATP assay linearity
and sensitivity shown as relative luminescence units (RLU) against log10 ATP
concentration, (B) Sample dilution shown as percentage extract against RLU,
(C) RLU decline over time.
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Adenosine diphosphate
ADP concentrations were measured by converting ADP to to ATP, by adding
19.5 µL 0.6 mM PEP (made up in 10 mM MgCl2 ) and 0.5 µL PK (from rabbit
muscle; Sigma Aldrich, P7768 2.5 KU) to 2 µL of sample in a glass luminometer
tube. After 30 s 138 µL Tris-EDTA buffer was added, and after 60 s 20 µL
ATP SL reagent was added. RLU was measured every 15 s until light emission
decreased for three consecutive readings (90 s). At 105 s, 2 µL 100 µM internal
ADP standard (made up in potassium HEPES buffer, pH 7.5) was added and
RLU measured at 120 s. Negative controls of distilled water with an internal
positive control (ADP standard) were also run at the beginning and end of each
day to check the chemicals had not degraded during use. To calculate sample ADP
concentration, the original ATP concentration (measured as described in Section
2.7.1) was substracted from this value. However, this assay was not applied to
samples because it took over 2 min to peak and was not feasible in the time
available.

Adenosine monophosphate
AMP concentrations were measured by converting AMP to ATP, by adding 0.5
µL ADK (convert AMP to ADP in the presence of ATP), 19 µL of PEP and
1.5 µL PK (to convert ADP to ATP) to 137.5 µL Tris-EDTA buffer to 2 µL of
sample. In a second step, 20 µL ATP SL reagent and 0.5 µL 100 µM ATP were
added to start the reaction. To calculate sample AMP concentration, ADP and
ATP concentrations (measured as described above) were subtracted from this
value. However, this assay was not applied to samples because RLU had not
peaked after 1 h so was not feasible in the time available and although more ADK
could have increased the rate of reaction, this was too expensive with the limited
resources available.

2.7.2

L-Lactate dehydrogenase activity

L-Lactate dehydrogenase (L-LDH) is an oxidoreductase present in a wide variety
of organisms, where it catalyses the interconversion of L-lactate and pyruvate,
with concomitant interconversion of NAD+ and NADH (Fig. 2.3). The pyruvate
produced is then fed into the TCA cycle via the pyruvate dehydrogenase reaction
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and the NADH is then used in oxidative phosphorylation for the production of
ATP. L-LDH release is often used to monitor cell death and disruption. However here, intracellular levels of L-LDH activity were measured as an indicator of
anaerobic metabolism.
In a two-step addition, 244 µL assay mix containing 0.12 mg mL−1 NADH, 0.5
mg mL−1 sodium pyruvate made up in 50 mM potassium phosphate buffer (pH
7) was added to 6 µL sample (amended from Bergmeyer and Bernt 1974). L-LDH
was measured as the decline in NADH at 340 nm and 380 nm over 30 min in
a VersaMax Pro microplate reader using SoftMax Pro v.5.4 software (Molecular
Devices Ltd, Berkshire, UK). Absorbance values at 380 nm were subtracted from
those measured at 340 nm to compensate for the effects of changes in turbidity.
Blanks of 250 µL assay mix were also subtracted from these readings to take into
account any autoxidation of NADH. Assay linearity was tested using different volumes of samples (Fig. 2.10). Unfortunately samples were deproteinised with TCA
for ATP and lactate assays, and fewer animals than expected survived thermal
ramping, so L-LDH could only be measured in a limited number of samples that
had been prepared in buffer for the energy storage molecule assays.

Figure 2.10: L-Lactate dehydrogenase activity measured as the rate of decrease
of absorbance of NADH at 340 nm, using different volumes of sample.
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2.7.3

End-product metabolites

The onset of anaerobic mitochondrial metabolism can be indicated by a number of end-product metabolites namely lactate, succinate, malate, acetate and
propionate (Pörtner, 2002; Sokolova and Pörtner, 2003; Melatunan et al., 2011).
Lactate was measured as to the author’s knowledge there is no evidence for the
other fermentation pathways in insects. Succinate was also measured, as although
no evidence was found in the literature supporting the presence of the aspartatesuccinate pathway in insects, it is commonly used in other organisms to indicate
thermal stress (Frederich and Pörtner, 2000; Pörtner, 2002).

L-Lactate determination
L-Lactate content was measured as an indicator of anaerobic metabolism as although lactate is present under normal aerobic conditions, it is maintained at a
steady state with a balance between lactate production and use. Lactate is produced during anaerobic respiration through the reduction of pyruvate by NADH
to lactate, catalysed by the enzyme L-LDH (Eq 2.3). Under optimal conditions
organisms maintain a steady state production of lactate. However, under suboptimal conditions the rate of lactate production exceeds the rate of consumption
and a build-up can occur. Lactate levels are therefore a good indicator of the balance between oxygen demand and utilisation (Sokolova and Pörtner, 2003).

−−−−→Pyruvate + NADH + H+
L-Lactate + NAD+ −L-LDH

(2.3)

To measure lactate concentrations a protocol adapted from Bergmeyer (1985) was
used whereby 268 µL of 0.4 M hydrazine - 0.5 M glycine buffer (pH 9 using 3 M hydrazine sulphate) were added to 1 µL L-LDH (from rabbit muscle; Sigma-Aldrich,
9001-60-9, ammonium sulphate suspension), 25 µL 80 mM NAD+ and 6 µL sample in a two-step addition. A glycine-hydrazine buffer was used as the hydrazine
reacts with pyruvate, allowing for quantitative conversion of lactate to pyruvate,
and the production of 1 mol of NADH per mol of lactate. After 1 h incubation at
37 ◦ C, the plate was transferred into a VersaMax Pro microplate reader and read
using SoftMax Pro v.5.4 software (Molecular Devices Ltd, Berkshire, UK) at 340
and 400 nm. The absorbance at 400 nm was subtracted from that at 340 nm to
account for any autoxidation. The sample values were also subtracted from blanks
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to compensate for light scattering arising from turbidity in the sample. The original concentration of NADH well−1 was calculated using a standard curve in µmol
mg−1 beetle. Assay linearity and sensitivity were assessed using sodium lactate
standards and sample dilutions (Fig. 2.11 and 2.12, respectively).

Figure 2.11: L-Lactate assay linearity measuring the absorbance of NADH at 340
nm minus 400 nm using sodium lactate standards prepared in cold 2.5% TCA,
after 1 h incubation at 37 ◦ C.

Figure 2.12: L-Lactate assay sensitivity using extract diluted in 50 mM potassium
phosphate buffer (pH 7.5) containing protease inhibitor cocktail with EDTA, measured as NADH absorbance at 340 nm minus 400 nm after 1 h incubation at 37
◦
C.
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Succinate determination
Succinate was measured as another measure of anaerobic metabolism. Succinate
is an intermediate in the citric acid cycle, an energy-yielding process, donating
electrons to the electron transport chain and indicative of hypoxia. More importantly, succinate is also a potential ‘end-product’ for an important fermentation
pathway (the aspartate-succinate pathway) in some invertebrates, although evidence for this in insects is yet to be found (Eq. 2.4). Succinate concentrations
were measured using a Succinic Acid Kit (Megazyme International Ireland, Co.
Wicklow, Ireland). The spectrophotometer was zeroed on 67 µL buffer and 667
µL distilled water in a 1 mL UV-cuvette. To run samples 67 µL NADH, 67 µL
ATP/PEP/CoA solution and 2.4 µL neutralised extract (prepared as described
in Section 2.6) was used with 6.7 µL PK/L-LDH added at 100 s, and 6.7 µL SCS
added at 300 s. A kinetic assay was run over 10 min in a Jenway 7315 spectrophotometer (Bibby Scientific Ltd, Staffordshire, UK) at 340 nm. The assay worked
with standards but the succinate concentrations in samples were below detectable
limits (Fig. 2.13). Due to this, as well as time and financial constraints (the
assay took 30 min and £22.50 per sample), succinate could only be measured in a
limited number of samples. This confirmed that the aspartate-succinate pathway
was not being used in diving beetles under thermal stress.

Succinate + Q→
− Fumarate + QH2

2.7.4

(2.4)

Energy storage molecules

Protein, soluble and insoluble carbohydrate (e.g. glucose and glycogen) and total lipid content were measured using a sequential method adapted from Foray
et al. (2012) to enable the measurement of these energy storage molecules per
individual, reducing the number of animals required (Fig. 2.14). These energy
storage molecules were measured to indicate which energy reserves were used by
widespread and range-restricted species under thermal stress.
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Figure 2.13: Absorbance of NADH measured at 340 nm over time with 6.7 µL
PK/L-LDH added at 100 s and 6.7 µL SCS added at 300 s. Absorbance did not
decrease after 350 s showing that succinate content is undetectable in the sample.
Protein determination
After comparing the Bradford and bicinchoninic acid (BCA) assays for measuring
protein content, the Micro BCA assayT M Protein Assay Kit was used as although
both methods showed similar results, the BCA assay is reported to be more sensitive to low levels of protein (Fig. 2.15). The BCA assay relies on the formation
of a Cu2+ protein complex under alkaline conditions, followed by reduction of the
Cu2+ to Cu+ with the amount of reduction proportional to the amount of protein
present (concentration range of 0.2 to 1.0 mg mL−1 ).
To extract protein, each beetle sample was subjected to low-spin centrifugation
(180 g av for 5 min at 4 ◦ C) to allow the gentle sedimentation of cuticle and cell
debris that would otherwise affect the clarity of the sample. In accordance with
manufacturer’s instructions, 2.5 µL supernatant was transferred into a 96-well
flat-bottomed microplate containing 247.5 µL of BCA reagent (made up of BCA
reagent A and B at a 50:1 v/v ratio), being careful not to disturb the pellet or
surface lipid bilayer. All of the samples were run in triplicate. Plates were covered
with adhesive PCR plate films and incubated at 37 ◦ C for 30 min, before being read
at 562 nm. Blanks of extraction buffer and standards of bovine serum albumin
were made in extraction buffer. Blank absorbance readings were subtracted from
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Figure 2.14: Energy storage molecule determination workflow, depicting the assaying of protein, soluble carbohydrate, glycogen and total lipids sequentially from
one individual. Diagram adapted from Foray et al. (2012).
sample values and protein content was then calculated using a standard curve
in µg mg-1 of beetle. Before refreezing, 7.5 µL extraction buffer was added to
samples to make the volume up to the pre-protein assay volume.

Carbohydrate determination
To extract total carbohydrates, glycogen and lipids from the same insect homogenate, soluble carbohydrates were dissolved using 11.1 µL of 20% sodium
sulphate solution to every 100 µL sample (to reach a final solution of 0.2 mL of
2% Na2 SO4 ). The sodium sulphate precipitates with glycogen during centrifugation (appearing as a white substance), leaving the free sugars and lipids in the
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Figure 2.15: Comparison of the Bradford and Micro BCA method for protein
determination at 595 nm and 562 nm, respectively.
supernatant. This solution was then mixed with 833.3 µL of 100% chloroform
and 80% methanol solution (1:2 v/v) per 100 µL supernatant to separate total
lipids from water-soluble carbohydrates and vortexed vigorously to homogenise,
before centrifugation for 15 min at 180 g av and 4 ◦ C. Supernatant (containing
free sugar in the upper phase and lipids in the lower phase) was then transferred
into a fresh Eppendorf, and the glycogen pellet kept for determination of glycogen
content.
Soluble carbohydrate and glycogen, were determined using a common method
based on anthrone reagent in a two-step procedure. This method accurately
quantifies carbohydrate concentrations, as anthrone reagent reacts with mono-,
di- or polysaccharides present producing a blue-green colour (Foray et al., 2012).
Fresh anthrone reagent was prepared daily in glass bottles, by dissolving anthrone
powder in 70% sulphuric acid, to reach a final concentration of 1.42 g L−1 . After
preparation, glass bottles were wrapped in aluminium foil to be safe from light
until use. The instability of anthrone over time requires the preparation of low
volumes of reagent at a time and its use within 2 to 3 d. For carbohydrate determination and all subsequent assays, flat-bottom 96-well polypropelene microplates
(Bibby Sterilin Ltd, Staffordshire, UK) were used as borosilicate microplates are
too expensive, and because the organic solvents used are incompatible with stan-
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dard polystyrene microplates (Foray et al., 2012).

Glucose determination Soluble carbohydrate (largely glucose) content was
measured as the most readily available energy store within animals. To measure
soluble carbohydrates, 100 µL supernatant or D-glucose standards were transferred into a snap-lock Eppendorf and chloroform and methanol evaporated off at
85 ◦ C for 1 h (until 10 µL left) using a Gallenkamp size 2 incubator (Gallenkamp
and Company Ltd, London, UK) in a vented fume hood with a chemcapT M multipurpose filter (Bigneat Ltd, Hampshire, UK). Although previous work recommended using a Techne dri-block BD-2D heating block (Bibby Scientific Ltd,
Staffordshire, UK) in a fume hood at 100 ◦ C for 10 min, an incubator was used
at a lower temperature because the heating block’s temperature was not evenly
distributed.
For each assay, 240 µL of 1.42 g L−1 anthrone reagent made in 70% sulphuric acid
was added and tubes incubated at room temperature for 15 min, before heating at
90 ◦ C for 20 min. The tubes were then cooled on ice and vortexed gently, before
transferring 220 µL into a flat-bottom 96-well plate and reading the absorbance at
625 nm on a VersaMax Pro microplate reader using SoftMax Pro v.5.4 software
(Molecular Devices Ltd, Berkshire, UK). Blanks were run on extraction buffer
with D-glucose standards (0 - 1 mg mL−1 made up in extraction buffer; Foray
et al. 2012). Dilution series were used to check assay linearity and sensitivity
using D-glucose standards (Fig. 2.16).

Glycogen determination Glycogen content was measured as another energy
store within animals. To measure insoluble carbohydrate pellets containing sodium
sulfate and bound glycogen were washed twice using 400 µL of 80% methanol, before being vigorously vortexed and centrifuged for 5 min at 10,500 g av and 4 ◦ C.
The supernatant was then carefully pipetted off and 555 µL 1.42 g L−1 anthrone
reagent dissolved in 70% sulfuric acid was added to 100 µL−1 of supernatant. This
solution was then heated for 25 min in an incubator inside a ducted fume hood
at 85 ◦ C, before removing and cooling on ice to stop the reaction. It was decided
not to filter the solution through low protein binding polyvinylidene fluoride 0.45
micron membranes (Millipore, Massachusetts, USA), as in Foray et al. (2012) because too much supernatant was lost. Instead the solution was vortexed to ensure
adequate mixing, followed by centrifugation at 6150 g av .
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Figure 2.16: Carbohydrate assay linearity and sensitivity, using D-glucose standards made in extraction buffer (100 mM potassium phosphate, 1 mM DTT and
1 mM EDTA) measured at 625 nm. The assay was linear between A. 0.025 µg
µL−1 and 0.5 µg µL−1 , and B. 0.05 µg µL−1 and 2 µg µL−1
The glycogen content of 250 µL of this solution was then determined at 625 nm
alongside D-glucose standards, on a VersaMax Pro microplate reader using SoftMax Pro v.5.4 software (Molecular Devices Ltd, Berkshire, UK). The solution
turns a blue-green colour in the presence of glycogen, as in the soluble carbohydrate assay. Standards were prepared by following the protocol from the addition
of anthrone reagent, as treating the standards as samples (by creating a pellet
and washing with methanol) eliminates glucose from the standard. The assay is
linear between 0 and 5 mg mL−1 D-glucose made up in extraction buffer (100 mM
potassium phosphate, 1 mM DTT and 1 mM EDTA; Fig. 2.17).
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Figure 2.17: Glycogen assay linearity and sensitivity between A. 0 and 5 µg µL−1
and B. 1 and 60 µg µL−1 D-glucose standards made in extraction buffer (100 mM
potassium phosphate, 1 mM DTT and 1 mM EDTA).

Lipid determination
Lipid content was measured as another energy store in animals, as lipids are known
to be central to cold adaptation. Total lipid content was determined using the
vanillin assay amended from Foray et al. (2012), which provides accurate data
in lipid determination in insects (Williams et al., 2011). Vanillin reagent was
prepared by dissolving vanillin in 70% orthophosphoric acid at a concentration of
1.2 g L−1 ; this was stored in a glass bottle wrapped in aluminium foil and used
within 5 d.
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To measure total lipid content, 75 µL of solution was added to polypropylene
tubes (Fig. 2.18) and the solvent evaporated off in an incubator inside a ducted
fume hood at 80 ◦ C (30 min for standards and 1 h for samples). A heat block
was not used, as in Foray et al. (2012), as the temperature across the plate was
not evenly distributed. After this, 10 µL of 98% sulphuric acid was then added
to the remaining solution, vortexed gently to mix and returned to the incubator
for 3 min at 80 ◦ C, before cooling on ice. The solution was then vortexed gently,
before transferring 5 µL of solution into a fresh Eppendorf, adding 195 µL vanillinorthophosphoric reagent and vortexing gently to mix. A strong pink colour forms
in the presence of lipids. Samples were then kept at room temperature for 15
min, whilst transferring 180 µL per well into a 96 well plate. The absorbance was
measured at 525 nm using standards of 0 - 10 mg mL−1 triolein diluted in 100%
chloroform. The assay was stable after 8 min and linear between 0 and 3 µg µL−1
(Fig. 2.19).

Figure 2.18: Sample volume optimisation for lipid assay, measured at 525 nm.
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Figure 2.19: Lipid assay validation of assay linearity and sensitivity between 0
and 3 µg µL-1 glycerol trioleate made in chloroform and measured at 525 nm.
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Statistics
Testing trait evolution
Species-level comparisons of immune and metabolic parameters against LRE and
LRCP were analysed to assess the influence of phylogeny on immune and metabolic
variables. The phylogram derived from DNA based phylogenies (García-Vázquez
et al., 2016) was compared against discrete species traits using phylogenetic generalised least squares regression models (PGLS; ‘caper’ package) to assess whether
a phylogenetic signal was present in immune traits Orme 2013). PGLS is a generalised case of phylogenetic independent contrasts (PIC; Felsenstein 1985) and
was used here instead of phylogenetic independent contrasts (PIC) because PGLS
can model traits evolving in a more complex manner than PIC, does not force
the intercept to be 0, can take into account non-homogeneous data (Paradis,
2010; Blomberg et al., 2012) and in this context is statistically more appropriate
than contrast analyses (Harvey and Rambaut, 2000). However, to test trait evolution over time PIC was used to identify whether a phylogenetic signal exists,
the strength of that signal, whether the trait’s evolution occurred gradually or
punctuationally, and more towards the base or tips of the phylogeny.
The PGLS function addresses the fact that closer related species are more likely
to have similar values than distant relatives by creating a multi-trait variance
covariance matrix (vcv; including covariance between taxa) showing how closely
species are related and carrying out phylogenetic autocorrelation (Revell and Collar, 2009). This covariance matrix assumes a Brownian motion-like model of trait
evolution (random evolution in any direction i.e. non-directional selection, and
that variance is proportional to time i.e. no one clade evolves faster than another)
and converts the original tip data (mean values for a set of species) into values
that are statistically independent and identically distributed (Revell and Collar,
2009).
As evolution is not a random walk but has many different types of selection
taking place, such as directional selection, correlated trait evolution and character
displacement making a Brownian motion-like model reductionist. To improve on
the Brownian motion-like model, branch lengths were transformed to represent
the amount of phenotypic evolution. However, having run the vcv matrix with
and without transformed branch lengths no difference was found between p-values.

69

2. Materials and methods

The vcv matrix was also transformed to improve the fit of the model and to try
to increase the models power to detect phylogenetic signal by raising the branch
lengths to the power of lambda (λ), kappa (κ) and delta (δ; Pagel 1998; Blomberg
et al. 2003).
Lambda (λ) is a measure of the phylogenetic signal ranging from 0 (completely
independent evolution with no phylogenetic signal) to more than 1 (more covariance than expected under Brownian motion; Pagel 1998). Therefore increasing
λ signifies a decreasing impact of phylogeny on the predictive variable and more
independent trait evolution. Kappa (κ) denotes the rate of evolution (gradual
versus punctuational). If κ is 1 then gradual trait evolution and Brownian motion
is taking place, if κ is 0 then punctuational evolution is taking place at speciation events with stasis in between (Eldredge et al., 1997; Pagel, 1998). Delta
(δ) indicates whether trait evolution is occurring towards the base of the tree or
towards the tips. When δ is 0 evolution is identical to Brownian motion, less than
1 signifies trait change occurred rapidly early on and then slowed through time,
whereas a δ of more than 1 describes an increasing rate of trait evolution through
time.
The model was run on raw data with λ, κ and δ set at 1, 0 or allowed to vary (maximum liklihood) to test which of these fitted our data best (Münkemüller et al.,
2012). Matrix models were then selected using Akaike Information Criteria (AIC).
Mean rate of dopachrome production and consumption, antimicrobial responses
to Escherichia coli and internal parasite load data were log-transformed to meet
assumptions for normality and homogeneity. Interactions were included between
all terms. Residuals were assessed visually for normality and homogeneity. In
all cases where multiple comparisons were made manually (e.g. multiple t-tests),
p-values were adjusted using a Holm’s sequential Bonferroni method (Holm 1979).
No difference was found between the results of λ from the three models indicating no phylogenetic signal was detected. To test whether intraspecific variation
was masking phylogenetic signal, the models were run on mean, minimum and
maximum data for each immune and metabolic trait.
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Abstract
Few species in ecological communities are abundant, with most species considered
rare, however the factors driving rarity remain poorly understood. The mechanisms driving rarity may include a combination of ecological and evolutionary
processes but despite the importance of immunity in species persistence, until now
immunocompetence has not been compared between rare and common species. To
investigate the relationship between immunity and rarity, a pilot study was run to
compare immunocompetence between the rare Oxbow diving beetle Hydroporus
rufifrons and its common relative H. erythrocephalus, assessing potential tradeoffs within the immune system, and between immunity and metabolism over time.
Antimicrobial peptide (AMP) activity, phenoloxidase (PO) activity, encapsulation
ability, parasite load, and L-lactate dehydrogenase (L-LDH) activity were measured after 1 and 5 weeks acclimation. After 5 weeks acclimation both species had
higher AMP, PO and L-LDH activity than after 1 week acclimation but a decrease
or no change in encapsulation ability and parasite load. Sex-specific differences
were also present, with males having higher L-LDH activity than females in both
species. PO activity and encapsulation were negatively correlated indicating that
PO activity may not indicate potential melanin production. A positive correlation
was found between PO and AMP activities, suggesting cross-talk between these
two immune responses. PO activity also correlated negatively, with L-LDH activity suggesting that trade-offs may exist between immune defence and metabolism.
Neither species demonstrated higher overall immunocompetence, suggesting that
if high immunocompetence does contribute to commonality it is in combination
with other factors. This is the first study to investigate the role of immunocompetence in rarity and indicates that immunocompetence may be species-specific,
with sex and acclimation time affecting results.
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3.1

Introduction

The mechanisms controlling rarity have intrigued biologists for centuries (Darwin, 1859; Darlington, 1957; MacArthur, 1972; Brown, 1984; Gaston, 2003) and
are crucial for conservation efforts (Arribas et al., 2012a), as rare species are
often at higher risk of extinction than their common counterparts (Simberloff,
1988; Gaston, 1994; Brook et al., 2008; Fordham et al., 2013). Rare species are
considered more vulnerable because, although often locally abundant, they have
smaller geographic ranges, narrow environmental tolerances and more specialised
life-histories (Gaston et al., 1997; Johnson, 1998; Purvis et al., 2000; Munday,
2004; Lankau and Strauss, 2011; Slatyer et al., 2013).
Both rarity and range size are likely to be controlled by a combination of ecological and evolutionary processes which drive interspecific differences. These
processes include niche breadth or environmental tolerance, body size, population
abundance, environmental variability, colonisation, dispersal ability and extinction dynamics (Stevens, 1989; Brown et al., 1996; Gaston, 1996, 2003; Yang et al.,
2007; Slatyer et al., 2013). However, other biotic drivers such as prey availability,
predation pressure, competition and pathogen resistance also play important roles
in mediating species persistence (Berg et al., 2010). Despite the ability of species
to defend themselves against pathogens and parasites being vital to individual
fitness, little work has explored the relationship between immunocompetence and
rarity.
Immunocompetence has also been suggested to influence rarity due to life-history
trade-offs within organisms (Owens and Wilson, 1999; Zuk and Stoehr, 2002;
Moret, 2003; Cotter et al., 2004). These trade-offs include those associated with
reproduction and development, with immunocompetence shown to vary between
sexes with age (Schwarzenbach et al., 2005) as well as with seasonality and predation risk (Stoks et al., 2006). In temperate regions where seasonality causes wide
variations in temperature, rare species can be profoundly affected due to their
narrow thermal tolerances and specific life histories (Slatyer et al., 2013). This
is particularly visible in ectotherms, such as insects, as external thermal regimes
control internal body temperatures and in turn metabolic rates and immunocompetence (Thomas and Blanford, 2003; Roth et al., 2010b; Adamo and Lovett,
2011; Fedorka et al., 2013a; Sinclair et al., 2013). Previous work has reported
geographical variation in encapsulation ability (Mollema, 1988), with temperate
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species exhibiting higher immunity in winter but lower immunity in summer than
tropical species (Kraaijeveld and Alphen, 1994; Martin et al., 2004a; Ardia, 2005;
Córdoba-Aguilar et al., 2009; Fedorka et al., 2013a). Immune responses can also
have metabolic costs with induced encapsulation responses raising metabolic rate
(measured as oxygen consumption rate) by almost 30% (Ardia et al., 2012).
In insects, the innate immune system plays a key role in front line defence and organising the appropriate responses (Schmid-Hempel, 2005; Siva-Jothy et al., 2005).
Innate immune responses are triggered when the host recognises the presence of
commensal and pathogenic microorganisms, initiating a series of signal transduction pathways (Nappi and Ottaviani 2000; Brown 2001; Fig. 1.1). The first pathways to become activated are the ImD and Spaetzle-Toll pathways, which are vital
in producing antimicrobial peptides (AMPs), targeting mainly Gram-negative and
Gram-positive Bacteria respectively, but also fungi and some viruses (De Gregorio
et al., 2002b; Schmid-Hempel, 2005). These pathways also indirectly activate the
phenoloxidase (PO) pathway leading to melanin production for cuticle pigmentation, sclerotisation, wound healing, clotting and encapsulation (Siva-Jothy et al.,
2005; Cerenius et al., 2008).
Due to the nature of the PO pathway, it may be expected that PO activity, encapsulation and cuticular melanisation are positively correlated (Cotter and Wilson,
2002; Shiao et al., 2001; Wilson et al., 2001). However, a growing body of work
indicates either no correlation or negative correlations between PO activity, encapsulation and melanisation (Yang et al., 2007; Lindsey and Altizer, 2009; Ardia
et al., 2012). This suggests that the relationship between PO activity (measured
as the rate of dopachrome production from L-dopa) and melanisation may be
more complicated than previously thought. Indeed measuring dopachrome production rate alone is not always indicative of potential melanin production, as PO
is used for multiple reactions in this pathway some of which are tightly controlled.
Therefore, measuring the rate of dopachrome production and consumption, in addition to encapsulation ability may provide a better indicator of potential melanin
production.
Recent work in insects also found potential trade-offs in immune resources with
induced encapsulation increasing PO activity but decreasing AMP activity (Ardia et al., 2012). An organism’s ability to mount an immune response against
pathogens and parasites is a key component of a species physiological niche,
necessitating further trade-offs with other energy-demanding processes, such as
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metabolism (Schmid-Hempel, 2005; Lochmiller and Deerenberg, 2000). In addition, the metabolic requirements of immunity and the indirect effects of mounting
pathogen-induced immune responses are likely to have life history consequences
(Schmid-Hempel, 2005). Here, metabolic costs will be indicated by L-lactate
dehydrogenase activity (L-LDH), commonly used as an indicator of anaerobic
respiration (Kirkton et al., 2011).
Relative investment in immune defence mechanisms can vary depending on multiple factors, including sex, population density, prior infection status, length of time
infected and seasonality. Sex-specific immunity exists due to trade-offs between
the immune system and the demands of reproduction (McKean and Nunney, 2005;
Nunn et al., 2009). Females tend to have higher levels of immunocompetence than
males in terms of PO activity and haemocyte counts, whereas males tend to upregulate their haemocyte counts when necessary, i.e. after infection (Nigam et al.,
1997; Adamo et al., 2001; Lindsey and Altizer, 2009). Under higher population
densities, individuals also upregulate their immune defences (PO activity and cuticular melanisation; Reeson et al. 1998; Wilson et al. 2001; Pauwels et al. 2011;
Shi et al. 2012 as the likelihood of encountering parasites and pathogens increases
(Steinhaus, 1958; Freeland, 1983; Wilson and Reeson, 1998; Rolff and Siva-Jothy,
2003). Moreover, PO and AMP activity are not always elevated during the early
stages of infection and may increase over time, to ‘mop-up’ pathogens remaining
after opsonisation (Saejeng et al., 2010; González-Santoyo et al., 2010). Fedorka
et al. (2013a) also found higher PO and AMP activity in crickets raised under
autumnal conditions compared to those raised under summer conditions, suggesting seasonality in insect immunity, potentially due to the prevalence of pathogens
and parasites.
As no comparative immune studies of related rare and common species exist
(Kunin and Gaston, 1997), immunocompetence was assessed between two frequently coexisiting species, Hydroporus rufifrons (Müller, 1776) endangered over
much of its European range, and the common H. erythrocephalus (Linnaeus, 1758).
H. rufifrons is one of the rarest diving beetles in Britain (Foster et al., 2008; Stirling, 2010) and is generally regarded as rare over much of its range from Ireland
to western Siberia (Foster, 2010b; Gateway, 2014). Since 1995, H. rufifrons has
been on the United Kingdom’s biodiversity action plan as a globally threatened
and declining species (UK Steering Group, 1995), and the British Red List since
2010 because it faces a high risk of extinction in the near future (Foster, 2010b,a).
Increases in agricultural intensification are widely believed to have caused popula78
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tions of H. rufifrons to decline and become locally extinct at many sites (BalfourBrowne 1940; Wright and Armitage 2001; Foster et al. 2007, 2008; Foster 2010a,b;
Stirling 2010; Fig. 3.1). However, the often coexisting and closely-related species,
H. erythrocephalus not only inhabits most remaining sites where H. rufifrons persist, but also thrives in ‘improved’ areas and is abundant over a wide distributional range, from Ireland to Russia (Gateway 2014 and Bilton (pers. comms.);
Fig. 3.1).

Figure 3.1: A. Hydroporus rufifrons and B. H. erythrocephalus verified distribution from the national recording scheme dataset (Foster et al., 2016). Grey circles
indicate pre-1980 records, black circles indicate post-1980 records with crosses
indicating sub-fossils and astericks indicating re-introductions. C. Photograph of
H. rufifrons adult (courtesy of Dr. Franz Hebauer) and D. H. erythrocephalus
adult (courtesy of Niels Sloth, with permission to reproduce granted; photograph can be found at http://www.biopix.com/hydroporus-erythrocephalus_
photo-63124.aspx.
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As these closely related species frequently coexist, have similar trophic ecologies,
and yet exhibit different occupancies, the two species may have evolved different
immune strategies, with the rare H. rufifrons potentially investing in higher sitespecific immunocompetence than the widespread, theoretically more generalist, H.
erythrocephalus. If the immunocompetence of H. rufifrons is site-specific, changing
pathogen pressures due to changing land-use patterns may explain the decline of
the species in the remaining UK sites and help to direct future conservation efforts.
The two species therefore provide a model system to investigate the relationship
between rarity and immunocompetence, as well as identify potential trade-offs
within the immune system.
This chapter aimed to address the following questions:
1. Does immunocompetence differ between Hydroporus rufifrons and H. erythrocephalus?
2. Can acclimation time at ‘high densities’ affect immunocompetence in Hydroporus?
3. Does sex influence immunocompetence in Hydroporus?
4. Does a priori infection affect immunocompetence in Hydroporus?
5. Are there trade-offs within the immune systems of Hydroporus?
6. Does elevated immunocompetence confer metabolic costs in Hydroporus?
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3.2

Materials and methods

Animal collection and husbandry
Adult Hydroporus rufifrons and H. erythrocephalus were sampled on 3rd June
2013, using a D-framed pond net with 1 mm mesh, from a tussock fen at Jordan
Lane, Westmorland, UK (SD635901). This site was chosen as the two species
coexist here in abundance (Foster et al. 2008). Species identification in the field
was verified by D.T. Bilton. After collection, animals were transported back to
the laboratory and maintained as described in Chapter 2 Sections 2.2 and 2.3.
Animals were acclimated for 1 and 5 weeks prior to measuring multiple aspects
of immunocompetence.

Data collection
The encapsulation ability of animals was assessed before the animals were dissected as in Chapter 2 Sections 2.5.1 and 2.5.2. The animals were then crushed in
2 mL syringes through a 0.22 µm filter (Merck Millipore, Darmstadt, Germany)
at a 1:14 ratio in phosphate buffer, i.e. 1 mg body mass (wet weight) in 14 µL
phosphate buffer. The extract was then centrifuged (10,500 g av for 10 min at 4
◦
C) to pellet out debris and the supernatant was stored at -20 ◦ C. Aspects of
the immune system that were measured included baseline antimicrobial peptide
(AMP) activity against the Gram-positive Bacteria, Arthrobacter globiformis and
the Gram-negative Bacteria, Escherichia coli measured as the number and size
of clear zones produced, phenoloxidase (PO) activity measured as dopachrome
production and consumption rates, encapsulation ability, and parasite load using
the methods described in Chapter 2 Sections 2.5.2, 2.5.3 and 2.5.4 respectively.
Parasites, e.g. ciliates and fungi were identified visually as in Chapter 2 Section
2.5.2 and L-lactate dehydrogenase (L-LDH) activity was measured as described
in Chapter 2 Section 2.7.2.

Statistical analyses
AMP responses were measured as the percentage of individuals sampled that
produced a clear zone and the size of that clear zone. The percentage of individuals
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that produced clear zones against A. globiformis were compared between species
using a 2-sample test for equality of proportions without continuity correction.
Comparisons were then made within species between acclimation times, sex and
prior infection status using multiple 2-sample proportions tests without continuity
correction. Clear zone size was also compared between species and acclimation
time using 2-sample proportions test without continuity correction.
PO activity was tested between species over time using multiple Wilcoxon rank
sum tests with continuity correction applied as dopachrome production nor consumption data were normal or homogeneous despite transformations (with the
exception of H. rufifrons dopachrome consumption rate data where a t-test was
used). Encapsulation ability was compared between species using an ANOVA
on square-root transformed data, taking into account acclimation time, sex and
prior infection status, with interactions included between all terms. Models were
simplified using step-wise likelihood ratio testing based on the AICc values. Acclimation time, sex and prior infection status had no significant effect, so were
removed and the minimum adequate model re-run.
The percentage of individuals infected with ciliates per species after 5 weeks acclimation was assessed using a 1-sample proportions test without continuity correction. To assess whether one sex was more likely to be infected by stalked
ciliates than the other, 1-sample tests for equality of proportions without continuity correction were used. L-LDH activity was also assessed between species
on square-root transformed data using an ANOVA with Tukey’s post-hoc tests
taking into account year, acclimation time, sex and prior infection status with
interactions included between all terms. Models were simplified using step-wise
likelihood ratio testing based on the AICc value and the minimum adequate model
re-run.
To investigate potential trade-offs in immunocompetence and potential metabolic
costs of immune defence, correlations were run between mean immune parameters
as well as between mean immune parameters and L-LDH activity using Kendall’s
rank correlations (Fig. 3.7). All tests were performed in R (v.2.15.2) and significance was set at p < 0.05. Data or residuals were assessed for normality and
homogeneity quantitatively using Anderson-Darling and Levene’s tests, or visually
where appropriate. In all cases where multiple comparisons were made manually
(e.g. multiple t-tests) p-values were adjusted using a Holm’s sequential Bonferroni
method (Holm 1979).
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3.3

Results

Antimicrobial peptide activity
More clear zones were produced against Arthrobacter globiformis after 5 weeks acclimation than 1 week acclimation in Hydroporus rufifrons and H. erythrocephalus,
but this was only significant for H. rufifrons (χ2 = 8.561, p = 0.003 and χ2 =
4.173, p = 0.164, respectively; Fig. 3.2). No differences were found in clear zone
production between species after 1 or 5 weeks acclimation (χ2 = 0.133, p = 0.587
and χ2 = 1.674, p = 0.999, respectively; Fig. 3.2), nor between sexes or between
infected and uninfected individuals (χ2 < 1.658, p > 0.198). Clear zone size did
not differ between species after 1 or 5 weeks acclimation (χ2 = 0.802, p = 0.370
and χ2 = 1.347, p = 0.246; Fig. 3.2), nor within H. rufifrons or H. erythrocephalus
over time (χ2 = 0.563, p = 0.453 and χ2 = 0.231, p = 0.631, respectively; Fig.
3.2). Parasitism did not lead to higher AMP production, with only one parasitised H. erythrocephalus producing a clear zone against A. globiformis. All of
the clear zones formed were produced by females, with the exception of one male
H. rufifrons after 5 weeks acclimation. The influence of sex or the presence of
parasites on the production of AMPs could not be tested because the presence
of clear zones was measured as percentage per species and acclimation time. No
AMP responses were observed against Escherichia coli in either species at either
time point.

Phenoloxidase activity
Dopachrome production rates were higher after 5 weeks acclimation compared to
1 week acclimation in H. rufifrons (W 49 = 14.5, p < 0.001) and H. erythrocephalus
(W 51 = 72, p < 0.001; Fig. 3.3A). H. rufifrons produced dopachrome faster than
H. erythrocephalus after 1 and 5 weeks acclimation (W 55 = 185.5, p < 0.001 and
W 45 = 150, p = 0.02, respectively; Fig. 3.3A), although H. rufifrons dopachrome
consumption rate remained unchanged between 1 and 5 weeks acclimation (t 53
= 0.477, p = 0.636; Fig. 3.3B). As the metabolism of dopachrome by H. rufifrons remained unchanged over time, H. erythrocephalus had significantly slower
dopachrome consumption after 1 week acclimation than H. rufifrons (W 37 = 336,
p < 0.001), but significantly faster after 5 weeks acclimation (W55 = 736, p <
0.001; Fig. 3.3B). In H. erythrocephalus, dopachrome consumption rate increased
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between 1 and 5 weeks acclimation (W 51 = 17, p < 0.001). Encapsulation ability
did not differ between species (F = 0.109, p = 0.742; Fig. 3.3C) and there was
no effect of acclimation time (p > 0.05).

Figure 3.2: Antimicrobial peptide activity against Arthrobacter globiformis after
1 and 5 weeks acclimation in Hydroporus rufifrons and H. erythrocephalus. A. the
percentage of clear zones present and B. mean size of clear zones present ± SEM.
Letters above bars indicating significant differences (p < 0.05) with sample sizes
reported below bars. Note: All clear zones were expressed by females, except one
male H. rufifrons after 5 weeks acclimation.
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Figure 3.3: Phenoloxidase activity measured as the rate of dopachrome production (A) and consumption (B) and encapsulation ability (C) after 1 and 5 weeks
acclimation in Hydroporus rufifrons and H. erythrocephalus. Barplots show mean
± SEM, with letters above bars indicating significant differences (p < 0.05) and
sample sizes reported below bars.
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Parasite load
External parasites were identified as colonial peritrich epibionts, most likely belonging to the family Epistylididae (Fig. 4.5). After 5 weeks acclimation, H.
erythrocephalus had twice as many stalked ciliates on their cuticle than H. rufifrons (χ2 = 16.423, p < 0.001). Although not significant, both species also had
more infected females than males after 5 weeks acclimation (χ1 = 1.600, p <
0.206; Fig. 3.4). No external parasites were found after 1 week acclimation, nor
internal parasites at either acclimation points.

Figure 3.4: Percentage of females and males infected with peritrich ciliates in
Hydroporus rufifrons and H. erythrocephalus after 5 weeks acclimation. Letters
indicate significant differences (p < 0.05) with sample sizes reported below bars.

Figure 3.5: Scanning electron microscopy of peritrich ciliates infecting Deronectes,
showing (A) the branched stalk bearing more than two zooids (indicates colonial
peritrich) and the uncontracted stalk surrounded by contracted zooids (indicates
Epistylidadae), and (B) an example of infection intensity on the prosternal process.
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L-Lactate dehydrogenase
H. rufifrons had higher L-lactate dehydrogenase (L-LDH) activity than H. erythrocephalus after 1 week acclimation, but not after 5 weeks acclimation (t 10 =
3.414, p = 0.04 and W = 52.5, p = 0.221; Fig. 3.6). L-LDH activity increased
significantly over time in H. rufifrons, but, although L-LDH also increased, this
increase was not significant in H. erythrocephalus (t 31 = -5.947, p < 0.001, and
t 6 = -2.744, p = 0.064; Fig. 3.6). Females had significantly lower L-LDH activity
than males in both species after 1 and 5 weeks acclimation, with on average 8.730
± 1.904 nmol min−1 mg−1 compared to 22.796 ± 4.747 nmol min−1 mg−1 (t 25 =
3.047, p = 0.006).

Figure 3.6: L-lactate dehydrogenase activity after 1 and 5 weeks acclimation in
Hydroporus rufifrons and H. erythrocephalus. Barplots show mean ± SEM, with
letters above bars indicating significant differences (p < 0.05) and sample sizes
reported below bars.
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Correlations between immune parameters
Positive triangular relationships were found between measures of PO activity
(dopachrome production and consumption rates; r = 0.30, p < 0.01; Fig. 3.7),
and between dopachrome production and consumption against L-LDH activity (r
= 0.49, p < 0.01; r = 0.32, p < 0.01 respectively; Fig. 3.7). Surprisingly, positive correlations were not found between dopachrome production or consumption
rates and encapsulation ability, with negative correlations found (r = -0.17, p =
0.096, and r = -0.30, p < 0.01; Fig. 3.7). A negative correlation was also found
between encapsulation ability and L-LDH activity (r = -0.23, p = 0.022; Fig.
3.7). AMP data could not be included as the values were collected at species level
per acclimation.

Figure 3.7: Correlation matrices between dopachrome production and consumption rates (dcprod and dccon), encapsulation ability (encap) and L-lactate dehydrogenase (LDH) activity in H. rufifrons (circles) and H. erythrocephalus (squares)
after 1 and 5 weeks acclimation (light and dark grey respectively). Correlation
coefficients (r-values) report a positive or negative trend, with p-values signifying
the strength of each correlation.
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3.4

Discussion

Biological drivers of species persistence are likely to be key in understanding rarity, however research comparing immune defence in rare and common species
remains sparse. Under current and future environmental conditions, many freshwater species may face extirpation. As a result, research aimed at understanding mechanisms behind species declines has never been more important (Brook
et al., 2008; Barnosky et al., 2011; Collen et al., 2014). This pilot study compared immunocompetence between the rare diving beetle Hydroporus rufifrons
and its widely distributed relative H. erythrocephalus, to investigate whether the
rare species had higher site-specific immunity than the widespread generalist H.
erythrocephalus. The study also took into account acclimation time, sex, a priori
infection and potential metabolic costs. Both species exhibited similar levels of
immunocompetence across the range of assays assessed, suggesting that, in this
case, there is unlikely to be a relationship between rarity and immunocompetence. Maintenance at ‘high’ densities over time increased immune responses and
L-lactate dehydrogenase activity (L-LDH) in both species, irrespective of a priori
infection, with females having higher immune responses but lower L-LDH activity than males. L-LDH activity was also positively correlated with measures of
phenoloxidase (PO) activity, indicating potential metabolic costs associated with
elevated PO. The commonly used assay of PO activity (dopachrome production
rate) did not positively correlate with the dopachrome consumption rate, encapsulation ability or AMP activity, suggesting that the PO assay may not be indicative
of potential melanin production or immune defence. In additon, the positive correlation between PO and AMP activity supports previous findings that the PO
and Spaetzle-Toll pathways may be linked.
It had been suggested that temperate rare species may be more susceptible to
pathogens than widespread species, due to their restricted thermal tolerances
and more specialised life-histories (Slatyer et al., 2013). In temperate regions,
the wide temperature variability experienced can have profound effects on rare
species. This is especially so in ectothermic organisms, such as insects, as external thermal regimes control internal body temperatures that in turn can influence
immunocompetence (Thomas and Blanford, 2003; Roth et al., 2010b; Adamo and
Lovett, 2011; Sinclair et al., 2013). Although, it may have been expected that
the rare H. rufifrons would exhibit either more site-specific immunocompetence
or lower immuncompetence (potentially explaining the decline in abundance), the
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species performed on par with it’s common relative H. erythrocephalus. This indicates that at least for these species there is unlikely to be a relationship between
rarity and immunocompetence, and that other factors, such as dispersal ability,
may be more important. Future work needs to use a greater number of species to
assess this in more detail before definitive conclusions can be drawn.
Time spent at high densities is known to elevate PO activity and cuticular melanisation (Reeson et al., 1998; Wilson et al., 2001, 2002). However, the literature
considers any density other than solitary as ‘high’, which does not reflect the natural densities of these gregarious water beetles. The high PO and AMP activity
after 5 weeks acclimation could be because PO can become activated during the
later stages of infection (González-Santoyo et al., 2010; Saejeng et al., 2010) or
upregulated in response to infection (Pauwels et al., 2011; Shi et al., 2012). Induced AMP responses have been shown to take at least 1 - 3 h to generate (Lavine
et al., 2005), 12 - 48 h to peak (Haine et al., 2008b) and can persist for weeks in
a variety of insects (Bulet et al., 1992; Korner and Schmid-Hempel, 2004; Haine
et al., 2008b). AMPs have also been shown to ‘mop-up’ pathogens that escape
the constitutive defences, such as PO, to prevent resistance evolution in bacteria
and manage persistent infections (Dunn, 1986; Haine et al., 2008a).
In natural populations, long-term activation of the immune system can induce
life-history changes through the natural selection of traits, which increase an organism’s immunocompetence (Moret and Siva-Jothy, 2003; Moret, 2003; SchmidHempel, 2005). The genetic structure and the dynamics of a population can
therefore be altered to produce individuals with high immunocompetence. Under
higher population densities the likelihood of encountering parasites and pathogens
is increased (Steinhaus, 1958; Freeland, 1983; Wilson and Reeson, 1998; Rolff and
Siva-Jothy, 2003), therefore selection will favour those who invest in immune defences (Wilson and Reeson, 1998). In the case of Hydroporus it is clear that
immune defences were up-regulated over time under laboratory conditions. However, density is not the only factor known to influence immunocompetence, with
sex-specific differences common in insects.
It is becoming well established that female insects exhibit higher immunocompetence than males due to differential energy investment (Nigam et al., 1997; Gray,
1998; Kurtz et al., 2000; Sheridan et al., 2000; Rolff, 2001, 2002; Yourth et al.,
2002; Schwarzenbach et al., 2005; Joop et al., 2006; Rantala and Roff, 2006; Nunn
et al., 2009). Differential energy investment is known to occur in male and fe90
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male immune systems due to trade-offs between the demands of reproduction and
immune defences; specifically, females maintain higher immunocompetence to increase fecundity, whereas males invest energy into mate attraction and copulation
(Andersson, 1994; Nigam et al., 1997; Adamo et al., 2001; Rolff and Siva-Jothy,
2003; Schmid-Hempel, 2003; Zuk et al., 2004; McKean and Nunney, 2005; Meylaers et al., 2007; McKean and Nunney, 2008; Lindsey and Altizer, 2009; Nunn
et al., 2009). Our findings contribute to this wealth of evidence, as females of
both species had higher AMP responses than males, irrespective of acclimation
time. Both species also had female-biased sex ratios (70%). This may explain
the higher AMP responses in females because research has shown that males exposed to many females have lower AMP activity due to increased sexual activity
(McKean and Nunney, 2001). Some research has also suggested that testosterone
in males can depress the immune system (McKean and Nunney, 2001). Work
on the wax moth, Galleria mellonella, further found that AMP responses were
more costly for males to produce during metamorphosis, with males emerging earlier and smaller than females (Meylaers et al., 2007), suggesting that underlying
sex-specific differences in immunity may have functional implications.
Prior infection had no effect on the strength of induced immune responses, despite H. erythrocephalus being infected with twice as many stalked ciliates as H.
rufifrons. The lack of immune response to parasitic infection suggests that the
presence of ciliates had no detrimental effect on the beetles health. Epistylidids,
and in particular members of the genus Epistylis, are among the most common
peritrich epibionts of aquatic invertebrates but to the authors’ knowledge no studies to date have assessed the impact of stalked ciliates on their hosts, making it
impossible to infer whether stalked ciliate infections have negative consequences
on the diving performance or immune health in dytiscids. In order to identify the
ciliates to species-level identification in future, a combination of live and silver
stained specimens is needed. Although we did not find any evidence of internal
macroparasites in this study, other work on H. rufifrons found progenetic Allocreadium neotenicum reproducing in both male and female adults (Bray et al., 2012).
As body cavities of dytiscid beetles are rarely explored, little is known about internal parasites so future work should use molecular techniques that have greater
sensitivity to identify infecting parasites or pathogens.
As insect AMPs are a vital component of immunity, it was surprising that although
both species produced clear zones against Arthrobacter globiformis neither species
produced clear zones against Escherichia coli. Work in insects has commonly used
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E. coli to assess antibacterial responses (Bulet et al., 1992; Lambrechts et al.,
2004; Shikano et al., 2010; Arce et al., 2012; Murdock et al., 2013). Indeed,
previous work using the mealworm, Tenebrio molitor, found similar magnitude
AMP responses against Gram-positive and Gram-negative Bacteria (Haine et al.,
2008b). However, insects respond to Gram-positive and Gram-negative Bacteria
using different immune pathways (Spaeztle-Toll and Imd respectively; De Gregorio
et al. 2002b; Govind 2008; Yokoi et al. 2012; Fig. 1.1) and produce different AMPs
to tackle them (Bulet et al., 1999; Bulet and Stocklin, 2005; Ravi et al., 2011).
Therefore AMP responses are likely to defend against Gram-positive and Gramnegative Bacteria independently.
Both H. rufifrons and H. erythrocephalus produced dopachrome slowly from Ldopa but consumed dopachrome more rapidly, suggesting that a substrate other
than L-dopa may be being used to produce dopachrome. Previous authors have
suggested that dopamine may be primarily used in insects to produce dopachrome
due to L-dopa being depleted for sclerotisation, and because dopamine instead of
L-dopa is more soluble than L-dopa (Kramer and Hopkins, 1987; Sugumaran,
1988a). Future work could investigate whether dopamine is the primary substrate
for melanin synthesis in a number of insect taxa. If dopamine is the primary
substrate, then methods currently in practise should be amended to take this into
account. The rates between the two reactions may also differ due to the type of
PO encoded or the reliance on other enzymes, such as DCE, which has not yet
been explored (Winder and Harris 1991; Mucklow et al. 2004; Fig. 5.1).
Although previous studies found negative correlations between PO activity and
encapsulation ability (Mucklow et al., 2004; Contreras-Garduño et al., 2007; Yang
et al., 2007), the majority of studies have found strong positive relationships between the two (Cotter and Wilson, 2002). Other studies that have used dopachrome
production rate to infer immunocompetence have found no correlation between
the two, and that dopachrome production rate failed to predict immune status or
pathogen resistance (Barnes and Siva-Jothy, 2000; Adamo, 2004a; Schwarzenbach
and Ward, 2007; Lindsey and Altizer, 2009; Whitehorn et al., 2011; Adamo and
Lovett, 2011). Moreover, the significant negative correlation between dopachrome
consumption rate and encapsulation ability found in this study suggest that
dopachrome consumption rate may be a better estimate of melanin synthesis than
dopachrome production rate. These results suggest that dopachrome production
rate is not indicative of potential melanin production. Further work should investigate the relationship between current measures of PO activity and other measures
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of potential melanin production, including encapsulation ability.
Immune responses can be costly, with individuals investing their resources differently so that in the case of an extreme pathogenic event some of the population
will survive (Sheldon and Verhulst, 1996; Norris and Evans, 2000; Zuk and Stoehr,
2002; Schmid-Hempel, 2005; Lawniczak et al., 2007). This results in wide interspecific variation within populations as well as between immune defences (Moret,
2003; Rantala and Roff, 2006). In reviews by Tzou et al. (2002b), De Gregorio
et al. (2002b) and Cerenius et al. (2010), the link between Gram-positive AMPs
and PO activity is discussed, reporting a common terminal protease that can activate pro-Spaetzle and pro-PO. Experimental work in a variety of insects and
other invertebrates has also found similar (Lemaitre et al., 1996; Levashina et al.,
1999; Takehana et al., 2002; Cerenius et al., 2010), although future work could be
done to better understand this link. These results support the notion that immunocompetence is likely to be multifactorial, with a variety of host and pathogen
characteristics, and the interplay between immune pathways being important. Future work should use a suite of immune parameters to assess potential melanin
production and/or immunocompetence.
L-LDH activity correlated positively with measures of PO activity and negatively
with encapsulation ability, which may indicate that immune responses have specific energetic and physiological costs. This is supported by other studies in insects, which have found that encapsulation increased metabolic rate and correlated
with higher PO activity (Freitak et al., 2003; Ardia et al., 2012). Moreover, these
potential metabolic costs may also be sex-specific as we found lower L-LDH activity and higher AMP activity in females than males. Along with PO and AMP
activity, L-LDH was also higher after 5 weeks acclimation than 1 week acclimation further indicating energetic costs of up-regulating immune defences. In vertebrates, recent studies have shown that immune cells favour oxidative phosphorylation during persistent infections and glycolysis during short-term immune responses, which have acute metabolic demands (Kominsky et al., 2010; Cheng et al.,
2014; Galván-Peña and O’Neill, 2014; Mills and O’Neill, 2014; Pennisi, 2014). LLDH activity may therefore be higher in Hydroporus over time due to immune
cells favouring glycolysis to produce the appropriate immune responses. Although
immune cells would only contribute a small proportion of the L-LDH measured,
other metabolic processes must play a part in L-LDH production. These results
suggest that there may be links between the immune system and metabolism in
insects that are currently unexplored. More work is needed to explore general or
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sex-specific trade-offs between immune and metabolic systems.
Previous work has shown that results cannot be generalised from one sample site or
population (Ots et al., 2005). However, due to the critical status of the remaining
H. rufifrons populations it was not feasible to sample multiple sites. Furthermore,
since 2013, H. rufifrons has been listed as extinct at the original sampling site,
although this is yet to be confirmed (Gateway, 2014). In light of this, future
work could compare our results of a potentially declining population against H.
rufifrons from stable populations to gain an insight into extinction dynamics. As
agricultural intensification is believed to be responsible for H. rufifrons decline and
reintroduction efforts to ‘natural’ sites have failed, studies could also assess how
H. rufifrons performs in terms of immunity and metabolism under differing levels
of water flow, fertilisers and grazing pressure. It may be beneficial to monitor
the few remaining sites where H. rufifrons persists to correlate localised pathogen
levels with AMP expression, as well as abiotic factors, such as food availability or
oxygen and nutrient levels which may indicate environmental stress.

3.5

Conclusion

With many freshwater species facing extirpation, research aimed at understanding
the mechanisms behind species declines has never been more important. In this
chapter, immunocompetence was compared of the rare diving beetle Hydroporus
rufifrons and its widely distributed relative H. erythrocephalus over time, taking
into account sex, acclimation time and a priori infection. Maintenance at ‘high’
densities over time elevated immune responses, with females having higher immune responses than males. A priori infection had no effect on immunity and
there was no clear relationship between immunity and rarity. The commonly
used assay of PO activity (measuring dopachrome production rate from L-dopa)
did not positively correlate with the dopachrome consumption rate, encapsulation
ability or AMP activity, suggesting that the PO assay is not indicative of potential melanin production or immune defence. Later chapters assess immunity in a
higher number of related species from multiple populations and across years to
provide a better insight as to whether the immune system differs between rare,
endemic and common, widespread species (Chapter 4), provide more reliable assays for measuring melanogenesis (Chapter 5), and explore trade-offs within and
between metabolism and immunocompetence (Chapters 4, 6 and 7).
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Abstract
It is well known that most species are rare and restricted to small areas of the
world, whilst very few are common and widespread. What is not so well known
is why most species are rare. It has been suggested that since organisms with
wide distributions tolerate a wider range of environments and encounter different
pathogens compared to their more narrow-ranging sister species, they may have
enhanced immunological abilities. Despite such suggestions, until now possible relationships between range parameters and immune traits have not been assessed.
Here immunocompetence is explored in twelve species of European diving beetle (Deronectes, Dytiscidae) to examine the possible association between a suite
of immune traits and latitudinal range extent and central position, whilst taking into account phylogeny. Encapsulation ability, phenoloxidase (PO) activity
(measured as dopachrome production and consumption rate) and antimicrobial
peptide (AMP) production in response to Escherichia coli and Arthrobacter globiformis were measured. The results showed that southern-ranging endemics have
faster dopachrome production rates, lower parasite load and stronger antibacterial activity against E. coli but weaker activity against A. globiformis than their
more wide-ranging counterparts. This may be due to more variable seasons affecting immunocompetence at higher latitudes and optimal temperature regimes
differing between bacteria. Despite previous studies showing positive correlations,
the commonly used assay of PO activity (dopachrome production rate) did not
positively correlate with encapsulation or AMP activity, suggesting that the assay is not indicative of potential melanin production or immune defence. Overall,
these results suggest that immunocompetence may play a previously unexplored
role in shaping species distributions and highlights potential avenues for future
research.
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4.1

Introduction

A question which has plagued evolutionary biologists and macroecologists for
decades is what controls geographical range size. It has long been known that
the geographical ranges of species differ greatly in extent, with most taxa found
in comparatively small areas whilst relatively few taxa are considered widespread
(Darwin, 1859; Darlington, 1957; MacArthur, 1972; Gaston, 1996, 2003). Despite
our improved knowledge of such macroecological patterns, the mechanisms driving
the relative range size of species are still poorly understood and under explored
(Calosi et al., 2010). Of all of the ecological and evolutionary processes suggested
to drive variation in range size, fundamental niche breadth has received arguably
the most interest, with species exhibiting broader fundamental niches tending to
achieve greater local densities, survive in more places and occupy wider geographical areas than their narrow range relatives (Brown, 1984; Gaston and Spicer,
2001; Gaston, 2003; Calosi et al., 2010).
Variation in physiological traits is thought to play a pivotal role in fundamental niche breadth (Spicer and Gaston, 1999; Gaston and Spicer, 2001), with
widespread taxa also reported to have broader physiological tolerances than their
narrow-range relatives (Calosi et al., 2010). The climate variability hypothesis
and Rapoport’s rule state that species in less variable climates (i.e. lower latitudes) have narrower environmental tolerances leading to smaller ranges, whereas
species found across more variable climates (i.e. higher latitudes) have broader
environmental tolerances and wider distributional ranges (Stevens, 1989; Gaston
et al., 1998; Compton et al., 2007; Bozinovic et al., 2011). Although empirical
attempts have been made to explore the variation between physiological traits
(such as thermal physiology) and range size (Calosi et al., 2010), no work has
investigated the relationship between immunity and range size.
Immune defence strategies are likely to differ between widespread and narrowrange species because high immunocompetence may have enabled range expansion resulting in species distributed across larger areas that can defend against a
wider range of pathogens (Schulenburg et al., 2009; Barthel et al., 2014). Despite
the lack of an adaptive immune system in insects, studies have shown immune
priming is present in various insects (Little and Kraaijeveld, 2004; Sadd et al.,
2005; Sadd and Schmid-Hempel, 2006; Moret, 2006; Roth and Kurtz, 2008) and
suggest that diversity in immune defences may be genetically fixed or phenotypi-
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cally plastic depending on aspect and species. Widespread species may therefore
be more immunocompetent to a diverse array of pathogens, whereas narrow-range
species may respond against specific pathogens and not others they are unfamiliar
with. To test this, we compare baseline immune responses (encapsulation ability,
phenoloxidase [PO] activity, and antimicrobial peptide [AMP] activity) to Grampositive and Gram-negative Bacteria) across a range of related diving beetles,
differing in range size and position.
Seasonal and temperature-dependent immune defence has also been found in ectotherms, giving rise to the temperature-dependent immune investment hypothesis and the thermal melanism hypothesis. The latter of which predicts that
thermal selection on cuticle colour indirectly shapes investment in melanin-based
immunity (Talloen et al., 2004; Clusella-Trullas et al., 2007; Talloen et al., 2009;
Catalán et al., 2012; Fedorka et al., 2013b,a; Prokkola et al., 2013; Sinclair et al.,
2013; Kutch et al., 2014). In insects, widespread species from higher latitudes
and altitudes may experience relatively colder environments, exhibiting darker
cuticles (due to melanin’s efficiency at absorbing solar radiation) and higher phenoloxidase activity, but lower encapsulation ability (True, 2003; Fedorka et al.,
2013a,b).
Melanin, the dark pigment found in cuticles and involved in encapsulation, is produced through a series of reactions involving phenoloxidase, so it may be expected
for the three to be related, with a potential trade off between cuticle melanin and
encapsulation ability. Differences in cuticular melanism have also been found
between sexes and with body size, with males having darker cuticles and more superior melanin-based immunity than females, and larger individuals of both sexes
having darker cuticles (Prokkola et al., 2013). It is thought that larger ectotherms
gain heat slower than their smaller counterparts, which assuming thermal inertia
is not an issue may select for darker cuticles (True, 2003; Clusella-Trullas et al.,
2007; Prokkola et al., 2013; Kutch et al., 2014).
As with many areas of science, terrestrial organisms are used for much of the research into melanin-based immunity with latitude, with only one study to the authors knowledge researching this in aquatic organisms (Loayza-Muro et al., 2012).
Loayza-Muro et al. (2012) assessed chironomid larvae in high latitude streams
(3000 - 4000 m), finding that melanin may partially protect chironomids against
elevated solar radiation, allowing them to persist under harsh conditions. This indicates that aquatic organisms, are also affected by solar radiation and may adjust
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their melanin-based immunity with latitude similar to terrestrial species.
Studies in invertebrates have suggested trade-offs between melanin-based immunity (PO activity) and AMP activity with negative correlations found between the
two (Moret and Schmid-Hempel, 2001; Cotter et al., 2004; Freitak et al., 2007; Wilfert et al., 2007). Previous work investigating this link has found a peptidoglycan
recognition protein which activates both PO and Imd pathways (Takehana et al.,
2002), with further work demonstrating that both PO and Spaetzle/Toll pathways
are activated by the cleavage of a small cytokine-like molecule called Spaetzle
(De Gregorio et al., 2002b; Tzou et al., 2002b). Although significant correlations
between PO and AMP activity were not found in Hydroporus sp. (Chapter 3),
research has shown strong positive relationships between dopachrome production
rates and the number of clear zones, and between dopachrome consumption rates
and the size of clear zones, suggesting complex cross-talk mechanisms may be
present between the Spaetzle-Toll and melanisation cascades (as posited by Cerenius et al. 2010 and others in Chapter 1).
Here the relationships between range size and immunocompetence will be explored within a well-defined clade of European diving beetles, the genus Deronectes
(Coleoptera, Dytiscidae; Fery and Brancucci 1997; Fery and Hosseinie 1998; GarcíaVázquez et al. 2016). Deronectes are generalist predators, feeding on a variety
of small aquatic invertebrates, at intermediate elevations in fast flowing streams
across the Palaearctic, with the greatest diversity around the Mediterranean basin
(Ribera et al., 2001; Ribera and Vogler, 2004). Species of Deronectes have similar ecologies across their ranges despite large differences in latitudinal range size
(Fig. 4.1A). The phylogenetic relationships between European species are well defined and apart from D. latus (Stephens, 1829), D. angelini (Fery and Brancucci,
1997), and D. angusi (Fery and Brancucci), which are more closely related to eastern Mediterranean taxa, most European species belong to a single western clade
(Fery and Hosseinie 1998; Ribera et al. 2001; Ribera and Vogler 2004; GarcíaVázquez et al. 2016; Fig. 4.1B). Species belonging to the western clade tend to
be narrow-range endemics centred around the Mediterranean due to these areas
functioning as refugia for many temperate taxa during Quaternary glacial cycles
(Hewitt, 2004; Willis and Van Andel, 2004). Although some species were able
to become widespread as a result of range expansion during the Holocene, of the
species used only D. latus has expanded widely into northern Europe. In addition
to the greater macroclimatic variation experienced by pan-European species, it is
possible that a high degree of immunocompetence may have enabled widespread
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species such as D. latus to inhabit a greater range of microclimates where it may
encounter a broader range of parasites and pathogens.
This chapter aimed to;
1. Assess whether there any relationships between immunocompetence and latitudinal range extent or central position in Deronectes;
2. Investigate whether there are any relationships between immune traits in
Deronectes?
3. Investigate whether phylogeny plays a role in mediating the relationship
between immunocompetence and latitudinal range extent or central position
in Deronectes; and
4. Establish the evolutionary mode of immune trait variation in Deronectes.
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4.2

Materials and methods

Species distributions
Data on species geographical distributions were taken from Fery and Brancucci
(1997) and Fery and Hosseinie (1998). The data were then mapped using www.
latlong.net to the nearest 0.5 ◦ latitude. Latitudinal Range Extents (LRE) were
calculated as the difference in degrees of latitude between northern and southern
distributional limits (Gaston 1994; Fig. 4.1). Latitudinal Range Central Position
(LRCP) data were then generated from the LRE data as the mid-point of each
species LRE (as in Calosi et al. 2010; Table 4.2).

Deronectes phylogeny
The phylogeny of Deronectes was obtained from Dr I. Ribera (Water and Cave
Beetle Evolution Laboratory, Barcelona, Spain) as a MrBayes tree (García-Vázquez
et al. 2016; Fig. 4.1). The Bayesian Inference phylogenetic tree was compiled using 6 gene fragments of 5 genes obtained in 4 different amplification regions. The
genes used were the 5’ and 3’ end of the cytochrome oxidase subunit 1 gene (barcode
and cox1 ), 5’ end of 16s ribosomal rRNA (rrnL), tRNA transfer leucine (trnL),
3’ end of NADH subunit 1 gene (nad1 ) and an internal fragment of the nuclear
gene histone 3 (H3 ; see García-Vázquez et al. 2016 for more information). The
tree was imported into Mesquite v.3.04 software (Mesquite Software Inc, Texas,
USA) and edited to contain only the species used in this study. For importation
into R (v.2.15.2; www.R-project.org) the tree had to be fully dichotomous, so for
species which were collected at multiple sites, tree nodes from that population or
as close to those sampled in this study were used.
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Figure 4.1: Distributional ranges (A) and phylogeny (B) of Deronectes species,
amended from García-Vázquez et al. (2016) to include only the species used in
this study. Known range limits are colour coded by species, with stars indicating
sample site location. The phylogenectic tree was amended in Mesquite software
v.3.04 (build 725) and the altitude map of Europe was obtained from http://www.
eea.europa.eu/data-and-maps/figures/elevation-map-of-europe [Last accessed: 21/11/2015].
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Animal collection and husbandry
Adult Deronectes were sampled June - September 2013 and 2014, using D-framed
nets with a 1 mm mesh. Species identification was verified by D.T. Bilton, G.
Foster, A. Milan or I. Ribera. All animals were collected as close as possible to the
central position of the species latitudinal range, to avoid the possible confounding
effects of local adaptation in range edge populations, and to ensure that data
were comparable between species (Kirkpatrick and Barton 1997; Thompson et al.
1999; Calosi et al. 2010; Fig. 4.2). Given the largely allopatric occurrence of
many species as well as differences in the latitudinal position of their ranges, it
is impossible to sample all taxa from the same latitude (Calosi et al., 2010) or to
sample all species from different latitudes across their range. We therefore assume
that these populations are representative of the species ability to regulate the
immune system. After collection animals were transported back to the laboratory
in thermally insulated bags and maintained as described in Chapter 2 Sections
2.2 and 2.3. Transportation took a maximum of 4 d for animals collected from
the Mediterranean and a minimum of 1 d for those collected in the UK.

Immune assays
Animals were encapsulated and dissected using the methods described in Chapter
2 Sections 2.5.1 and 2.5.2 to assess encapsulation ability and potential parasite
load, before being crushed in 2 mL syringes through a 0.22 micron filter (Merck
Millipore, Darmstadt, Germany) at a 1:14 ratio in phosphate buffer, i.e. 1 mg
body mass (wet weight) in 14 µL phosphate buffer. Animals and extracts were
kept on ice at all times to limit degradation. Beetle extracts were centrifuged
(10,500 g av for 10 min and 4 ◦ C) to pellet out debris. The supernatants were
transferred to fresh Eppendorf tubes and stored at -20 ◦ C for later use. Parasites were identified as in Chapter 2 Section 2.5.2. Potential immunocompetence
was then measured as phenoloxidase (PO) activity using the rate of dopachrome
production and consumption as proxies and antimicrobial peptide (AMP) activity against Gram-positive Bacteria, Arthrobacter globiformis, and Gram-negative
Bacteria, Escherichia coli, using the methods described in Chapter 2 Sections
2.5.4 and 2.5.3.
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Relative
range size
7.5
13

LRE

41.25
37.5

LRCP

Spain, Central Chain
Spain, Cantabrian Chain

Italy, North Appennines
Spain, Betic Chain

Location

7
15

4
10

n

August 2014
August 2014

June 2014
July 2014

Collection date

D. T. Bilton
D. T. Bilton

D. T. Bilton
D. T. Bilton

Collector

Table 4.1: The relative range size, latitudinal range extent and central position of Deronectes species sampled for immune work.
Species

Medium
Wide
41.75
42.65

July 2013
June 2014

2.5
0.3

17
15

Narrow

24.75

1.5

I. Ribera & D. Garcia
I. Ribera, A. Cieslak
& J. Fresneda
D. T. Bilton & R. Cioffi

Narrow

September 2013

D. angelini
D. aubei sanfillippoi
(Fery and Brancucci, 1997)
D. bicostatus (Schaum, 1864)
D. costipennis gignouxi (Fery
& Brancucci, 1989)
D. delarouzei
(Jacquelin du Val, 1857)

5

June 2014
September 2013
September 2013
September 2013
June 2014

Pyrenees
Pyrenees
Pyrenees
Betic chain

4
2
23
18
9

D. T. Bilton
D. T. Bilton & R. Cioffi
D. T. Bilton & R. Cioffi
D. T. Bilton & R. Cioffi
A. Milan, F. Picazo & S.
Guareschi
S. Routledge & G. Foster
G. Foster
D. T. Bilton & R. Cioffi
D. T. Bilton & R. Cioffi
D. T. Bilton & R. Cioffi
A. Milan, F. Picazo & S.
Guareschi
D. T. Bilton

Spain,
Spain,
Spain,
Spain,

Spain, Betic chain
Site 1: Spain, Betic chain
Site 2: Spain, Betic chain
Site 3: Spain, Betic chain
Spain, Betic chain

37.5

Scotland, Dumfries

October 2013
September 2014
September 2013
September 2013
September 2013
June 2014

1

53.75

15
5
13
16
7
32

June 2014

Narrow

29.5

42

Site 1: Spain, Betic chain
Site 2: Spain, Betic chain
Site 3: Spain, Betic chain
Spain, Central chain

13

38.5
39.75

Wide

1

40.75

Italy, North Appennines

15
8.5

Medium

9.5

41.5

Wide
Medium

Medium

8

D. depressicollis
(Rosenhauer, 1856)
D. fairmairei (Leprieur, 1876)
D. hispanicus
(Rosenhauer, 1856)

D. opatrinus (Germar, 1824)

Medium

D. latus
(Stephens, 1829)
D. moestus
(Fairmaire, 1858)

D. semirufus (Germar, 1844)

LRE and LRCP denote latitudinal range extent and central position respectively. Number of individuals sampled (n), sample site location, date and collector reported for June September 2013 and 2014.
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Statistical analyses
PO activity
PO activity, measured as dopachrome production and consumption rates, were
compared between years within species using t-tests. An effect of year was found in
D. latus dopachrome production rates and D. delarouzei dopachrome consumption
rates (t 17 = 5.967, p < 0.001, and t 12 = 8.402, p < 0.001 respectively) so the data
collected in different years were treated separately for these species. To explore
whether PO activity differed between sites ANOVAs were performed on squareroot transformed dopachrome production rates and untransformed dopachrome
consumption rates, finding no difference in PO activity between D. moestus sites
(F 2 = 0.467, p = 0.631 and F 2 = 1.052, p = 0.312 respectively) or dopachrome
consumption rates between D. hispanicus sites (F = 0.036, p = 0.850). However,
a significant difference was found between D. hispanicus dopachrome production
rates between sites so these were treated separately (F = 4.272, p = 0.046).
To test species differences in PO activity, ANOVAs with Tukeys post-hoc tests
were performed on square-root transformed dopachrome production rates and logtransformed dopachrome consumption rates taking into account year, acclimation
time, sex and a priori infection, with interactions included between all terms.
Residuals were assessed visually for normality and homogeneity. As acclimation
time, sex and a priori infection had no significant effect these were removed and
the minimum adequate model re-run. The residuals from the dopachrome consumption rate model were not normally distributed so a Kruskal-Wallis χ2 test
and a pairwise comparisons using Wilcoxon rank sum test were then run on untransformed data.

Encapsulation ability
Encapsulation ability measured as the ability of individuals to encapsulate a filament was tested between years in D. delarouzei, and between sites in D. moestus
and D. hispanicus using ANOVAs. No significant differences were found between
years in D. delarouzei or between sites in D. moestusso the data were merged
(t 19 = -1.255, p = 0.225; F = 2.523, p = 0.096 and t 29 = -0.208, p = 0.837 respectively). An ANOVA showed that D. latus encapsulation ability significantly
differed between years so the data were treated independently (t 10 = -2.283, p =
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0.045). To test whether encapsulation ability differed between species an ANOVA
with Tukey’s post-hoc test was used on log-transformed data taking into account
acclimation time, sex and a priori infection, with interactions included between
all terms. As acclimation time, sex and a priori infection had no significant effect these variables were removed and the model re-run. Residuals were assessed
visually and all met assumptions for normality and homogeneity.

AMP responses
AMP responses were measured as the percentage of individuals sampled that produced a clear zone and the size of that clear zone. This was conducted using both
Gram-positive Bacteria, Arthrobacter globiformis and Gram-negative Bacteria Escherichia coli. To compare whether sampling year had an effect on clear zone size
in D. delarouzei and D. latus, a Wilcoxon rank sum test with continuity correction
was used. As no significant differences were found between years in either species
the data were merged (A. globiformis for D. delarouzei W = 19, p = 0.127, and
D. latus W = 38, p = 0.619; E. coli for D. latus; W = 37.5, p = 0.633). As no
clear zones were produced in response to E. coli the results for D. delarouzei E.
coli data are not further considered. Clear zone size was assessed between sites in
D. moestus using a Kruskal-Wallis χ2 test and D. hispanicus using Wilcoxon rank
sum tests with continuity correction. Significant differences were found in the size
of clear zones produced in response to E. coli between sites in D. hispanicus (W
= 101, p = 0.037) but not in D. moestus (χ2 = 7.5912, p = 0.023). No differences
were found between the size of clear zones produced in response to A. globiformis
in D. moestus or D. hispanicus (χ2 = 5.340, p = 0.069 and W = 168, p = 0.099
respectively).
To investigate species differences in clear zone size, ANOVAs with Tukey’s posthoc tests were run taking into account acclimation time, batch, sex and incubation
time, with interactions included between all terms. As acclimation time, batch,
sex and incubation time had no overall effect on the model, these variables were
removed and the model re-run. Residuals were assessed visually for normality
and homogeneity. As the residuals of the E. coli model did not meet ANOVA
assumptions for normality, a Kruskal-Wallis χ2 test with pairwise comparisons
using Wilcoxon rank sum tests were run on raw data. As few individuals produced
clear zones, the percentage of individuals per species presenting clear zones were
analysed between and within species using Pearson’s χ2 test with simulated p110
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value (based on 2000 replicates) with χ2 post-hoc tests used to correct for the
small values, the unbalanced data and the low sample size for some species.

Parasite load
The organisms found on the exoskeleton of beetles were identified as colonial
peritrich epibionts, most likely belonging to the family Epistylididae (Fig. 4.5).
As so few individuals were infected with epibionts, ‘parasite’ load was measured
as the percentage of infected individuals per species. ‘Parasite’ load was assessed
between D. moestus sites using a 3-sample proportions test without continuity
correction, finding no difference (χ2 = 4.272 p = 0.118). It was not possible to
test ‘parasite’ load between sites in D. hispanicus as site 1 was discounted due
to low sample size and no epibionts were found on individuals from site 3. To
investigate whether there was a difference in the likelihood of being infected by
epibionts between D. moestus and D. hispanicus at site 2, a 2-sample proportions
test without continuity correction was used, finding no difference between the two
species (χ2 = 2.496, p = 0.114).
To test whether the percentage of D. delarouzei individuals infected by epibionts
differed between years, a 2-sample proportions test without continuity correction
was run and no difference found, so the data were merged (χ2 = 2.017, p = 0.156).
The percentage of individuals infected by epibionts was compared between species
using a 12-sample test for equality of proportions without continuity correction
and pairwise comparison of proportions. To assess whether one sex was more likely
to be infected than the other, another 12-sample test for equality of proportions
without continuity correction was used. Internal parasite load was not analysed
as only four internal parasites were found in D. delarouzei collected in 2013, which
could not be reliably identified.

Relationships between immune traits
Despite known differences between sampling years and sites in some species for
some immune traits, mean data were used to investigate the relationships between
immune traits. To test for relationships between immune traits, species and individual level Spearman’s correlations were run to account for the fact that not all
of the traits were normally distributed.
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Relationships between immune traits and range parameters
Despite known differences between sampling years and sites in some species for
some immune traits, mean data were also used to test whether variation in immune traits could explain variation in latitudinal range extent (LRE) or central
position (LRCP). To test for a phylogenetic signal, the phylogram was compared
against species traits using phylogenetic generalized least-squares regression models (‘caper’ package; see Section 2.7.4 for more information). Maximum-likelihood
estimations of lambda, which measure the degree to which phylogeny predicts the
pattern of covariance among species were zero for all parameters, indicating that
phylogenetic correction was not required (Pagel, 1998). However, to take into
account even a low phylogenetic signal phylogenetic independent contrasts (‘ape’
package) were generated from a phylogeny based on four mtDNA genes and one
nuclear gene (García-Vázquez et al., 2016) as recommended by Hernandez et al.
(2013).
Due to low degrees of freedom affecting the number of traits which could be included in the regression models, principal component analysis (PCA in prcomp;
‘stats’ package) was applied to raw data and independent contrasts. The principal component (PC) scores from the first 4 PCs explaining > 80% trait variation
were used in linear regressions to predict log-transformed LRE and LRCP and
then Spearman’s rank correlation matrices to investigate potential immune tradeoffs. Loading values for these PCs over 50% were deemed strong correlations and
used to interpret the regression data. In each analysis, models were constructed
using all variable combinations and model selection was based on Akaike’s Information Criteria values corrected for sample size and the number of parameters
(AICc; AICcmodavg; ‘AICcmodavg’ package). AICc calculates the relative liklihood of a model given the data and the fitted model scaled to one (Burnham
and Anderson, 2002; Freckleton et al., 2002). Selecting models using AICc and
AICc weights reduces the problems associated with multiple testing, co-linearity
of explanatory variables and low numbers of species or variables (Burnham and
Anderson, 2002). Bayesian Information Criteria (BIC) were also used to take into
account the number of individuals and parameters (n and K ), as although AICc
is more stringent it shows which of the models best describe the data, whereas
BIC asks of these models which is the best one. Permutation testing was also
performed on the best model fits using 2-tailed tests of regression coefficients
(lmorigin; ‘ape’ package).
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Conditions and caveats
The number of individuals studied per species ranged from 2 in Deronectes fairmarei (Leprieur, 1876) to 41 in D. hispanicus (Rosenhauer, 1856). To test whether
sample size affected the results, non-parametric Kendall rank correlations were run
on mean data. A significant correlation was found between the number of individuals of each species examined and dopachrome consumption rate, but not with
other immune parameters measured (minimum Z 11 = 0.544, p = 0.022, other immune parameters p > 0.200). This indicates that that for most parameters there
was no effect of sample size. Due to our low sample size, species-level models were
also compared which included and excluded species with less than 9 individuals
finding that the exclusion of low sample sizes had no effect on the models results,
so all species were included.
Normality and homogeneity were assessed visually or quantitatively using ShapiroWilks and Levene’s tests. In all cases where manual multiple comparisons were
made p-values were adjusted using a Holm’s sequential Bonferroni method (Holm
1979). Data excluded from analysis included D. hispanicus site 1 as only 2 individuals were sampled (one of which died during acclimation), dopachrome consumption rates measured on plates 6 and 7 (included D. hispanicus site 3 and
some individuals from site 2, as well as D. latus sampled in 2013) as the data were
consistently 3 times higher than the same species measured on other plates. Unfortunately the samples could not be rerun as there was not enough extract. The
number of clear zones produced to E. coli and dopachrome consumption rates for
PCA were log-transformed for normality, as although not an assumption of PCA
the results are deemed more reliable if the data are more normally distributed.
LRE and LRCP were also normalised following log transformation. All tests were
performed in R (v.3.5) and significance was set at p < 0.05.
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4.3

Results

Melanin synthesis
Phenoloxidase (PO) activity was measured using the classic assay (dopachrome
production rate) and a novel assay measuring dopachrome consumption rate. The
rate of dopachrome production and consumption varied between species (χ2 14 =
114.590 p < 0.001 and χ2 12 = 98.204 p < 0.001; Fig. 4.2). D. latus sampled
in 2013 produced dopachrome faster than most of the species and twice as fast
as the next fastest dopachrome producer, D. hispanicus collected from site 3,
with mean dopachrome production rates of 0.499 ± 0.127 and 0.154 ± 0.05 µmol
min−1 mg−1 respectively (Fig. 4.2). Animals sampled in 2014 had significantly
lower dopachrome production rates than those collected in 2013, suggesting that
the endemic species sampled in 2014 may have affected results (χ2 1 = 75.357 p
< 0.001). Dopachrome consumption rates were faster than dopachrome production rates in all species except D. latus, with 0.171 ± 0.016 and 0.074 ± 0.019
respectively (Fig. 4.2). Encapsulation ability did not differ between species (F12
= 1.637, p = 0.084) and there was no effect of acclimation time, infection status
or sex on immunity (p > 0.05).

Antimicrobial peptide activity
Antimicrobial peptide (AMP) activity was measured in response to Gram-positive
Bacteria Arthrobacter globiformis and Gram-negative Bacteria Escherichia coli, as
the proportion of individuals that produced clear zones and the size of those clear
zones. Differences were found between species AMP activity (measured as clear
zone size) to A. globiformis and E. coli (F 12 = 3.535, p < 0.001, and F 13 =
4.274, p < 0.001 respectively; Fig. 4.3). More individuals produced clear zones
against A. globiformis than E. coli, with 73% and 19% irrespective of species.
Although less individuals produced clear zones in response to E. coli, the clear
zones produced were larger than those produced in response to A. globiformis
with 25 ± 2.0 and 14 ± 0.4 mm respectively. When the number of clear zones
produced was compared between species, D. delarouzei produced less clear zones
than expected and D. aubei sanfillippoi produced more clear zones than expected
in response to A. globiformis (χ2 = 30.879, p < 0.001).
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Figure 4.2: Mean rates of dopachrome production (A) and consumption (B) with
encapsulation ability (C) in Deronectes, species listed left to right from narrow to
wide latitudinal range extent. Standard error bars shown with numbers beneath
bars indicating sample size and letters denoting significant differences (p < 0.05).
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D. moestus site 2 and D. fairmarei also produced more clear zones against E.
coli than expected (χ2 = 44.584, p < 0.001). Overall there were no significant
differences between the number of individuals producing clear zones in response
to A. globiformis and E. coli between species (p = 0.03 and p = 0.07).

Figure 4.3: Antimicrobial peptide responses to (A) Escherichia coli and (B)
Arthrobacter globiformis in Deronectes, shown as the mean clear zone size with
standard error and the proportion of individuals per species which produced a
clear zone (black circles). Species listed from left to right as narrow to wide latitudinal range extent. Numbers beneath bars indicate the number of individuals
sampled per species and letters denote significant differences (p < 0.05).
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Parasite load
The stalked ciliates were identified as colonial peritrich epibionts, most likely
belonging to the family Epistylididae (Fig. 4.5). The level of epibiont infection was
significantly different between species (χ2 11 = 520.16, p < 0.001), with more males
being colonised than females despite high intraspecific variation (χ2 11 = 257.03,
p < 0.001; Fig. 4.4). It was also found that D. aubei sanfillippoi, D. bicostatus,
D. costipennis, D. depressicollis, D. fairmarei and D. opatrinus individuals were
more likely to be colonised than not, whereby D. angelini, D. hispanicus, D. latus,
D. moestus and D. semirufus individuals were more likely to be free of epibionts
than colonised (p = 0.03). A few internal macro-parasites were also found with
one D. delarouzei individual infected with eight large unidentifiable parasite eggs
(Fig. 4.6) and one D. opatrinus infected with a live nematode over 35 mm long
(Fig. 4.7).

Figure 4.4: Percentage of individuals per species infected with peritrich ciliates.
Black circles indicate the percentage of males contributing to total. Species listed
from narrow to wide latitudinal range extent from left to right. Numbers beneath
bars indicate the number of individuals sampled per species and letters denote
significant differences (p < 0.05).

117

4. Immunocompetence and range size

Figure 4.5: Scanning electron microscopy images of peritrich ciliates infecting
Deronectes. A. The branched stalk bearing at least two zooids suggests the ciliate
is a colonial peritrich and the uncontracted stalk surrounded by contracted zooids
suggests that the stalk lacks a myoneme indicating the family, Epistylididae. B.
An example of the intensity of infection from the prosternal process.

Figure 4.6: Images of unidentified parasite eggs infecting Deronectes delarouzei
inside the beetle (A) and outside the beetle next to the tip of fine forceps (B)
taken down a dissecting microscope on an iPhone 4S.
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Figure 4.7: SEM images of presumed nematode infecting Deronectes opatrinus.
The parasite had an unsegmented body which was not even in radius (A) and
a tapered end (B), however the identifying features (mouth-parts) could not be
used as the head could not be uncurled (C).
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Relationships between immune traits
Dopachrome production and consumption rates were positively correlated, suggesting that phenoloxidase activity may be similar between the two reactions (r
= 0.52, p < 0.01; Fig. 4.8). No other significant relationships were found between
immune traits before or after phylogenetic correction.

dcprod

r= 0.52
p= <0.01

r= −0.25
p= 0.23

r= −0.12
p= 0.58

r= 0.033
p= 0.91

dccon

r= −0.25
p= 0.23

r= −0.15
p= 0.50

r= 0.25
p= 0.23

encap

r= 0.36
p= 0.099

r= 0.055
p= 0.83

ecoli

r= −0.20
p= 0.36

aglob

Figure 4.8: Correlation matrix of dopachrome production and consumption rates
(dcprod and dccon), encapsulation ability (encap), and antimicrobial responses
(clear zone size) to Escherichia coli (ecoli) and Arthrobacter globiformis (aglob)
in Deronectes. Coloured circles denote species; D. angelini (green), D. aubei
sanfillippoi (pink), D. bicostatus (yellow), D. costipennis gignouxi (brown), D.
delarouzei (orange), D. depressicollis (red), D. fairmarei (cerise), D. hispanicus
(site 2 and 3; light and dark blue), D. latus (collected 2013 and 2014; light and dark
grey), D. moestus (dark red), D. opatrinus (purple), D. semirufus (turquoise).
Lower diagonal panel shows data points, and upper diagonal panel shows p-values
and correlation coefficients (r-values).
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Principal component analyses
Exploration of the data with Principal Component Analyses (PCA) revealed that
four principal components (PCs) were needed to explain over 80% of the variation
and that the incorporation of phylogeny altered which immune traits explain the
most variance (Fig. 4.9). The first principal component (PC1) explained 36.7%
of the total variance and with phylogeny taken into account 31.3% of the total
variance (Fig. 4.2). This variation was mostly related to the size and number
of clear zones produced against E. coli (ecoli; 0.51) or A. globiformis (aglob;
0.59 and aglob no; 0.58) when phylogeny was taken into account. The second
component (PC2) explained 22.4% of the total variance, with 24.7% of the total
variance explained when phylogeny was taken into account. This variation was
related to dopachrome production rate (dcprod; 0.52) and external parasite load
(parasite load; 0.54), or the size and number of clear zones produced against E.
coli (ecoli; -0.54 and ecoli no; -0.56). The third component (PC3) explained 16.7%
of the total variance, with 17.9% of the total variance explained when phylogeny
was taken into account. This variation was related to the number of clear zones
produced against A. globiformis (aglob; 0.53), whereas when phylogeny was taken
into account this variation was due to PO activity (dcprod; 0.66 and dccon; -0.66).
The fourth component (PC4) explained a further 10.7% of the total variance, with
12.7% of the total variance explained when phylogeny was taken into account.
This variation was related to dopachrome production rate (dcprod; -0.59) and
external parasite load with and without phylogeny (parasite load; 0.80 and 0.53
respectively; Fig. 4.2).
Group specific clusters showed that dopachrome production described more variability in the opatrinus group, whereas the number of clear zones produced against
A. globiformis and dopachrome consumption described more variability in the
aubei group, and dopachrome consumption described more variability in the latus
group (Fig. 4.9). Gram-positive antimicrobial peptide (AMP) responses clustered
together, as did Gram-negative AMP responses. Encapsulation ability also clustered with Gram-negative AMP responses, indicating that there may be factors
influencing both traits (Fig. 4.9). Including phylogeny in analyses seemed to influence the contribution of encapsulation and Gram-negative bacterial responses
to the principal components (Fig. 4.9).
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Figure 4.9: Principal component analysis of immune traits (dopachrome production and consumption rates; encapsulation ability; AMP responses to Grampositive Bacteria, Arthrobacter globiformis and Gram-negative Bacteria, Escherichia coli in terms of the number and size of clear zones produced) in
Deronectes. Scree plots show the percentage variation explained by each component on untransformed data (A) and phylogenetic independent contrasts (B).
Biplots show principal component scores for immune traits calculated on untransformed data (C) or phylogenetic independent contrasts (D). Coloured circles in C
show clustering within taxonomic groups.
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Table 4.2: Principal component loadings for immune traits in Deronectes
Immune traits
PC1
PC2
PC3
PC4
Untransformed data
Variance explained (%)
Clear zone no. A. globiformis
Clear zone no. E. coli
Clear zone Ø A. globiformis
Clear zone Ø E.coli
Dopachrome production
Dopachrome consumption
Encapsulation ability
External parasite load

36.7
0.36
0.37
0.46
0.51
-0.11
-0.20
0.45
0.11

22.4
-0.30
0.21
-0.23
-0.05
0.52
-0.49
0.14
0.54

16.7
0.53
-0.41
0.39
-0.19
0.31
-0.33
-0.38
0.10

10.7
-0.09
-0.39
0.11
-0.30
-0.59
-0.09
0.30
0.53

Independent contrasts
Variance explained (%)
Clear zone no. A. globiformis
Clear zone no. E. coli
Clear zone Ø A. globiformis
Clear zone Ø E.coli
Dopachrome production
Dopachrome consumption
Encapsulation ability
External parasite load

31.3
0.58
-0.24
0.59
0.00
-0.01
-0.13
-0.39
0.31

24.7
-0.24
-0.56
-0.23
-0.54
0.20
-0.21
-0.43
-0.16

17.9
-0.04
0.09
-0.03
0.31
0.66
-0.66
0.12
0.09

12.7
-0.02
-0.02
-0.15
-0.41
0.18
0.17
0.33
0.80

For immune traits, antimicrobial peptide activity against Gram-positive Bacteria
Arthrobacter globiformis and Gram-negative Bacteria Escherichia coli, measured
as the number (no.) and size (Ø) of clear zones, phenoloxidase activity measured
as dopachrome production and consumption rates, and external ‘parasite’ load
were measured. Parameters deemed significant are in bold (> 0.50 or < -0.50).
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Which immune traits best predict range parameters?
Before phylogenetic correction, the best models for Latitudinal Range Extent
(LRE) and Central Position (LRCP) contained PC2 and PC3, although only the
LRE model was significant (Table 4.3 and 4.4). PC2 and PC3 were most strongly
influenced by dopachrome production rate and parasite load, and the number of
clear zones produced in response to A. globiformis respectively (Table 4.2). However, after phylogenetic correction the best models for LRE and LRCP contained
PC1, PC2 and PC3 with the strongest models both found to be significant (Table
4.3 and 4.4). PC1, PC2 and PC3 after phylogenetic correction corresponded most
closely to the number and size of clear zones produced against A. globiformis,
the number and size of clear zones produced against E. coli and phenoloxidase
activity (dopachrome production and consumption rates) respectively (Table 4.4
and 4.2).
Table 4.3: Model selection to estimate immune traits influencing latitudinal range
extent and position in Deronectes (∆AIC<1).
Model

K

AICc

∆AICc AICc weight

Latitudinal range extent
1. PC2

3

87.98 0.00

0.62

86.44

Latitudinal range central position
2. PC3
3
73.32 0.00
3. PC2
3
74.30 0.99

0.28
0.17

71.77
72.76

Latitudinal range extent (independent contrasts)
4. PC1 + PC2
3
9.62 0.00

0.53

7.38

Latitudinal range central position (independent contrasts)
5. PC1
2
49.04 0.00 0.45
6. PC1 + PC3
3
49.78 0.74
0.31

BIC

48.33
47.54

In each case immune PC1, PC2, PC3 and PC4 were included as independent
variables (for loadings see Table 4.2). Latitudinal range position is the latitude
of the range centre. K = number of parameters; AICc = Akaike’s Information
Criteria corrected for n and K set at 95% confidence; AICc weight represents
the likelihood of the model given the data; BIC = Bayesian Information Criteria.
Best fitting models highlighted in bold.
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Maximum liklihood estimates for models 1 and 2 were negative, suggesting that
southerly, range-restricted species have lower PC2 (p < 0.05, r = -0.58), corresponding to lower dopachrome production rates (p = 0.30, r = 0.34), and higher
parasite load (p = 0.10, r = -0.50), as well as lower PC3 (p = 0.10, r = -0.50) corresponding to stronger antibacterial activity against A. globiformis (more clear
zones produced; p = 0.23, r = -0.38) (Table 4.4; Fig. 4.10). As dopachrome
production rate was positively correlated with dopachrome consumption rate, the
latter may better indicate range extent (p = 0.25, r = 0.36; Fig. 4.11). Regression coefficients on independent contrasts for models 4 and 5 indicated that
range-restricted species appeared to have lower PC2 (p < 0.05, r = -0.61) corresponding to more, larger clear zones produced in response to E. coli (p = 0.39, r
= 0.29 and p = 0.39, r = 0.29 respectively). Southerly, range restricted species
may also have lower PC1 (p < 0.01, r = -0.82 and p < 0.02, r = 0.43 respectively),
which corresponded to fewer and smaller clear zones produced in response to A.
globiformis (LRE: p < 0.02, r = 0.70 and p = 0.05, r = 0.60 respectively, and
LRCP: p < 0.03, r = -0.65 and p < 0.02, r = -0.70 respectively; Fig. 4.12).
Table 4.4: Summary statistics for the best immune models predicting latitudinal
range extent and position on untransformed and independent contrast data in
Deronectes.
Source
MLE SEM t/Coeff
p
DF F
Adj. R2 p
Latitudinal range extent
1. PC2
-3.64 1.60 -2.27

0.05

11

5.16 0.27

0.05

Latitudinal range central position
2. PC3
-1.83 1.01 -1.82

0.10

11

3.31 0.17

0.10

Latitudinal range extent (independent contrasts)
4. PC1
0.20
<0.01 11
4. PC2
-0.16
0.03

9.89 0.62

0.03

Latitudinal range central position (independent contrasts)
5. PC1
-1.70
<0.01 11
21.54 0.65

<0.01

Maximum Likelihood Estimates (MLE), standard error of the mean (SEM) and
t-values included for untransformed data, and regression coefficients (Coeff) and
permutated p-values reported for independent contrasts. Model numbers refer to
those in Table 4.3.
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Figure 4.10: Biplots for the most significant variables predicting latitudinal range extent and position in Deronectes. Species
shown as; D. angelini (ANG), D. aubei sanfillippoi (AUB), D. bicostatus (BIC), D. costipennis gignouxi (COS), D. delarouzei
(DEL), D. depressicollis (DEP), D. fairmarei (FAI), D. hispanicus (HIS), D. latus (LAT), D. moestus (MO), D. opatrinus (OP),
and D. semirufus (SEM).
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Figure 4.11: Species level correlations between latitudinal range central position (A) and extent (B) against log-transformed
dopachrome consumption rates. Species shown as; D. angelini (ANG), D. aubei sanfillippoi (AUB), D. bicostatus (BIC), D.
costipennis gignouxi (COS), D. delarouzei (DEL), D. depressicollis (DEP), D. fairmarei (FAI), D. hispanicus (HIS), D. latus
(LAT), D. moestus (MO), D. opatrinus (OP), and D. semirufus (SEM).
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Figure 4.12: Biplots for the most significant variables predicting latitudinal range
extent and position after phylogenetic correction in Deronectes species.

Phylogenetic signal
Phylogeny did affect the results with PC1 (antimicrobial responses to A. globiformis) shown to be more important after correction (Table 4.3), despite no phylogenetic signal being detected in immune traits (λ = 1; p > 0.05). The phylogenetic
signal may have been too weak to detect using PGLS due to the low number of
species used in this analysis. Further analysis also showed that independent of
phylogeny (λ = 0), punctuated evolution was occurring towards the tips (δ = 3)
in all immune traits measured (κ = 0; Tables 4.5 and 4.6). Intraspecific variation
was found to be a problem for dopachrome production rate data (LRCP model),
and dopachrome consumption rate and encapsulation ability data (LRE model;
Table 4.7).
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p < 0.99

p < 0.99

p < 0.99

p = 0.29

p = 0.15

p = 0.10

λ, κ & δ = 1
λ = 0.00
p = 0.10
λ = 0.00
p = 0.36
λ = 0.15
p = 0.52
λ = 0.13
p < 0.99
λ = 0.15
p < 0.99
λ = 0.00
p < 0.99

λ ML model
κ = 0.00
p = 0.10
κ = 0.01
p < 0.01
κ = 0.00
p = 0.48
κ = 0.00
p < 0.99
κ = 0.00
p = 0.37
κ = 0.00
p < 0.99

κ ML model

δ = 3.00
p = 0.10
δ = 3.00
p = 0.18
δ = 3.00
p = 0.48
δ = 3.00
p < 0.99
δ = 3.00
p < 0.99
δ = 3.00
p < 0.99

δ ML model

Maximum likelihood models for λ as an indicator of phylogenetic signal strength, κ as an indicator of whether evolution is gradual
or punctuational and δ as an indicator of where evolution is occurring in the tree. All p-values corrected using Holm’s sequential
Bonferroni. Significant models (p < 0.05) are highlighted in bold.

Parasite load

Clear zone Ø E. coli

Clear zone Ø A. globiformis

Encapsulation ability

Dopachrome consumption rate

Dopachrome production rate

Immune trait

Table 4.5: Phylogenetic trait analysis results showing mean untransformed data and maximum likelihood models for λ, κ and δ
per mean immune trait against latitudinal range extent in Deronectes.
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λ, κ & δ = 1

p < 0.02
p = 0.33
p > 0.99
p = 0.22
p > 0.99

λ = 0.00
p < 0.02
λ = 0.00
p = 0.33
λ = 0.05
p > 0.99
λ = 0.00
p = 0.14
λ = 0.00
p > 0.99
λ = 0.00
p = 0.31

λ ML model

κ = 0.00
p < 0.02
κ = 2.58
p = 0.31
κ = 0.00
p > 0.99
κ = 0.00
p = 0.22
κ = 0.00
p > 0.99
κ = 0.00
p = 0.32

κ ML model

δ = 3.00
p < 0.02
δ = 3.00
p = 0.33
δ = 3.00
p = 0.47
δ = 3.00
p = 0.22
δ = 3.00
p > 0.99
δ = 3.00
p = 0.32

δ ML model

Table 4.6: Phylogenetic trait analysis results showing mean untransformed data and maximum likelihood models for λ, κ and δ
per mean immune trait against latitudinal range central position in Deronectes.
Immune trait
Dopachrome production rate
Dopachrome consumption rate
Encapsulation ability
Clear zone Ø A. globiformis
Clear zone Ø E. coli
Parasite load
p = 0.32

Maximum likelihood models for λ as an indicator of phylogenetic signal strength, κ as an indicator of whether evolution is gradual
or punctuational and δ as an indicator of where evolution is occurring in the tree. All p-values corrected using Holm’s sequential
Bonferroni. Significant models (p < 0.05) are highlighted in bold.
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p = 0.03

p > 0.99

p > 0.99

p > 0.99

λ, κ, δ = 1

λ = 0.08
p > 0.99
λ = 0.43
p = 0.02

λ = 0.00
p > 0.99
λ = 0.00
p > 0.99
λ = 1.00
p > 0.99
λ = 0.00
p = 0.77

λ ML model

κ = 0.00
p > 0.99
κ = 0.88
p < 0.01

κ = 0.00
p > 0.99
κ = 0.00
p > 0.99
κ = 3.00
p > 0.99
κ = 3.00
p < 0.01

κ ML model

δ = 3.00
p > 0.99
δ = 3.00
p < 0.01

δ = 0.09
p > 0.99
δ = 3.00
p > 0.99
δ = 0.13
p > 0.99
δ = 0.28
p < 0.05

δ ML model

Maximum likelihood models for λ as an indicator of phylogenetic signal strength, κ as an indicator of whether evolution is gradual
or punctuational and δ as an indicator of where evolution is occurring in the tree. All p-values corrected using Holm’s sequential
Bonferroni. Significant models (p < 0.05) are highlighted in bold.

Latitudinal range central position
Dopachrome production rate
(minimum data)
p > 0.99
(maximum data)
p < 0.01

Encapsulation ability
(minimum data)
(maximum data)

Latitudinal range extent
Dopachrome consumption rate
(minimum data)
(maximum data)

Immune trait

Table 4.7: Phylogenetic trait analysis results showing minimum and maximum untransformed data and maximum likelihood models for λ, κ and δ for dopachrome consumption rates and encapsulation ability against latitudinal range extent, and dopachrome
production rate against latitudinal range position in Deronectes.
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4.4

Discussion

Previous studies of Deronectes have pointed to the importance of physiology in
shaping geographical range size and position (Calosi et al., 2008a, 2010). Studying a suite of immune traits in widespread and restricted species, it was found
that dopachrome production rate (a commonly used measure of phenoloxidase
activity), ‘parasite’ load and antimicrobial peptide (AMP) responses can predict
latitudinal range extent (LRE), irrespective of phylogenetic correction. Maximum likelihood estimates suggest that southerly, range-restricted species have
lower phenoloxidase (PO) activity, higher ‘parasite’ load and stronger antibacterial activity against Escherichia coli but weaker antibacterial activity against
Arthrobacter globiformis than their more wide-ranging counterparts. These data
indicate for the first time that immunocompetence may play a previously unexplored role in shaping species distributions and highlights a potential avenue for
future research.
Species at higher latitudes tend to experience greater variation in environmental
conditions (seasonality) and on average colder environments. In insects, higher
latitude species exhibit darker cuticles and higher PO activity but lower encapsulation ability (True, 2003; Fedorka et al., 2013a,b). This thermal melanism hypothesis may explain the higher dopachrome production and consumption rates found
in higher latitude species, namely D. latus. However, despite evidence strongly
implying that melanisation is intimately associated with encapsulation (Cerenius
et al. 2008; Table 5.1), our data show this is not always the case with negative
correlations found between PO activity and encapsulation ability. This may be
because, PO is used for many other functions (González-Santoyo and CórdobaAguilar, 2011). Previous work identified PO as key in melanin synthesis, but have
also suggested that the pathways may have been oversimplified in recent literature
and incorrect assumptions made about the substrates used and the PO available
at different stages of melanin synthesis (see Table 5.1). If dopachrome production
rates were considered accurate measures of PO activity, the negative relationship
with encapsulation ability would indicate that higher PO activity is not broadly
associated with successful pathogen defence. There is controversy in the literature about whether solely measuring PO activity is a reliable proxy of melanin
synthesis or immunocompetence (see Table 5.1). The results from this study, lend
support to the view that dopachrome production rate should be not used alone
to infer melanin synthesis.
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PO also plays a crucial role in cuticle sclerotisation and tanning (also known as
melanism), which according to Bogert’s rule increases with latitude and altitude
(Gaston et al., 2009; True, 2003; Clusella-Trullas et al., 2007; Harris et al., 2012,
2013). The role of melanism in ectotherms has often been difficult to determine
because there are several hypotheses that may explain its occurrence. The most
popular is the thermal melanism hypothesis, which posits that dark ectotherms
benefit at lower temperatures as they heat up faster than lighter individuals at
any given solar radiation, resulting in high levels of activity and therefore a reproductive advantage (Lusis, 1961; Talloen et al., 2004; Clusella-Trullas et al., 2007).
Indeed, after the exclusion of D. depressicollis phenoloxidase activity (measured
as dopachrome production and consumption rates) was found to increase with
latitude, lending support to this hypothesis. Many other insect studies have lent
support to the thermal melanism hypothesis and suggest that colour forms are
locally adapted, with large seasonal changes in allele frequency (Lewis, 1985; Kingsolver, 1995; Córdoba-Aguilar et al., 2009; Parkash et al., 2009; Michie et al., 2010;
Forsman, 2011; Fedorka et al., 2013a,b).
Due to the posited role of melanism in the thermoregulation of ectotherms, it may
be expected that being highly melanised may be costly in summer and beneficial
in winter, with the plasticity of melanisation potentially hastening a species spread
(Córdoba-Aguilar et al., 2009; Michie et al., 2010). As high melanism has been
associated with elevated PO activity and pathogen resistance (Barnes and SivaJothy, 2000; Wilson et al., 2001; Fedorka et al., 2013a,b), greater variation in
seasonal melanism at higher latitudes may confer immunological and life-history
costs (Talloen et al., 2004; Ma et al., 2008; Talloen et al., 2009; Kutch et al., 2014).
As diving beetles rely on water temperature for thermoregulation, and assuming
that water temperatures increase in line with solar radiation this may indicate
that the thermal melanism hypothesis applies to not only terrestrial ectotherms,
but also to aquatic ectotherms.
Despite elevated PO activity, which some would suggest infers high immunocompetence, we found ‘parasite’ load to be higher with latitude. Ciliates are reportedly
common ectoparasites of water beetles, but their abundance and geographical distribution are not well studied (Andrushchyshyn et al., 2003; Foissner et al., 2009;
Ukomadu, 2012). Krasnov et al. (2004) found that flea species richness increased
with latitudinal range size and central position of the host species most likely due
to environment factors. Seasonal variation in water characteristics, predominantly
temperature, has been shown in fish to strongly affect physiology and immunology,
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with parasite load highest in spring and summer when immunity was at its lowest
(Lamková et al., 2007). However, Hassall et al. (2010) found that although temperature can modulate immunocompetence, temperature did not effect parasite
burdens. It may be that the level of stalked ciliates infecting Deronectes diving
beetles is caused by low immunocompetence or stressful environmental conditions,
however more work is needed to understand whether these act in isolation or in
combination with other factors.
Another hypothesis, which may explain why southerly range-restricted species
may be more immunocompetent than their wide-ranging counterparts is that endemic species tend to be more specialised to their local environment and may
therefore be exposed to a smaller variety of parasites and pathogens. As specialist versus generalist pathogens may exert different costs on their hosts, it would be
useful to collect information on which parasites and pathogens are known to infect
Deronectes species to take this further (Shikano and Cory, 2015). The different
antimicrobial activities of narrow and wide ranging species against Gram-positive
and Gram-negative Bacteria also suggest that southerly species may contain, more
AMPs to defend against E. coli than A. globiformis, with the opposite true for
wide-ranging species. Southerly species may require more, diverse AMPs because
lower-latitude warm freshwaters support a greater number of bacterial taxa due
to the stable environmental conditions (Wang et al., 2011; Lear et al., 2013).
As southerly endemic species having higher antibacterial activity there may tradeoff between the production or upregulation of antimicrobial peptides produced
against Gram-positive and Gram-negative Bacteria. Genetic studies have shown
that the AMP genes are regulated by the Spaetzle-Toll and Imd pathways, with
the Spaetzle-Toll pathway activated by mainly Gram-positive Bacteria and fungi
whilst the Imd pathway is activated by Gram-negative Bacteria (Hoffmann and
Reichhart, 2002; Tzou et al., 2002a; De Gregorio et al., 2002b). Furthermore,
the optimal temperature regime for E. coli is 37 ◦ C whereas A. globiformis grows
best at 27 ◦ C so perhaps more southerly, endemic species have adapted to respond
better to E. coli because Gram-negative Bacteria may be more abundant at lower
latitudes and vice versa for Gram-positive Bacteria at higher latitudes. Optimisation models suggest that immune investment is based on the risk of infection
so perhaps the latitudinal differences between immune parameters are because
different pathogens are deemed the most fitness-threatening at different levels of
environmental temperatures and variability (i.e. latitudinally or seasonally; Graham 2001; Moret 2003).
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Seasonal immunocompetence has been found in a number of organisms (Martin
et al., 2004a; Ma et al., 2008; Córdoba-Aguilar et al., 2009). For example, Martin
et al. (2004a) found that at high latitudes, sparrows experience lower immunity in
summer and higher immunity in winter than their southerly counterparts, whose
immunocompetence remained stable through out the year. This study showed
that, individuals collected in September 2013 may have higher immunocompetence than those collected between June and August 2014, however for most immune traits these differences were not significant. It is thought that if time and
energy for breeding are constrained as they would be at higher latitudes, females
may increase reproductive investment with subsequent immune costs. Moore and
Wilson (2002) found that male-biased parasitism was closely associated with the
degree of sexual selection with Zuk et al. (2004) suggesting that females may increase reproductive investment when time and energy for breeding are limited,
such as for seasonal breeders or animals under food restriction. However, male
Deronectes invest heavily in relatively large testes and spermatophores, which may
offset the disparity in immunity between the sexes (D.T. Bilton (2016) personal
communication). Without further knowledge on the reproductive strategies or the
effects of parasitism on Deronectes it is unclear whether we would expect to find
sex-specific differences in parasite load. Higher latitude species may exhibit seasonal immunocompetence due to reproductive trade-offs, however, this is unlikely
unless growth rate is high or food availability is low.
Seasonality can effect immunocompetence through food availability, as food may
be more widely available at lower latitudes irrespective of season. McKean et al.
(2008) states that minimising the costs associated with immunity may be key in
preventing resistance in food-limited environments and emphasizes the importance
of considering environmental variation in immune studies. DeBlock and Stoks
(2008) found in damselflies that fast growth under food stress reduced PO activity, compromising adult immunocompetence. However, the costs of upregulating
the immune system may not always be visible as organisms may increase their resource acquisition to compensate for immune investment (Schmid-Hempel, 2003).
Catalán et al. (2012) found that PO activity (measured as dopachrome production
rate) and antibacterial responses were stronger at higher temperatures. Immunocompetence is also a higher level process dependent on temperature through lower
level metabolism, so if an organism’s metabolism is negatively affected, less energy will may diverted to maintain immunocompetence (Martin et al., 2004a;
Schmid-Hempel, 2005; Martin et al., 2008). As the energetic demands for im135
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munocompetence depend on temperature, future work should consider measuring
immune responses under temperature stress to assess how immune trade-offs may
change under future climate scenarios.
In an evolutionary context, disease resistance or immunocompetence is likely to
trade-off against other life-history traits such as reproductive effort or metabolic
maintenance (Zuk and Stoehr, 2002). Due to the allocation of limited resources,
maximum immune defence is not always optimal and may be traded-off with
differential investment in reproduction between the sexes (McKean and Nunney,
2001; Zuk et al., 2004; Fedorka et al., 2004; Fedorka and Zuk, 2005; McKean
and Nunney, 2005; Schwarzenbach et al., 2005; Fedorka and Mousseau, 2007;
Rantala and Roff, 2007; Lindsey and Altizer, 2009; Fedorka, 2014). For example,
studies in a number of organisms have found that female immunocompetence
increases during reproduction whereas elevated testosterone in males exhibiting
reproductive behaviours suppresses the immune system (the immunocompetence
handicap hypothesis; Adamo et al. 2001; Schmid-Hempel 2003; Roberts et al.
2004). However work by Zuk et al. (2004) found that male field crickets had
higher encapsulation responses in seasonally breeding species or when food was
limited in aseasonal breeders. No differences in immunity were found between
the sexes in the twelve Deronectes species studied, despite finding male-biased
parasitism which may have affected immunocompetence. Although previous work
has investigated trade-offs between immune and reproductive investment in single
species (Zuk and Stoehr, 2002; Fedorka et al., 2004), future work should assess
this across genera including other traits such as metabolic maintenance if we are
to understand the mechanisms driving range size and rarity.
Due to immunocompetence varying across species, season and latitude, depending
on life-history costs, sex differences and specific- and context-dependent factors,
single measures of immunocompetence are widely considered misleading (Zuk and
Johnsen, 1998; Yourth et al., 2002; Schmid-Hempel, 2003; Cerenius et al., 2008).
Future work should measure a suite of immune parameters to assess immunocompetence instead of relying on single poorly understood indicators of immunity.
Work should also investigate the relationship between PO activity at different
stages of melanogenesis to provide more reliable estimates of potential melanin
synthesis and immunocompetence (see Chapter 5).
In two of the species tested, D. latus and D. delarouzei, melanin production differed significantly between years, despite no difference between years in AMP
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activity. This suggests that prior infection by a pathogen either to the individuals
measured or their parental generation, or age may affect immune responses (Sadd
et al., 2005; Kaunisto and Suhonen, 2013; Eggert et al., 2014; Shikano and Cory,
2015), and that PO and AMP activity may be traded off, even when resources
are not limiting (Moret and Schmid-Hempel, 2009).
Abellán and Ribera (2011) found that the range size of aquatic beetles is shaped by
an interplay of geographic and ecological factors with a phylogenetic component
affecting both. Despite phylogenetic correction altering results, no phylogenetic
signal was found in the immune traits of Deronectes. Perhaps with more species,
subtle difference in immune trait variation may become detectable. Blomberg
et al. (2003) also stated that irrespective of sample size, most traits show less
signal than expected given the topology, branch lengths and a Brownian motion
model of evolution which may be attributed to adaptation and/or measurement
error. Despite the lack of phylogenetic signal, phylogenetically generalised least
squares regression models showed evidence of punctuated equilibrium occurring
towards the tips for all immune traits measured. This pulsed pattern of evolution
is supported by micro- and macroevolutionary studies (Estes and Arnold, 2007;
Uyeda et al., 2011) and are thought ‘jumps’ between adaptive zones within which
groups of species may cluster (Hansen, 2012; Eastman et al., 2013). Uyeda et al.
(2011) further suggests that these speciation bursts reflect permanent changes in
adaptive zones.
During the Pleistocene, Deronectes species were likely to have been restricted to
refugial areas, mostly found in the Mediterranean region, by the expansion of
continental ice sheets and associated environmental conditions. At the end of the
last glaciation, after these ice sheets retreated north, only a few species, such as
D. latus, were able to track suitable climatic conditions and expand their ranges
to inhabit the wide distribution we see today. Using species-level phylogenies
of dytiscids, Ribera and Vogler (2004) suggested that speciation within some
Deronectes species are likely to have occurred in the middle to upper Pliestocene
on the Iberian Peninsula, with most Iberian endemics found near the tips of the
tree. Relatively recent speciation, in geological timescales, may have resulted in
the punctuated evolution of immune traits measured in this study and in turn
enabled the range expansion of species, such as D. latus.
Latitudinal range extent was significantly related to the strongest principal component of immune traits, however central position was not, despite dopachrome
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consumption rate and parasite load fitting range position better than extent. Different processes may therefore drive the two, with local adaptation potentially
playing a greater role in range position than extent. In this case, range position
is also an artificial construct produced from range extent data so the actual distribution of species may be asymmetrical. For example, low latitude species may
have a trailing edge if the species is shifting northwards. In future, calculating
the ecological niche centroid for each species may be a more reliable assessment
of central range position. We are also assuming a linear immune response with
latitude across the genus which may not be the case. Further work should assess
immunity across the latitudinal range of species to test whether clinal variation
in immunity follows a linear, curvilinear or quadratic relationship.

4.5

Conclusion

Due to the complex nature of life history trade-offs, differences in immune defences
are known to be difficult to predict. However, if generalisable patterns can be detected between immune functional traits and latitudinal range extent across taxa,
this may aid our understanding of distributional range drivers. In this chapter
the immuncompetence of twelve wide-ranging and endemic Deronectes species was
assessed and investigated whether this could be used to predict latitudinal range
size and central position. Southerly-range restricted species were found to have
faster dopachrome production rates, lower parasite load and stronger antibacterial
activity against Escherichia coli but weaker activity against Arthrobacter globiformis than their more wide-ranging counterparts. Having higher immunocompetence may have allowed species to expand into higher latitudes, where enhanced
seasonality can affect immune responses. The traditional assay of PO activity
(dopachrome production rate) did not positively correlate with encapsulation or
AMP activity, suggesting that the traditional PO assay is not indicative of potential melanin production or immune defence. Future work should assess whether
the pattern of seasonal immunity is generalisable to invertebrates, specifically focussing on differences between high and low latitude species, as well as within
species across their latitudinal range; provide more reliable assays for measuring
melanogenesis, as PO activity and encapsulation ability were not positively correlated (Chapter 5); and explore energetic trade-offs within and between metabolism
and immunocompetence (Chapters 6 and 7).
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Abstract
One common indicator of potential melanin production and immunity in invertebrates is phenoloxidase (PO) activity. PO catalyses multiple steps in melanin
synthesis and has shown significant correlations with other immune parameters.
Until now PO activity has been assessed as the rate of dopachrome formation
from L-dopa, however an increasing number of studies have suggested that using
this assay alone to determine potential melanin production may be misleading as
it does not take into account the complexities of melanogenesis. Here, absorption
spectrometry was used to assess the production and consumption of melanin intermediates formed from various precursors, to investigate whether the current PO
assay is indicative of potential melanin synthesis in adult and larval Tribolium
castaneum. The results showed that although larval T. castaneum produced
dopaquinone twice as fast as adults, they produced downstream intermediates
(dopachrome and cysteinyldopa) slower, indicating that although larvae may produce cytotoxic dopaquinone for immune defence they may not produce melanin for
encapsulation as adults do. Adult T. castaneum also produced dopachrome faster
than larvae despite forming dopaquinone slower, which may potentially indicate
that adults primarily use dopamine instead of L-dopa as the primary substrate
for melanin synthesis in line with other insects. Clearly, differences in PO activity
exist within melanin synthesis and between different life-stages in T. castaneum,
and that a lot more work is required on melanogenesis in invertebrates before a
consensus can be formed on the appropriate methods required to infer potential
melanin production and immunocompetence.
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5.1

Introduction

Melanin synthesis in insects is important for wound healing, cuticle sclerotisation, pigmentation and immune defence (Ratcliffe et al., 1984; Wappner et al.,
1996; Söderhäll and Cerenius, 1998; Sugumaran, 2002; Land et al., 2004; Cerenius et al., 2008; Eleftherianos and Revenis, 2010). Melanin is produced through
a series of enzymatic and non-enzymatic steps, starting with the activation of
pro-phenoloxidase (pro-PO). Pro-PO is synthesised in haemocytes (namely oenocytoids, crystal cells or granular haemocytes) and found in the haemolymph of
invertebrates (González-Santoyo and Córdoba-Aguilar, 2011). Inactive pro-PO is
activated via enzymatic cleavage to form phenoloxidase (PO) when pathogenassociated molecular patterns are detected, such as lipopolysaccarides, β-1,3glucans or peptidoglycans on bacterial or fungal cell walls (Iwanaga and Lee,
2005), or when phospholipids are released from damaged cells (Kanost and Gorman, 2008). The PO produced is required to catalyse six reactions involved in
melanin synthesis, not only for immune defence, such as encapsulation, but also
for clotting, pigmentation and cuticle sclerotisation (Fig. 5.1).
As a result of the importance of phenoloxidase (PO) in melanin synthesis, PO
activity has been widely used as an indicator of potential melanin production on
the assumption that elevated PO activity results in higher melanin production
(Mucklow et al., 2004). The well-established method of determining PO activity
is to measure the rate of dopachrome formation from L-dopa, but this assay has a
number of limitations. For example, dopachrome can be produced via two different pathways, one which requires PO for two reactions and another which requires
PO as well as another enzyme, dopadecarboxylase (DDC). Without knowing if
these pathways are occurring independently or simultaneously and to what degree,
the activity of DDC, the respective activities of PO or the auto-oxidation rate of
the various intermediates, it is difficult to say how accurately PO activity is measured. The reaction intermediates formed via the two pathways (dopaquinone
and dopaminequinone) are also not entirely converted to dopachrome (Winder
and Harris, 1991) and even as dopachrome is formed it is further auto-oxidised to
dopachrome quinone methide. Therefore, even if the rate of dopachrome production did reflect PO activity, the concentration of dopachrome may not be reliable
or indicative of potential melanin production. Furthermore, measuring the PO
activity of one reaction as an indicator for potential melanin production assumes
that PO activity is equal in every reaction involved in melanogenesis (Sugumaran
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et al., 2000; González-Santoyo and Córdoba-Aguilar, 2011); is not traded-off with
other PO catalysed pathways; is not altered by host-parasite interactions (Mucklow et al., 2004); that all dopaquinone formed is converted into dopachrome; and
that dopachrome oxidation is minimal during the measurement of dopachrome
formation (Winder and Harris, 1991).
In addition to using PO activity as a proxy for potential melanin synthesis, a
wealth of work has also used PO activity to estimate overall immunocompetence
in a variety of invertebrates. However, studies which have correlated PO activity
against other immune parameters such as encapsulation ability, antimicrobial peptide activity, parasite load, cuticular melanism and haemocyte load have produced
conflicting results (see Table 5.1). Increasingly, researchers are drawing attention
to the fact that measuring PO activity as the rate of dopachrome formation alone
may be misleading (Mucklow et al., 2004; Schwarzenbach and Ward, 2007). This is
because single measures of immune defence are unlikely to characterise the overall
immune strategy or reveal the direct and indirect costs involved in immune defence (Blount et al., 2003; Cotter et al., 2004; Mucklow et al., 2004). In Chapters
3 and 4, PO activity did not significantly correlate with potential melanin production (measured as encapsulation ability) or overall immunocompetence (measured
as parasite load and antimicrobial peptide activity to Gram-positive and Gramnegative Bacteria) in two genera of diving beetles.
An array of methods exist that can be used in conjunction with the PO assay
to better understand the pathways involved in melanin synthesis (Solano and
García-Borrón, 2007; d’Ischia et al., 2013). Of these methods a few are easy-touse spectrophotometric methods, which include the 3-methyl-2-benzothiazolinone
hydrazone (MBTH) assay, the dopachrome consumption assay, the pheomelanin
formation assay, and the pro-PO assay. The MBTH assay measures the initial conversion of melanin precursors to dopaquinone using MBTH to trap dopaquinone
enabling the continuous measurement of the product formed (Winder and Harris, 1991). As in dopachrome formation, the rate of dopachrome consumption
can also be measured at 475 nm and may give a better estimate of potential
melanin production than the traditional PO assay because the reaction occurs
further downstream (Fig. 5.1). The pheomelanin formation assay measures the
conversion of dopaquinone to cysteinyldopa using L-cysteine, which reacts with
dopaquinone more efficiently than leukodopachrome. The pro-PO assay involves
the addition of chymotrypsin to activate all pro-PO and measure potential PO
activity.
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Figure 5.1: Proposed metabolic pathways of melanogenesis in invertebrates, including the pro-PO cascade (green box), sclerotisation (yellow box), mixed melanin formation (cream box), DHI-eumelanin formation (grey box), DHICA-eumelanin pathway (not
found in insects; brown box) and pheomelanin pathway (reddy-brown box). Diagram amalgamated from Agrup et al. (1974);
Prota (1988, 1992); Palumbo et al. (1994); Land and Riley (2000); Sugumaran (2002); True (2003); Ito (2003); Nappi and Christensen (2005); Solano and García-Borrón (2007); Arakane et al. (2009, 2010); Andersen (2010); Eleftherianos and Revenis (2010);
Gorman and Arakane (2010); González-Santoyo and Córdoba-Aguilar (2011); Solano (2014); Galvan et al. (2015).
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Enzyme activity (tyrosinase) was not correlated with melanin granules in
ejected ink. Tyrosinase role in defence discussed.

Results

Prota et al. (1981)

Reference

Barnes and Siva-Jothy (2000)

Nayar and Knight (1995)

No difference found between PO activity in high and low rearing densities.

Siva-Jothy (2000)

Wounding of the cuticle activated the pro-PO cascade and increased encapsulation and melanisation.

Males with higher capacity to fight off protozoa had lower PO levels.

Nagai and Kawabata (2000)

Braun et al. (1997)

Blood coagulation and pro-PO activation may have evolved from a common
ancestral protease cascade.

Adamo et al. (2001)

When PO genes were switched off Domino mutant larvae could not maintain
PO activity after septic injury.

Males PO activity and bacterial resistance declined at sexual maturity whereas
in females PO activity increased.

Shiao et al. (2001)

Nigam et al. (1997)

Reduced resistance in a mosquito transduced with antisense RNA of the PO
gene show that PO is essential for the parasite melanisation.

Wilson et al. (2001)

Species bred to withstand infection activated pro-PO faster than flies susceptible to infection. Females also had higher pro-PO responses than males over
time even after infection.

Animals kept under crowded conditions showed higher PO activity and cuticular melanism compared to animals kept in solitary conditions.

Cotter and Wilson (2002)

Reeson et al. (1998)

Found a genetic correlation between PO activity and encapsulation ability.

Individuals in high population densities have a higher degree of cuticular
melanisation and PO, and that pathogen resistance is phenotypically plastic.

Table 5.1: Studies using phenoloxidase (PO) activity as an indicator of potential melanin production and immunocompetence in
invertebrates
Species
Cephalopods
(Octopus vulgaris, Sepia
officinalis & Loligo vulgaris)
Mosquito
(Anopheles quadrimaculatus)
Fruit fly
(Drosophila sp.)
Tsetse fly
(Glossina sp.)

African armyworm
(Spodoptera exempta)
Yellow mealworm
(Tenebrio molitor)
Western demoiselle
(Calopteryx
splendens
xanthostoma)
Chinese horseshoe crab
(Tachypleus tridentus)
Texas field cricket
(Gryllus texensis)
Mosquito
(Armigeres subalbatus)
African armyworm
(Spodoptera exempta)
African cotton leafworm
(Spodoptera littoralis)

Continued on next page
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Autumnal moth
(Epirrita autumnata)

Yellow dung fly
(Scathophaga stercoraria)

American rubyspot
(Hetaerina americana)

Water flea
(Daphnia magna)
Yellow mealworm
(Tenebrio molitor)
Willow emerald damselfly
(Lestes viridis)
Fruit fly
(Drosophila)

Texas field cricket
(Gryllus texensis)
Ground cricket
(Allonemobius socius)

Yellow mealworm
(Tenebrio molitor)

African malaria mosquito
(Anopheles gambiae)

Desert locust
(Schistocerca gregaria)
Water flea
(Daphnia magna)

Yellow mealworm
(Tenebrio molitor)

Species

Stoks et al. (2006)
Leclerc et al. (2006)

The presence of predatory fish reduced PO and pro-PO activity in larvae.
Drosophila mutants that failed to activate haemolymph PO following microbial
challenge were as resistant to infection as wild-type flies.

Starvation during larval development increased PO activity but decreased encapsulation ability.

PO activity alone did not predict resistance against parasitic mites and entomopathogenic fungi.

Continued on next page

Yang et al. (2007)

Schwarzenbach and Ward (2007)

Contreras-Garduño et al. (2007)

Sadd and Schmid-Hempel (2006)

More attractive males had higher PO activity after nylon filament implants.

Territorial males subjected to bacterial inoculation and nylon monofilament
implants had higher PO activity and survived longer than non-territorial males.

Mucklow et al. (2004)

Fedorka et al. (2004)

Adamo (2004a)

Rantala et al. (2003a)

Chun (2003)

PO activity did not predict immunocompetence in immune-challenged subjects.

Male PO activity remained unchanged with mating effort but females increased
PO activity. PO activity also showed a negative relationship with encapsulation
ability, haemocyte load, lytic activity and lifespan.

PO activity failed to predict male survival following bacterial challenge.

Males in better nutritional conditions had higher PO activity and were more
attractive to females.

PO activity differed between parasite-resistant and -susceptible strains after
feeding on a non-parasitised blood-meal, but PO activity also increased in the
susceptible strain after a parasite infected blood-meal.

Mucklow and Ebert (2003)

Well-fed animals showed higher PO activity than poorly fed animals and
wounding increased PO activity.

Thompson

Wilson et al. (2002)

and

Animals kept alone or in groups did not differ in PO activity.

Siva-Jothy
(2002)

e.g. Gomes et al. (2003) and
Boëte et al. (2004)

Rebuff to Cotter and Wilson (2002) Real pathogens can manipulate the host’s
immune response.
Starvation reduced PO activity.

Reference

Results
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Species

Haemolymph PO activity was not elevated during the early stage of infection
and only increased in the infected larvae at a later stage of the infection.

No directional immune response for males or females of differing nutritional
statuses.

PO activity decreased with age.

Exposure to white spot syndrome virus down-regulated pro-PO.
Single mutation in protease active in the melanisation cascade altered host
immune resistance and tolerance in microbe-dependant ways
Mid-gut PO activity was not significantly associated with parasite load.

Results

González-Santoyo et al. (2010)

Saejeng et al. (2010)

Moreno-García et al. (2010)

Moret
(2009)

Ai et al. (2008)
Ayres and Schneider (2008)

Reference

Indian mealmoth
(Plodia interpunctella)
Rubyspot damselflies
(Hetaerina sp.)

PO activity and cuticle darkness increased with latitude.

Populations exposed to shorter season lengths (i.e. colder) exhibited greater
PO activity and darker cuticles in both sexes.

LPS induced PO and AMP activity correlated positively with temperature.

LPS-induced AMP but not PO activity increased with body temperature with
both increasing in response to higher doses of LPS.

PO activity was up-regulated in beetles inoculated with fungi.

PO activity was negatively correlated with parasite abundance.

PO activity in infected hosts were predictive of Pasteuria ramosa spore load.

Starved males had lower PO activity than fed males, indicating that PO is not
a useful indicator of immune resistance but rather host condition.

Kutch et al. (2014)

Fedorka et al. (2013a)

Fedorka et al. (2013b)

Catalán et al. (2012)

Catalán et al. (2012)

Shi et al. (2012)

Whitehorn et al. (2011)

Pauwels et al. (2011)

González-Tokman et al. (2011)

Schmid-Hempel

Populations exposed to summer conditions exhibited lower PO activity and
lighter cuticles.

and

Lindsey and Altizer (2009)

Whiteleg shrimp
(Litopenaeus vanamei)
Fruit
fly
(Drosophila
melanogaster)
Monarch
butterfly
(Danaus plexippus)
Buff-tailed bumblebee
(Bombus terrestris)

Males subjected to bacterial inoculation had higher PO activity after 24 h,
which was not related to wing pigmentation. Season had no effect on PO
activity or melanisation ability.

Adamo and Lovett (2011)

Yellow fever mosquito
(Aedes aegypti)

PO and lysosome-like enzyme activity both increased with temperature, although this did not prevent bacterial infection.

Texas field cricket
(Gryllus texensis)
American rubyspot
(Hetaerina americana)
Water flea
(Daphnia magna)
Moss carder bee
(Bombus muscorum)
Red turpentine beetle
(Dendroctonus valens)
Mealworm
(Tenebrio molitor)
Mealworm
(Tenebrio molitor)
Ground cricket
(Allonemobius socius)
Ground cricket
(Allonemobius socius)
Fruit fly
(Drosophila
melanogaster)
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Used in combination, the methods mentioned enable the measurement of the series of reactions involved in early melanin synthesis. Initially, L-phenylalanine
is hydroxylated by phenylalanine hydroxylase to L-tyrosine, whose oxidation is
then catalysed by PO or tyrosine hydroxylase to L-3,4-dihydroxyphenylalanine (Ldopa). The oxidation of L-dopa is then catalysed by PO to form dopaquinone, or
decarboxylated via dopa decarboxylase (DDC) to form dopamine (Fig. 5.1; Sugumaran 2002; Tzou et al. 2002a; Land et al. 2004; Arakane et al. 2009). Dopamine
is thought to be used primarily in adult insects as the substrate for dopachrome
formation, instead of L-dopa. This is because L-dopa is depleted for sclerotisation
so there is more dopamine available, but also because dopamine is more soluble
than L-dopa (Kramer and Hopkins, 1987; Sugumaran, 1988a). It may be expected
that the PO activity involved in catalysing the oxidation of L-tyrosine and L-dopa
is different as the oxidation of L-tyrosine is known to be non-linear with a variable
lag phase (Pomerantz, 1966; Pau and Kelly, 1975; Aso et al., 1985; Chase et al.,
2000; Molina et al., 2007), whereas the oxidation of L-dopa is a faster reaction
without a lag phase (Rodriguez-Lopez et al., 1992). The rate of dopaquinone production from these melanin precursors can be measured using the MBTH assay
mentioned above.
The dopaquinone produced via the oxidation of L-dopa then spontaneously converts to orange-coloured dopachrome. However, in the presence of L-cysteine or
glutathione, sulfhydryl groups compete with leukodopachrome for dopaquinone
(Land and Riley, 2000). When this occurs in the presence of L-cysteine, dopaquinone
forms cysteinyldopa which leads to the production of pheomelanin via benzothiazine intermediates (Fig. 5.1; Land et al. 2004). Thus a balance exists between
eumelanin and pheomelanin production (Land and Riley, 2000). The pheomelanin
formation assay can therefore be used as a negative control for dopachrome production or as an indicator of pheomelanin synthesis and dopachrome formation
can be measured from the three precursors already described (L-phenylalanine, Ltyrosine and L-dopa). Dopachrome then rearranges to form dopachrome quinone
methide before enzymatically losing its carboxylic acid group to form 5,6-dihydroxy
indole (DHI) or forming 5,6-dihydroxylindole-2-carboxylic acid (DHICA), ultimately forming eumelanin (Sugumaran, 2002; Land et al., 2004; Hearing, 2011).
As previously mentioned, dopamine can also form dopachrome and DHI via POdriven oxidation to dopaminequinone followed by a series of non-enzymatic and
enzymatic reactions (Fig. 5.1). DHI then oxidises and polymerises to form black
DHI-eumelanin (Land et al., 2004; Hearing, 2011). It is assumed that only DHI is
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produced in insects, as no evidence has been found for DHICA-eumelanin (Swan,
1963; Nicolaus et al., 1964; Sugumaran, 2002; Nappi and Christensen, 2005).
Therefore measuring dopachrome consumption does not signal which eumelanin
pathway is being used but may provide a better indication of potential melanin
production than dopachrome production. The melanin produced is then deposited
on the surface of invading pathogens, where it cross-links with haemolymph proteins and polymerises to form a melanotic capsule (Söderhäll and Cerenius, 1998;
Cerenius and Söderhäll, 2004; Schmid-Hempel, 2005; Laughton and Siva-Jothy,
2010). This melanotic capsule limits damage by preventing the pathogen from
dividing or dispersing, ultimately killing the pathogen by asphyxiation (Nappi
and Christensen, 2005; Moret, 2006).
In addition to melanin being used for immune defence, the redox cycling of toxic
quinone intermediates with their semiquinone radicals in melanogenesis also produces cytotoxic reactive oxygen and nitrogen species further contributing to the
death of pathogens (Bolton et al., 2000; Nappi and Ottaviani, 2000; Nappi and
Christensen, 2005; Moret, 2006). As reactive oxygen and nitrogen species are potentially toxic to host organisms, they must be kept at a minimum by strictly regulating their production through multiple feedback loops (Stathakis et al., 1999;
Sugumaran et al., 2000; Kan et al., 2008) and removing them as quickly as possible
once produced (O’Brien, 1991; Urabe et al., 1994; Sugumaran et al., 2000; Nappi
and Ottaviani, 2000; Cerenius et al., 2008). It may therefore be expected that
the production and persistence of quinone intermediates, such as dopaquinone,
dopachrome quinone methide and DHI, are strictly controlled.
Measuring potential PO activity is important when working on novel species as
some species secrete PO at constant low rates in the absence of injury or infection, whereas others activate pro-PO when needed, potentially leading to the
misinterpretation of results (González-Santoyo and Córdoba-Aguilar, 2011). An
initial control mechanism regulating the availability of PO, is pro-PO activation.
Research has found that serpins can inhibit the activation of pro-PO activating enzyme in the serine protease cascade preventing the cleavage of pro-PO to form PO
(De Gregorio et al., 2002a; Ligoxygakis et al., 2002; Nappi et al., 2005). Furthermore, different serpins are used to regulate the activation of pro-PO and prevent
excessive melanisation depending on the type of invading pathogen (De Gregorio
et al., 2002a; Tang et al., 2006). In addition to this, mutations of the serine proteases which cleave pro-PO, can have downstream implications for melanisation
responses (Pentz., 1990; Ayres and Schneider, 2008). Insects also contain multiple
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pro-PO genes with different characteristics, which are thought to be expressed
and up-regulated in different tissues and at different life-stages in response to different pathogens. As the activation of pro-PO can affect the PO available, bovine
α-chymotrypsin (which cleaves peptide bonds) was used to check that all inactive
pro-PO had been converted into PO (Adamo, 2004a; Ardia et al., 2012).
Despite the biochemical and genetic mechanisms of melanin synthesis being well
studied and the PO assay’s wide use in immunological studies, many assumptions
of the assay remain untested and evidence documenting correlations between the
assay and potential melanin production or immunocompetence remain contradictory. Furthermore, despite the simpler immune system of invertebrates much of
the work characterising the pathways leading to melanin synthesis has been performed in mammals (Rolff and Siva-Jothy, 2003; Galván et al., 2015). Although
mammals and invertebrates have different PO amino acid sequences (van Holde
et al., 2001), many of the components, such as enzyme activities, are the same so
comparisons can be made with caution (Nappi and Christensen, 2005). In addition, insect pro-PO is also homologous to arthropod haemocyanins so similarities
are also found between the two systems (Kanost and Gorman, 2008).
Invertebrates are becoming common model systems in ecological immunology research (Rolff and Siva-Jothy, 2003). For example, the red flour beetle Tribolium
castaneum has been extensively used due to its medical and commercial importance, having its full genome sequenced (Brown et al., 2003). As a result, many
invertebrate immune studies have used T. castaneum (Kim et al. 2000; Barnes and
Siva-Jothy 2000; Siva-Jothy and Thompson 2002; Rantala et al. 2003a; Moret and
Siva-Jothy 2003; Armitage and Siva-Jothy 2005; Sadd and Schmid-Hempel 2006;
Zou et al. 2007; Haine et al. 2008b; Roth and Kurtz 2008; Arakane et al. 2009; Roth
et al. 2009; Arakane et al. 2010; Gorman and Arakane 2010; Roth et al. 2010a;
Joop et al. 2014; work by K.J. Kramer and T.L. Hopkins 1984-2015).
This chapter aimed to;
1. Investigate the relationship between the traditional PO assay and other
reactions involved in melanogenesis in Tribolium castaneum.
2. Assess whether the rate of dopachrome production from L-dopa was sufficient to infer potential melanin production in T. castaneum.
3. Compare reaction rates and pathways used in melanogenesis between adult
and larval T. castaneum.
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5.2

Materials and methods

Sample preparation
Wild-type Tribolium castanuem strain San Bernardino (Tenebrionidae) were obtained from Dr Andrew D. Peel at the University of Leeds, UK. T. castaneum
were raised and maintained on a whole-grain flour diet supplemented with 5%
yeast powder and kept in 1 L glass bottles at 30 ◦ C as described in Altincicek
et al. (2008) and Grünwald et al. (2013). Adults (250 individuals) and larvae (350
individuals) were pooled in groups of 50 and crushed in a microcentrifuge tube
(using an Eppendorf pestle) in PBS (10 mM phosphate buffer, 2.7 mM potassium chloride and 137 mM sodium chloride, pH 7.4) at a ratio of 5 µL PBS to
1 mg body mass (wet weight). The extract was centrifuged (800 g av at 4 ◦ C for
3 min), before the clear supernatant was aliquoted into fresh Eppendorf tubes.
Samples were kept on ice at all times with minimal exposure to air to reduce
auto-oxidation. The samples were then frozen at -20 ◦ C until required. Protein
concentrations in samples were determined as in Section 2.7.4, using a 0 - 25 mg
mL-1 standard curve of BSA.

MBTH assay
The 3-methyl-2-benzothiazolinone hydrazone (MBTH) assay measures the oxidation of L-phenylalanine, L-tyrosine and L-dopa to dopaquinone, which is prevented
from forming dopachrome in the presence of MBTH (Fig. 5.1). PO activity
was measured as the rate of dopaquinone formation from three precursors (Lphenylalanine, L-tyrosine and L-dopa) using a method adapted from Winder and
Harris (1991) on mammalian PO activity, as used by Parrinello et al. (2003) and
recommended by Solano and García-Borrón (2007). Sample (4 µL) was added in
triplicate to flat-bottomed 96-well polypropylene microplates. Plates were covered
and kept at 4 ◦ C whilst the working mixture was prepared. The working mixture
(total volume 250 µL) contained 123.5 µL buffer (118.5 µL of 10 mM PBS and
5 µL N,N ’-dimethylformamide known as DMF), 50 µL of 5 mM substrate (Lphenylalanine, L-tyrosine, L-dopa or L-cysteine) and 72.5 µL of 20.7 mM MBTH
per well. This resulted in final concentrations of 1 mM substrate, 6 mM MBTH
and 2% (v/v) DMF. The working mixture was then incubated at 37 ◦ C for 10
min, before 246 µL added to each well. The absorbance at 505 nm was measured
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every 60 s for 5 min on a VersaMax Pro microplate reader to obtain the initial
rate of change in absorbance. Blanks were subtracted from sample values and
enzyme activity expressed as the change in A505 nm min−1 mg−1 protein.

Pheomelanin formation assay
The pheomelanin formation assay measures L-dopa oxidation catalysed by PO
in the presence of L-cysteine. As described above, 4 µL of sample was added in
triplicate to flat-bottomed 96-well polypropylene microplates, covered and kept
at 4 ◦ C whilst the working mixture was prepared. The working mixture was
prepared as described in the MBTH assay except with 50 µL of 5 mM L-dopa as
the substrate and 72.5 µL of 5 mM L-cysteine added in the place of MBTH. This
resulted in final concentrations of 1 mM L-dopa and 1 mM L-cysteine (Ito, 2003;
d’Ischia et al., 2013) and a method comparable to the MBTH assay. The working
mixture was then incubated at 37 ◦ C for 10 min, before 246 µL added to each well.
The absorbance at 400 nm was measured every 60 s for 5 min on a VersaMax Pro
microplate reader to obtain the initial rate of change in absorbance. Blanks were
subtracted from sample values and enzyme activity expressed as the change in
absorbance at 400 nm min−1 mg−1 protein. This is because, although extinction
coefficients were available for cysteinyldopaquinone, it was not possible to separate
the contributions of cysteinyldopaquinone and dopaquinone to the absorbance
values as they both absorb at 400 nm (Land and Riley, 2000; Napolitano et al.,
2000). As cysteinyldopa forms over 1 h before forming cysteinyldopaquinone,
and the measurements were carried out over 5 min, it was assumed that the
dopaquinone was converted into cysteinyldopa (Ito and Wakamatsu, 2008).

Dopachrome formation assay
The dopachrome formation assay measures the apparent rate of dopachrome formation from the oxidation of L-dopa (Fig. 5.1). In line with the MBTH and
pheomelanin assays, 4 µL of sample was added in triplicate to flat-bottomed 96well polypropylene microplates, covered and kept at 4 ◦ C whilst the working mixture was prepared. The working mixture was prepared as described in the MBTH
assay except with 50 µL of 5 mM L-dopa as the substrate and 72.5 µL of double
distilled water added in the place of MBTH. This resulted in final concentrations

155

5. Assessing the phenoloxidase assay

per well of 1 mM L-dopa and methods comparable to the assays described above.
The working mixture was then incubated at 37 ◦ C for 10 min, before 246 µL were
added to each well. The absorbance at 475 nm was measured every 60 s for 5
min on a VersaMax Pro microplate reader to obtain the initial rate of change
in absorbance. This assay was also repeated with 5 µL of 5 mg mL−1 bovine
α-chymotrypsin in the place of 5 µL double distilled water per well to check that
mechanical crushing had activated all pro-PO present in the sample. Blanks were
subtracted from sample values and enzyme activity expressed as dopachrome production at 475 nm in nmol min−1 mg−1 protein (ε = 3.7 mmol L−1 cm−1 x λ =
0.717 cm).

Dopachrome consumption assay
The dopachrome consumption assay measures the conversion of dopachrome through
DHI to indole-5,6-quinone, which polymerises non-enzymatically to DHI-eumelanin
(Fig. 5.1). Two methods were used to prepare the dopachrome, by the oxidation
of L-dopa using either sodium periodate (5 mM) or silver oxide (Kalyanaraman
et al., 1985). To prepare silver oxide, 0.66 g sodium hydroxide dissolved in 2 mL
glass distilled water was added to 2.74 g silver nitrate dissolved in 5 mL glass distilled water, and manually stirred. The black-grey precipitate formed over 5 - 10
min was collected by filtration, washed with deionised water until the eluent was
alkali-free and dried in an oven at 40 ◦ C. Silver oxide (0.03 g) was added to every
1 mL of 5 mM L-dopa and centrifuged (10,500 g av for 5 min) before filtering the
supernatant through a 0.22 µm filter paper (Whatman International Ltd, Kent,
UK).
As in the previous three assays, 4 µL of sample was added in triplicate to flatbottomed 96-well polypropylene microplates, covered and kept at 4 ◦ C whilst the
working mixture was prepared. The working mixture was prepared as described
in the MBTH assay except with 50 µL of dopachrome as the substrate and 72.5
µL of double distilled water added in the place of MBTH. This resulted in final
concentrations of 1 mM L-dopa in a 1:1 ratio with silver oxide or sodium periodate,
and methods comparable to the assays described above. The working mixture
was then incubated at 37 ◦ C for 10 min, before 200 µL was added to each well.
Dopachrome (50 µL) was added to each well at the plate reader using a multichannel pipette as dopachrome is rapidly oxidised to DHI-eumelanin. The initial
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rate of absorbance decrease at 375, 475 and 575 nm was measured every 60 s
for 5 min on a VersaMax Pro microplate reader. Mean absorbance values at 375
and 575 nm were subtracted from the values at 475 nm to take into account
absorbance changes due to auto-oxidation of L-dopa (Fig. 2.7). Enzyme activity
was expressed as dopachrome consumption at 475 nm in nmol min−1 mg−1 protein
(ε = 3.7 mmol L−1 cm−1 x λ = 0.717 cm).

Statistical analyses
Tests were performed in R (v.2.15.2; www.R-project.org) to compare the rates
of: dopaquinone and dopachrome production from three melanin precursors (Lphenylalanine, L-tyrosine and L-dopa), dopaquinone production against consumption, dopachrome consumption when dopachrome is formed using sodium periodate or silver oxide methods and dopachrome production against consumption.
Significance was set at p ≤ 0.05. Data were assessed for normality and homogeneity quantitatively using Anderson-Darling and Levene’s tests. Welch’s twosample t-tests were used with p-values adjusted using Holm’s sequential Bonferroni
method (Holm, 1979).

5.3

Results

MBTH assay
The pink pigment formed from the reaction between dopaquinone and MBTH was
measured to provide a more reliable measurement of PO activity as this avoids the
added complexity of non-enzymatic conversion of dopaquinone into dopachrome.
The mean rate of absorbance change (pigment formation) in both adult and larval
Tribolium castaneum was slower than the other reactions measured (0.042 ± 0.008
∆A505 min−1 mg−1 ). Pigment formation was slowest when L-phenylalanine was
used as the substrate (0.004 ± 0.003 ∆A505 min−1 mg−1 ; Fig. 5.2A), compared
to L-tyrosine or L-dopa in adults (t 7 = -5.563, p < 0.001 and t 8 = -5.991, p <
0.001, respectively), and L-dopa in larvae (t 4 = -9.615, p < 0.001; Fig. 5.2A).
Larvae were also found to produce pink pigment from L-dopa faster than adult
T. castaneum (t 5 = -6.426, p < 0.001; Fig. 5.2A), which indicates that larvae had
higher PO activity than adults.
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Pheomelanin formation assay
The pheomelanin assay was used to measure the conversion of dopaquinone to
cysteinyldopa, which goes on to form benzothiazine intermediates in pheomelanin
production. Adults may have a higher capacity for pheomelanin production than
larvae as they had significantly higher rates of cysteinyldopa formation, with 0.009
± 0.002 ∆A400 min−1 mg−1 compared to 0.003 ± 0.001 ∆A400 min−1 mg−1 in
larvae (t 5 = 2.847, p = 0.037; Fig. 5.2B). When the rate of dopaquinone-MBTH
pigment formation was compared with the rate of cysteinyldopa formation, it
was found that the rate of dopaquinone consumption was slower than the rate of
dopaquinone production, in both adults and larvae T. castaneum (t 5 = -5.9981,
p = 0.001 and t 4 = -10.477, p < 0.001; Fig. 5.2B).

Dopachrome formation assay
Dopachrome formation rate varied greatly depending on the substrate used, Lphenylalanine being converted to dopachrome at the slowest rate (0.228 ± 0.013
nmol min−1 mg−1 ), then L-tyrosine (2.690 ± 0.441 nmol min−1 mg−1 ), with the
fastest rate of dopachrome production from L-dopa (6.803 ± 0.640 nmol min−1
mg−1 ). The rates of dopachrome formation were significantly faster when Ltyrosine or L-dopa were used compared to L-phenylalanine in both adult (t4 =
-4.222, p = 0.014 and t4 = -15.188, p < 0.001, respectively) and larval T. castaneum (t4 = -3.821, p = 0.019 and t4 = -16.082, p < 0.001, respectively; Fig.
5.3A). Dopachrome production rates were also faster when L-dopa as opposed to
L-tyrosine was used in adults (t8 = 8.488, p < 0.001). These results were expected
as L-phenylalanine and L-tyrosine have to undergo conversion to L-dopa before
they can begin to produce dopachrome (Fig. 5.1). Adult T. castaneum produced dopachrome faster than larvae with and without the addition of bovine αchymotrypsin (t8 = -8.865, p < 0.001 and t6 = -5.480, p = 0.001, respectively; Fig.
5.3A), indicative of higher PO activity. The addition of bovine α-chymotrypsin
had no effect on dopachrome production rate suggesting that mechanical crushing
had activated all of the pro-PO present in both adults and larvae (adults: t5.242
= 2.0533, p = 0.093 and larvae: t8 = 2.154, p = 0.064; Fig. 5.3A).
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Dopachrome consumption assay
The rate of dopachrome conversion to DHI-eumelanin was measured for comparison with the rate of dopachrome formation from L-dopa (Fig. 5.1). The two
methods of preparing dopachrome led to significantly different apparent rates of
dopachrome consumption (Fig. 5.3B). Dopachrome prepared using sodium periodate was apparently consumed faster in larvae than adults (t7 = -4.656, p = 0.003;
Fig. 5.3B). However, the opposite was found when dopachrome had been prepared
using silver oxide, with dopachrome consumed faster in adults than larvae (t11 =
8.328, p < 0.001; Fig. 5.3B). As a result of these differences, dopachrome prepared using silver oxide appeared to give higher rates of dopachrome consumption in adults and lower rates of dopachrome consumption in larvae, than the
dopachrome prepared using sodium periodate (t13 = -11.688, p < 0.001 and t10
= 4.362, p = 0.001, respectively; Fig. 5.3B). In general dopachrome was produced faster than it was consumed, irrespective of the method of dopachrome
preparation or the life stage used (t>4 > 8.459, p < 0.001; Fig. 5.3).

5.4

Discussion

Despite the biochemical and genetic mechanisms of melanin synthesis being well
studied, many assumptions of the PO assay remain untested and correlations
between the rate of dopachrome formation and melanin production are contradictory. This study used adult and larval Tribolium castaneum to assess the relationship between the PO catalysed oxidation of L-dopa and other reactions involved
in melanin synthesis. Dopaquinone and dopachrome formed faster from L-dopa
than from L-phenylalanine and L-tyrosine, as would be expected because fewer
reactions are involved (Fig. 5.1), with significant differences in reactions rates
found between adults and larvae. Cysteinyldopa formation occurred significantly
faster in adults than larvae, indicating that the utilisation of melanin producing
pathways differs depending on the requirements of a particular life stage, e.g.
adults require more melanin for cuticle sclerotisation and pigmentation than larvae. Dopachrome was also produced faster than it was consumed, perhaps because
dopachrome production is enzymatic whereas the initial conversion of dopachrome
to reaction intermediates is non-enzymatic.
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Figure 5.2: Rate of dopaquinone-MBTH pigment production from three substrates
(A) and rate of dopaquinone production from L-dopa against cysteinyldopa production (B) in adult and larval Tribolium castaneum. Data are shown as the mean
values ± 1 SEM with letters indicating significant differences within life-stages between substrates and asterisks indicating significant differences between life-stages
(p ≤ 0.05). For each experiment n = 5 (250 individuals were pooled into groups of
50 for measurement), with the exception of larval L-phenylalanine and L-tyrosine
measurements where n = 3 and larval cysteinyldopa formation where n = 2.
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Figure 5.3: (A) Dopachrome formation rate from three substrates and (B)
dopachrome consumption rate using dopachrome formed via two oxidising agents,
measured at 475 nm in adult and larval Tribolium castaneum. Data are shown as
the mean values ± 1 SEM with letters indicating significant differences within lifestages between substrates, and asterisks indicating significant differences between
life-stages (p ≤ 0.05). For each experiment n = 5 (250 individuals were pooled
into groups of 50 for measurement), with the exception of larval L-phenylalanine
where n = 3 and larval dopachrome consumption when dopachrome was formed
using silver oxide where n = 8.
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However, different methods of forming dopachrome for the dopachrome consumption assay gave differing results between adults and larvae. To the authors’ knowledge, this is the first study to confirm basic assumptions of melanogenesis in insects
and indicate differences in reaction rates between adults and larvae and between
PO catalysed reactions.
The current study found that dopaquinone and dopachrome formed from the oxidation of L-dopa faster than from the oxidation of L-phenylalanine or L-tyrosine.
These results are consistent with expectation, as the conversion of L-phenylalanine
and the oxidation of L-tyrosine to dopaquinone and dopachrome requires more
steps and relies on additional enzyme catalysed reactions than the oxidation of
L-dopa to dopaquinone or dopachrome (Fig. 5.1). Although the oxidation of
L-tyrosine to dopaquinone or dopachrome requires double the number of PO
catalysed oxidations than the oxidation of L-dopa, the rate of dopaquinone or
dopachrome formation was not halved, with no differences were found between
adult dopaquinone formation rates from L-tyrosine and L-dopa. This may be
because the earlier reactions occurred rapidly, compared to the PO-catalysed reaction, resulting in dopachrome production rates being similar between the two
substrates.
The differences in L-tyrosine and L-dopa oxidation to dopaquinone or dopachrome
may be because PO catalyses the oxidation of monophenols and diphenols in different ways (Solano, 2014). Whilst analysing the data, evidence of a lag phase
in the oxidation of L-tyrosine and L-phenylalanine to dopachrome was found in
some but not all of the samples. The oxidation of the monophenol L-tyrosine
to dopaquinone and dopachrome may be slower than from the diphenol L-dopa
because the oxidation of L-tyrosine is non-linear with a variable lag phase (Pomerantz, 1966; Pau and Kelly, 1975; Aso et al., 1985; Chase et al., 2000; Molina et al.,
2007), whereas the oxidation of L-dopa is a faster reaction without a lag phase
(Rodriguez-Lopez et al., 1992). For example, Chase et al. (2000) found that in
the grey flesh fly, Sarcophaga bullata, PO oxidised diphenols more rapidly with
a lag phase only occurring with a monophenol substrate. This monophenol lag
phase has also been found for other POs from the blowfly Calliphora erythrocephala and the tobacco hornworm Manduca sexta (Pau and Kelly, 1975; Aso
et al., 1985).
Despite the rate of L-tyrosine and L-dopa formation considered the first ratelimiting reactions in melanogenesisis (Solano and García-Borrón, 2007), it has
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been known for some time that the enzyme phenylalanine hydroxylase (PAH),
which converts L-phenylalanine to L-tyrosine, has a regulatory role in melanin
synthesis (Farishian and Writtaker, 1980). Previous work on mosquitoes has
demonstrated that the up-regulation of PAH correlates with more efficient wound
healing and encapsulation responses, and that its knock-down results in significant reductions in melanin production (Johnson et al., 2003; Infanger et al., 2004).
Although PAH is known to be present in insect haemolymph at low background
levels, PAH activity is largely up-regulated in response to immune stress (Johnson et al., 2003; Infanger et al., 2004). PAH activity is thought to reflect the
many functions of melanization, as oenocytoids which contain pro-PO, also contain PAH protein (Johnson et al., 2003), and the timing, tissue localisation and
triggers for PAH production are highly specific (Infanger et al., 2004). The slow
rate of L-phenylalanine conversion to dopaquinone may be due to a lack of PAH
available, as T. castaneum were not knowingly exposed to immune stress during
this study.
Larvae and adults were found to produce dopaquinone and dopachrome at similar rates from L-phenylalanine and L-tyrosine, however differences were found
downstream with larvae producing dopaquinone from L-dopa twice as fast as
adults, cysteinyldopa from L-dopa half as fast as adults, and dopachrome from Ldopa a third slower than adults. Larvae produced dopaquinone faster than adults
but cysteinyldopa and dopachrome slower indicating that larvae may accumulate
higher levels of dopaquinone to defend against invading pathogens. If this is the
case, larvae may use the cytotoxic activity of dopaquinone for immune defence,
but may have weaker encapsulation abilities due to reduced melanin production.
Usually regulating mechanisms prevent the excess production of cytotoxic intermediates, such as dopaquinone, (González-Santoyo and Córdoba-Aguilar, 2011)
and ensure that PO activity is spatially and temporally controlled to provide optimal immune responses (Cerenius and Söderhäll, 2004; Nappi and Christensen,
2005; Kanost et al., 2008). It would therefore be unusual for larvae to accumulate
dopaquinone for immune defence as opposed to producing melanin. Future work
should clarify whether this is the case in T. castaneum larvae.
In beetles, one of the most obvious difference between adults and larvae is that
adult cuticles are hard and pigmented, whereas larval cuticles are soft and unpigmented. Larvae had three times faster rates of dopaquinone production than
adults, indicating three times higher PO activity for this reaction than adults. PO
activity may be higher in larvae because larval cuticles contain pro-enzymes and
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proteases ready for PO activation for immune defence whereas adult cuticles do
not, so are unlikely to require L-tyrosine (Lai Fook, 1966; Kramer and Hopkins,
1987; Sugumaran, 2002; Andersen, 2010). Although whole homogenate PO activity was measured instead of cuticle PO activity, this may affect the interpretation
of the results as PO activity may differ between tissues.
Another potential explanation for higher dopaquinone production rates in larvae
and slower reaction rates downstream, is that larvae may be using L-dopa as the
primary substrate for melanin synthesis whereas adults may be primarily using
dopamine. It is thought that adults use dopamine as L-dopa levels are reduced by
the consumption of L-dopa for sclerotisation via the NADA and NBAD pathways
(Kramer and Hopkins, 1987; Sugumaran, 2002). However, larval cuticles are not
sclerotised so L-dopa levels should not be depleted for sclerotisation enabling larvae to primarily use L-dopa via dopaquinone (as opposed to dopamine) for melanin
synthesis. This was supported by the observation that T. castaneum larvae were
soft-bodied, cream-coloured and were not pigmented like adults, suggesting that
larvae may not be producing melanin for exocuticular pigmentation but purely
immune defence. The dopamine equivalent of dopaquinone, dopaminoquinone was
not measured in this study. It would be interesting to assess dopaminoquinone
production and consumption rates for future comparison with dopaquinone production and consumption rates between adults and larvae.
Dopachrome was also produced faster from L-dopa in adults than larvae. This
demonstrates that although larvae produce dopaquinone faster than adults that
they may not convert it into dopachrome. Whereas adults produce dopachrome
rapidly without forming dopaquinone, suggesting that adults are likely to produce
dopachrome primarily through dopamine. Future work should determine whether
L-dopa or dopamine are used primarily in adults and larvae for melanin synthesis as dopachrome can be formed from dopaquinone, and DHI-eumelanin may be
formed from dopaminochrome bypassing dopachrome. However, these data must
be interpreted with caution as more work needs to be done to quantify the extinction coefficient of dopaquinone-MBTH product so that the concentration of
dopaquinone and dopachrome formed can be compared.
Insects contain multiple pro-PO genes (González-Santoyo and Córdoba-Aguilar,
2011) with different chemical characteristics (Sugumaran et al., 2000; Cerenius
and Söderhäll, 2004), which are expressed and up-regulated in different tissues,
at different life-stages and in response to different pathogens, enabling the broad
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specificity of PO (Sugumaran, 2002; Li et al., 2005; Evans et al., 2006; Waterhouse
et al., 2007; Cerenius et al., 2008; Asano and Takebuchi, 2009). Due to this, it
is unclear whether the PO activity measured here is associated with a single
enzyme or multiple isoforms. In addition, PO activity is usually measured in
haemolymph (Laughton and Siva-Jothy, 2010) whereas in this study PO activity
was measured in whole body homogenates to provide more reliable estimates of
total PO activity and potential melanin synthesis. The results presented here
do not therefore include tissue-specific or temporal differences in PO activity.
Further work by Li et al. (2005) suggested that different pro-PO genes may be
involved in melanin synthesis at different developmental stages (González-Santoyo
and Córdoba-Aguilar, 2011). Larvae may therefore have PO formed from pro-PO
genes with higher specificity to L-dopa, unlike adults which are thought to use
primarily dopamine for melanin synthesis.
This study also found that dopachrome formation occurred between two to four
times faster than dopachrome consumption, with adults having significantly faster
rates of dopachrome formation from L-dopa than larvae. This is supported by
other studies, which found no PO detected in bivalve molluscs or honey bee larvae despite PO being present in adults (Luna Gonzalez et al., 2003; Randolt et al.,
2008). The differences in dopachrome formation and consumption rates may be
because dopachrome formation is catalysed by PO, whereas the initial conversion
of dopachrome to dopachrome quinone methide is non-enzymatic (see Fig. 5.1).
A further explanation for faster dopachrome consumption rates in adults may be
that adults use dopamine as the primary substrate and PO catalyses the oxidation of dopamine more efficiently than L-dopa (Sugumaran, 1988b; Chase et al.,
2000; Asano and Ashida, 2001; Sugumaran, 2002). A study by Hopkins et al.
(1984) found that tobacco hornworm larvae have NBAD as the major dopamine
derivative whereas adults have NADA. Drosophila larvae also had lower DCE and
catecholamines than adults, so could not form melanin as well (Walter et al.,
1991).
Although dopachrome consumption rate and melanisation may be dependent on
DCE activity (Körner and Pawelek, 1980; Huang et al., 2005), DCE activity is unlikely to be rate-limiting but will be strictly controlled due to the cytotoxic effects
of quinone intermediates and DHI (Zhao et al., 2011). If DCE is rate-limiting,
then its activity may be a more appropriate measure of dopachrome consumption and potential melanin synthesis, because DCE is only used in DHI formation
whereas PO is used in many different reactions in melanin synthesis. Future
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work should measure the enzyme activity of potentially rate-limiting reactions in
melanin synthesis, such as DCE activity, to investigate whether this is the case
and identify which enzymes are the most important in controlling downstream
melanin production.
Adults were found to have significantly faster dopachrome consumption rates when
silver oxide was used to form dopachrome instead of sodium periodate, whereas
larvae dopachrome consumption rates were faster when sodium periodate was used
as the oxidant. Silver oxide and sodium periodate both oxidise dopachrome, but
silver oxide is a one electron oxidising agent whereas sodium periodate is a twoelectron oxidising agent (Solano and García-Borrón, 2007). Therefore using both
in 1:1 ratios with L-dopa may cause sodium periodate to oxidise L-dopa twice as
fast as silver oxide (Kalyanaraman et al., 1985). Silver oxide was also removed
via filtration after oxidising L-dopa, whereas sodium periodate was not removed
as it is a liquid, so it could continue reacting with L-dopa. Sodium periodate can
also have an acidifying effect on the solution, which was not taken into account.
Solano and García-Borrón (2007) states that, sodium periodate is the preferred
oxidant because of it’s rapid and stochiometric oxidaton of L-dopa. Although significant differences were found in dopachrome consumption rates between adults
and larvae, it is unclear which method of forming dopachrome provides more reliable data. Future work should compare the two methods of forming dopachrome
to recommend one for the invertebrate immunology community to use in further
studies.
It is thought that the balance between the formation of eumelanin and pheomelanin is regulated principally by the availability of thiol groups in glutathione or
cysteine at the site of melanogenesis (Land and Riley, 2000; Ito, 2003; Solano
and García-Borrón, 2007). Although studies have shown differences in L-cysteine
availability between life-stages in mammals (Kobayashi et al., 1995), it remains
unknown how L-cysteine availability is controlled in insects (Ito, 2003). It is
well known that not all dopaquinone is converted into dopachrome, and that in
the presence of L-cysteine dopaquinone primarily forms cysteinyldopa instead of
dopachrome (Winder and Harris, 1991; Land et al., 2004; Solano, 2014). When
the conversion of dopaquinone to cysteinyldopa was measured, the highest rate of
change occurred at 400 nm (the absorption peak of dopaquinone and cysteinyldopaquinone) with no spectral peak at 475 nm. This suggests that L-cysteine was
present in excess, that dopachrome was not present and therefore that all L-dopa
was converted into cysteinyldopa.
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Slower rates of cysteinyldopa formation from dopaquinone were found in larvae
than adults, despite the same concentration of L-cysteine being present. Larvae also had higher rates of dopaquinone formation than adults so it may be
expected that larvae would have higher rates of cysteinyldopa formation. As
so little is known about pheomelanogenesis in invertebrates, it is possible that
dopaminequinone in adults may be reacting with the L-cysteine added to form
cysteinyldopamine. Despite the absorption spectra of the reaction of dopaminoquinone with L-cysteine in mammals showing the appearance of products between
325 and 425 nm, research by Jameson et al. 2004 used 300 nm and Ye and Simon 2002 used wavelengths between 300 nm and 390 nm to measure pheomelanin
intermediates. However prior to this study, the presence of pheomelanin had
only been reported in mammals, molluscs (Speiser et al., 2014) and butterfly
wings (Wakamatsu, unpublished) so little is known about how it is involved in
melanin synthesis or immune defence (Galvan et al., 2015). Future work should
focus on identifying the presence of pheomelanogenesis in invertebrates and improve current methods to better understand the chemistry involved in invertebrate
pheomelanin synthesis.
Despite many studies measuring PO activity using the rate of dopachrome formation as an indicator of potential melanin synthesis, the results presented here
further suggest that measuring the PO activity of only one reaction in melanogenesis is reductionist and does not necessarily infer potential melanin production.
This is because although L-tyrosine and L-dopa oxidation are considered the first
rate-limiting steps in melanin synthesis (Solano and García-Borrón, 2007; Radhakrishnan et al., 2007), the rates of downstream reactions catalysed by DDC and
DCE will also affect the amount, location and type of melanin produced. Having
discussed the complexities of melanin synthesis, it is concluded that using a single
assay to determine melanin production would be misleading.
Future work should quantify PO activity of the six PO-catalysed pathways in
melanin synthesis using simultaneous reagent injection to identify reaction and
tissues specific PO activities. It would also be beneficial to identify whether single or multiple isoforms of PO are present; measure DDC activity to establish
whether adults are indeed using dopamine for dopachrome production instead of
L-dopa; estimate DCE activity to assess whether DCE activity is rate-limiting and
may be a better indicator of potential eumelanin production than PO activity;
compare the two methods of L-dopa oxidation to dopachrome taking into account
pH; assess whether 37 ◦ C is an appropriate temperature for measuring enzymatic
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reactions in insects; investigate pheomelanogenesis in invertebrates quantifying intramelanosomal L-cysteine levels in adults and larvae; and explore the underlying
mechanisms linking melanisation to other immune responses.

5.5

Conclusion

Despite the PO assay’s wide use in immune studies, evidence documenting correlations between the traditional PO assay and immunocompetence remains contradictory. This is because the PO assay has many inherent assumptions which
highlight the complexity of melanin synthesis. Here adult and larval Tribolium
castaneum were used to measure the rates of reactions involved in melanin synthesis to question whether the PO assay is a reliable tool for assessing potential
melanin synthesis. In line with previous literature, it was found that PO oxidises
monophenols faster than diphenols in both adults and larvae, but that although
larvae form dopaquinone faster than adults they may go on to form dopachrome
and cysteinyldopa slower than adults. In addition, faster rates of dopachrome
formation than dopaquinone consumption were also measured in adult T. castaneum, indicating that dopamine may be the primary substrate for PO in melanin
synthesis. These results indicate that adult T. castaneum may be using dopamine
primarily as the substrate, and that enzymes other than PO, such as PAH or DDC,
may be rate-limiting. Contradictory rates of dopachrome consumption were found
between adults and larvae when silver oxide or sodium periodate were used to form
dopachrome. Differences in PO activity therefore exist within melanin synthesis
and between different life-stages of T. castaneum, and that a lot more work is
required on melanogenesis in invertebrates before a consensus can be formed on
the appropriate methods required to infer potential melanin production and immunocompetence. Immune defences are vital for population persistence but also
provide applied benefits and insights into developmental, genetic and evolutionary
processes. As such it is important to understand key components of immunocompetence, such as melanogenesis, to enable the accurate interpretation of results.
Future work should be wary of using the PO assay as a sole indicator of potential melanin production and should not assume that PO activity is indicative of
melanin production or immunocompetence.

168

Chapter 6
Exploring the relationship
between metabolic plasticity and
latitudinal range size in European
diving beetles
Presented orally at:
ASLO Aquatic Biodiversity and Ecosystems Conference, Liverpool, UK (30th August - 4th September 2015) and as the invited student plenary at the EU Macro
Conference, Copenhagen, Denmark (14th - 16th June 2015)

171

6. Metabolic plasticity and range size

Abstract
Temperature is a primary driver for physiology, life-history, and the ecology of
ectotherms, greatly affecting metabolic demands, respiration rates, enzyme activity and metabolism. Previous studies of the water beetle genus Deronectes
have pointed to the importance of thermal physiology in shaping geographical
range size and position, but until now the mechanisms behind this were unclear.
As wide-ranging organisms typically experience a broader range of environmental conditions than endemic species, they may have broader physiological abilities. Here, the relationship between latitudinal range parameters and metabolic
trait plasticity was explored, using nine species that exhibit differing latitudinal
range sizes and positions. Animals were thermally ramped from 15 ◦ C up to a
range of sub-lethal upper temperatures, and energy status (ATP), anaerobic ‘end
product’ metabolites, L-lactate dehydrogenase activity, protein and energy storage molecules were measured. Species-specific responses were evident, with most
species maintaining ATP, L-lactate dehydrogenase activity, succinate, protein,
glucose, glycogen and lipid content with elevated temperature. Protein content
also decreased at 35 ◦ C in two of the species studied indicating severe metabolic
stress. Increased avoidance behaviours were observed before death with elevated
temperature. Peak avoidance and death occurred at higher temperatures in widerranging species, indicating that wide-ranging species can tolerate higher temperatures for longer than narrow-ranging species. Correlations were also found between ∆protein and ∆glucose content, ∆lipid and ∆glucose content, and ∆ATP
and ∆glycogen content. This suggests that amino acids may have been brokendown and used in the TCA cycle, indicating more oxidative and less glycolytic
metabolism. Of the metabolic traits measured, glucose plasticity best explained
range extent and position, with protein plasticity predicting range position after
phylogenetic correction. Widespread, more northerly species had higher glucose
and protein content, although southerly species had more marked changes in glucose and protein content under temperature stress. This supports that endemic
species are habitat specialists with widespread species considered more generalist. However, changes in the metabolic traits of southern species to temperature
may be adaptive or may be stress responses. This work indicates that metabolic
plasticity may play a previously unexplored role in shaping species distributions
and highlights potential avenues for future research.
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6.1

Introduction

The geographical ranges of species vary enormously with many taxa found in comparatively small areas, whilst relatively few are considered widespread (Gaston,
1994, 2003). What controls geographical range size is a fundamental question
in macroecology. Despite this, few studies have identified physiological drivers
behind range variation or assessed how these mechanisms may affect species distributions (Gaston and Spicer, 2001; Pither, 2003; Calosi et al., 2010; Slatyer et al.,
2013). It is thought that several ecological and evolutionary processes may drive
range size variation, including interspecific differences in evolutionary age, dispersal ability and fundamental niche breadth (Gaston, 2003). The niche breadth
hypothesis predicts that species with broad fundamental niches have larger range
sizes (Brown, 1984; Gaston and Spicer, 2001), as broader variation in physiological traits may have enabled the exploitation of spatially and temporally variable
environments and facilitated range expansion (Sunday et al., 2012).
Generally, seasonal temperature variation is low at the equator and increases towards higher latitudes, so widespread species are predicted to experience greater
micro- and macro-climatic variability and therefore may be able to withstand
greater temperature extremes than southern endemics (Addo-Bediako et al., 2000b;
Calosi et al., 2010; Sunday et al., 2011b). Temperature can affect all life functions from changes in the rates of biochemical and physiological processes to the
stability of biomolecules (Hoffmann, 1984; Prosser, 1991; Hochachka and Somero,
2016). Therefore, an ability to cope with a range of temperatures is deemed highly
beneficial for expanding species and generalists but may come at a cost, with energetic trade-offs. Rapoport’s rule also states that species at lower latitudes have
smaller distributional ranges allowing the coexistence of more species (Stevens,
1989; Gaston et al., 1998; Bozinovic et al., 2011). One explanation for this, is
that species at lower latitudes, experience less variable climates and so may have
narrower environmental tolerances (Spicer and Gaston, 1999; Gaston and Spicer,
2001; Gaston, 2003).
The Mediterranean Basin is considered one of world’s hotspots for biodiversity
(Mittermeier et al., 1998; Médail and Quézel, 1999; Myers et al., 2000; Ribera,
2003; Abellán et al., 2005; Pérez-Bilbao et al., 2014). During the last European
ice age many species were forced back into southern refugial areas in the Mediterranean with few species expanding their ranges outside of these areas post-glacially
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(Hewitt, 2000). Aquatic beetles have a high species richness in the Mediterranean
and inhabit virtually every kind of fresh and brackish water habitat (Ribera, 2003;
Abellán et al., 2005; Jäch and Balke, 2008; Abellán and Ribera, 2011).
Within the water beetles, the genus Deronectes (Sharp, 1882) contains species
whose geographical ranges vary widely, from endemics known to inhabit single
mountain systems, such as D. delarouzei and D. algibensis, to intermediate ranging species such as D. hispanicus and D. bicostatus, to wide ranging species, such
as D. latus, whose distribution extends over much of Europe (Fery and Brancucci,
1997; Fery and Hosseinie, 1998). Previous work on Deronectes, found that thermal physiology was strongly related to latitudinal range size and position (Calosi
et al., 2010). Further work by Hidalgo-Galiana et al. (2014b) used phylogenetics and ecological niche modelling on Agabus brunneus finding that the species
evolved a wider tolerance to the cold, potentially facilitating its geographic expansion. Proteomic work by the same group also found that A. ramblae expressed
proteins relating to thermal response and stress differentially between 4 and 27
◦
C treatments (Hidalgo-Galiana et al., 2014a). Temperature may therefore effect
latitudinal range parameters indirectly through altering protein expression and in
turn metabolism. Despite this, the energetic pathways involved in temperature
tolerance at a cellular level remain poorly studied.
As thermal tolerance relies on an organism’s ability to maintain cellular function under stress, thermally tolerant species may also be expected to show higher
metabolic plasticity (Hoffmann, 1984; Prosser, 1991; Pörtner, 2002; Hochachka
and Somero, 2016). Metabolic plasticity is defined as the ability of an organism
to temporally alter its metabolic status to changes in the environment. Metabolic
adjustments in response to variations in temperature are especially critical for
aquatic ectotherms, such as diving beetles, as their body temperatures fluctuate across the entire range of their habitat temperatures (Sokolova and Pörtner,
2003). For example, Antarctic fish held above their optimal temperature range
switched from using mainly carbohydrate (glucose and glycogen) to lipid and then
finally protein metabolism for cellular processes (Pörtner, 2002). Other studies
on marine gastropods found that sub-lethal elevations in temperature led to the
accumulation of ‘end-product’ metabolites (L-lactate and succinate) with adenylate energy charge remaining stable but ATP content declining under elevated
temperature (Melatunan et al., 2011). This indicates an increased reliance on
anaerobic metabolism with temperature when using carbohydrates as the energy
source (Melatunan et al., 2011).
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In insects, although thermal tolerance has been assessed through acclimation ability, lethal limits and changes in metabolic rate (Calosi et al., 2008a,b; Gray, 2013;
Lehmann et al., 2015), only recently has work begun to assess the effect of energy supply on thermal tolerance and changes in metabolism or energy supply
with low temperatures (Andersen et al., 2010; MacMillan et al., 2012; Colinet and
Renault, 2014; Foray et al., 2014). However, changes in energy metabolism in response to temperature have only recently begun to be explored in these organisms
(Hidalgo-Galiana et al., 2016). Although metabolic trait plasticity may be vital in
widespread, more northerly distributed species, thermal tolerance has been shown
to be important in Deronectes distribution, and despite the clear importance of
plasticity in maintaining cellular processes under thermal stress, no work has explored whether a relationship exists between metabolic plasticity and latitudinal
range size or position. Here, changes in metabolism and energy supply will be assessed across a range of upper sub-lethal temperatures and to investigate whether
a relationship exists between metabolic plasticity and latitudinal range. This will
be done using nine closely-related species of Deronectes diving beetle which differ
in geographical range size and position, taking into account their phylogenetic
history.
The work described in this chapter aimed to:
1. Compare changes in metabolism and energy supply in response to upper
sub-lethal temperatures in Deronectes;
2. Assess whether there are any relationships between metabolic plasticity and
latitudinal range extent or central position in Deronectes;
3. Investigate whether phylogeny plays a role in mediating the relationship
between metabolic plasticity and latitudinal range extent or central position
in Deronectes; and
4. Establish the evolutionary mode of metabolic trait variation in Deronectes.

177

6. Metabolic plasticity and range size

6.2

Materials and methods

Species distribution, phylogeny and collection
Data on Deronectes species distributions were collected and mapped, calculating
latitudinal range extent and central position as described in Chapter 4 Section
4.2. Deronectes phylogeny was also obtained, compiled and edited as detailed in
Chapter 4 Section 4.2. Using this information, adult Deronectes of eight species
were sampled as in Chapter 4 Section 4.2 (Fig. 6.2). Given the largely allopatric
occurrence of many species and the differences in latitudinal range position, it
was not possible to sample all taxa from the same latitude (Calosi et al., 2010)
or to sample all species from different latitudes across their ranges. It is therefore
assumed that the genetic ability to regulate metabolic plasticity is homogeneous
across the species range. After collection animals were transported back to the
laboratory (max. 4 d) as described in Chapter 2 Section 2.2.

Husbandry and sample preparation
Animals were maintained and water quality monitored as described in Chapter
2 Sections 2.3 and 2.4. After acclimation, individuals were transferred into 1
L snap-lock plastic containers (15 ◦ C, pH 7.7, 2 cm head space) and thermally
ramped as detailed in Chapter 2 Section 2.6.

Metabolite and enzyme assays
Metabolic traits assessed included ATP content, L-lactate dehydrogenase activity,
L-lactate, succinate, protein, soluble carbohydrates (glucose), glycogen and total
lipids. These parameters were measured as proxies of energetic status, capacity
for anaerobic metabolism and energy stores. These assays were carried out using
the methods described in Chapter 2 Sections 2.7.1 to 2.7.4. Due to lower numbers of individuals collected for some species, not all species were used for every
assay.
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Medium

D. semirufus (Germar, 1844)

8.0

9.5
41.50

40.75

42.00

Italy, North Appennines

3

67

Site 3: Spain, Betic chain
Spain, Central chain

56

Site 1: Spain, Betic chain
Site 2: Spain, Betic chain

June 2014

June 2014

June 2014

October 2013
September 2014
September 2013
June 2014

September 2013
June 2014

June 2014

September 2013

July 2013
June 2014

August 2014
August 2014

July 2014

Collection date

A. Milan, F. Picazo & S.
Guareschi
D. Bilton & R. Cioffi
A. Milan, F. Picazo & S.
Guareschi
S. Routledge & G. Foster
G. Foster
D. Bilton & R. Cioffi
A. Milan, F. Picazo & S.
Guareschi
A. Milan, F. Picazo & S.
Guareschi
A. Milan, F. Picazo & S.
Guareschi
D. Bilton

I. Ribera & D. Garcia
I. Ribera, A. Cieslak
& J. Fresneda
D. Bilton & R. Cioffi

D. Bilton
D. Bilton

D. Bilton

Collector

LRE and LRCP denote latitudinal range extent and central position respectively. Number of individuals sampled (n), sample site location, date and collector reported for June September 2013 and 2014.

Medium

D. opatrinus (Germar, 1824)

1.0

Medium

40
19

33

39

24
41

43
56

17

n

17
44
17
36

Scotland, Dumfries

29.5

Wide

53.75

Site 1: Spain, Betic chain

Pyrenees
Pyrenees
Pyrenees
Betic chain

D. latus
(Stephens, 1829)
D. moestus
(Fairmaire, 1858)

39.75

Spain,
Spain,
Spain,
Spain,

Spain, Central Chain
Spain, Cantabrian Chain

Spain, Betic Chain

Location

Site 2: Spain, Betic chain
Site 3: Spain, Betic chain

8.5

Medium

37.50

24.75

41.75
42.65

37.50

LRCP

(Rosenhauer, 1856)

1.0

1.5

Narrow

Narrow

2.5
0.3

Narrow

D. depressicollis
(Rosenhauer, 1856)
D. hispanicus

13

Wide

D. aubei sanfillippoi
(Fery & Brancucci, 1997)
D. bicostatus (Schaum, 1864)
D. costipennis gignouxi (Fery
& Brancucci, 1989)
D. delarouzei
(Jacquelin du Val, 1857)

LRE

Relative
range size

Species

Table 6.1: The relative range size, latitudinal range extent and central position of Deronectes species sampled for metabolic work.
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Avoidance behaviour and mortality
Avoidance behaviour and mortality were recorded for a subset of Deronectes
species to indicate whether the thermal stress experienced was sufficient to induce
avoidance behaviours, such as crawling out of the water or flying, and whether this
occurred at higher temperatures in wider ranging species known to have higher
thermal tolerance. After thermal ramping, the percentage of individuals tested
clinging to the underside of the lid were recorded as exhibiting avoidance behaviour
and the percentage of individuals dead after thermal ramping were recorded as
the percentage mortality per treatment. Dead individuals were not used for assays
as there was no way of knowing how long these individuals had been dead for or
how the metabolism would have been affected.

Statistical analyses
Adenosine triphopshate
To test for differences in adenosine triphopshate (ATP) content in individuals
which were ramped or held at 15 ◦ C, an ANOVA was run for each species on
log-transformed ATP content taking into account acclimation time, year, site,
standard or reagent used, day measured and temperature treatment. There were
no effects of acclimation time, year, site, standard or reagent used, or the day
measured in ATP content nor any differences between ATP content in individuals
ramped or held at 15 ◦ C (F < 3.276, p > 0.087). To test whether ATP content
differed between temperature treatments or species an ANOVA with Tukey’s Honest Significant Differences (HSD) post-hoc test was run. Non-significant variables
were removed and the minimum adequate model (MAM) rerun with interactions
included between all terms.

‘End-product’ metabolites and enzymes
L-Lactate content between years and sites was assessed in D. moestus, D. hispanicus, D. delarouzei and D. latus using Wilcoxon rank sum tests with continuity
correction, as the data did not meet assumptions for normality or homogeneity
despite square-root and log-transformations. Differences were found in L-lactate
content between sites 1 and 2 in D. moestus sampled in 2013 (W = 90, p <
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0.005), and between D. moestus sites sampled in 2013 and 2014 (site 1: W =
54.5, p < 0.005; site 2: W = 177, p < 0.005), so the data were treated separately. In D. delarouzei and D. hispanicus L-lactate content was also significantly
different between years so the data were treated separately (D. delarouzei W =
61, p < 0.005; D. hispanicus W = 165, p = 0.005). An ANOVA was run to test
whether the temperature treatment, species, year collected or acclimation time
affected L-lactate content in Deronectes. As year and acclimation time did not
affect Deronectes, L-lactate content (p > 0.05) these variables were removed and
the MAM rerun with interactions included between terms. Although the residuals violated the ANOVAs assumption of normality, ANOVAs are conservative so
any significant differences would only become more significant with a better fitting
model. To test whether succinate content changed significantly with temperature,
a Wilcoxon rank sum test with continuity correction was applied as the 15 ◦ C data
were not normally distributed despite square-root and log10 -transformations. Due
to a number of constraints described in Chapter 2 Section 2.7.3, succinate was
only measured in D. delarouzei after 15 ◦ C and 25 ◦ C temperature treatments.
L-Lactate dehydrogenase activity was measured as the amount of NADH oxidised min−1 mg−1 beetle was assessed in D. latus across the range of temperature
treatments using an ANOVA.

Protein content
To test whether temperature treatment, species or acclimation time affected logtransformed protein in Deronectes species, ANOVAs with Tukey HSD post-hoc
tests were run. Acclimation time was removed as it did not affect ANOVA results
and the MAM rerun, with interactions included between terms. Although the
residuals violated the ANOVAs assumption of normality, ANOVAs are conservative so any significant differences found would only become more significant with
a better fitting model.

Energy storage molecules
To test whether the temperature treatment, species or acclimation time affected
log-transformed glycogen, lipid or glucose content in Deronectes species, ANOVAs
with Tukey HSD post-hoc tests were run. Energy storage molecules were measured
in individuals collected in 2014 so year did not need to be taken into account in
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statistical analysis. Acclimation time was removed as it did not affect ANOVA results and the MAM rerun, with interactions included between terms. Although in
some cases the residuals violated the ANOVAs assumption of normality, ANOVAs
are conservative so any significant differences would only become more significant
with a better fitting model.

Avoidance behaviour and mortality
Avoidance behaviour and mortality were recorded for a subset of Deronectes
species to indicate whether the thermal stress experienced was sufficient to induce avoidance behaviour and whether this occurred at high temperatures in
wider ranging species known to have higher thermal tolerance. To assess whether
differences in avoidance behaviour or mortality occurred between temperature
treatments or species ANOVAs with Tukey HSD post-hoc tests were run, with
interactions included between terms. The ANOVAs residuals met assumptions
for normality and homogeneity.

Relationships between metabolic variables
To test for relationships between mean metabolic variables at species level, Spearman’s rank correlations were run to account for the fact that not all of the variables
were normally distributed. As animals were prepared differently for energy storage molecule assays, individual level Spearman’s correlations were run on ATP
versus L-lactate and then between energy storage molecules.

Relationships between metabolic variables and distributional range
Mean data were used to test whether metabolic trait variation was associated
with differences in variation in latitudinal range extent (LRE) or central position
(LRCP). Metabolic trait plasticity was calculated as the absolute highest value
minus the absolute lowest value recorded for each species irrespective of temperature. To test for phylogenetic effects, the phylogram was compared against species
traits using phylogenetic generalized least-squares regression models (‘caper’ package; see Section 2.7.4 for more information). Maximum-likelihood estimations of
lambda, which measure the degree to which phylogeny predicts the pattern of covariance among species were zero for all parameters indicating that phylogenetic
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correction was not required (Pagel, 1998). However, to take into account even a
low phylogenetic signal phylogenetic independent contrasts (‘ape’ package) were
also generated from a phylogeny based on four mtDNA genes and one nuclear gene
(García-Vázquez et al., 2016) as recommended by Hernandez et al. (2013).
Due to a low degree of freedom affecting the number of variables which could be
included in the regression models, principal component analysis (prcomp; ‘stats’
package) was applied to untransformed data and independent contrasts. The
principal component (PC) scores from the first three PCs explaining > 80%
metabolic trait variation (plasticity) were used in linear regressions to predict
log-transformed LRE and LRCP and in Spearman’s rank correlation matrices to
investigate potential metabolic trade-offs. Loading values for these PCs over 50%
were deemed strong correlations and used to interpret the regression data. In
each analysis, models were constructed using all variable combinations and model
selection was based on Akaike’s Information Criterion values corrected for sample
size and the number of parameters (AICc; ‘AICcmodavg’ package). AICc calculates the relative likelihood of a model given the data and the fitted model scaled
to one (Burnham and Anderson, 2002; Freckleton et al., 2002). Selecting models
using AICc and AICc weights reduces the problems associated with multiple testing, co-linearity of explanatory variables and low numbers of species or variables
(Burnham and Anderson, 2002). Bayesian Information Criterion (BIC) values
were used to take into account n and K as although AICc is more stringent and
shows which of the models best describe the data, BIC asks of these models which
is the best one. Permutation testing was also performed on best model fits using
2-tailed tests of regression coefficients (lmorigin; ‘ape’ package).

Conditions and caveats
The number of individuals studied per species ranged from 13 in Deronectes depressicollis to 92 in D. moestus. To test whether sample size might effect the
results, Spearman’s rank correlations were run on mean data. No significant
correlations were found between the number of individuals of each species examined and metabolic parameters measured (Z 11 > -0.132, p > 0.150). Normality
and homogeneity were assessed visually or quantitatively using Shapiro-Wilks and
Levene’s tests respectively. Manual multiple comparison’s p-values were adjusted
using Holm’s sequential Bonferroni method (Holm 1979). All tests were performed
in R (v.3.5) and significance was set at p ≤ 0.05.
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6.3

Results

Microcosm parameters
Physicochemical parameters including temperature, pH, salinity, nitrates [NO3 − ]
and dissolved oxygen adjusted for temperature (DO) were measured before and
after thermal ramping to monitor water conditions and to ensure that water chemistry was not stressful during acclimation or ramping (Table 6.2). Pre-ramping
data were slightly different from the 15 ◦ C treatment parameters as the water had
warmed and been oxygenated during transport from the controlled-temperature
room to the experimental set-up. At the higher temperature treatments (30 ◦ C
and 35 ◦ C) DO measured in mg L−1 and as a percentage were considerably lower
than at 15 ◦ C (Table 6.2). This decline in DO could indicate that the beetles
exposed to these treatments were increasingly using DO with temperature.
Table 6.2: Physicochemical parameters of artificial pond water pre- and postramping
Pre-ramping (◦ C)
‘15’
Temperature (◦ C)
pH
DO (%)
DO (mg L−1 )
Salinity (ppt)
NO3 − (mg L−1 )

15.4±0.1
8.1±0.0
98.8±3.6
9.8±0.4
0.1±0.0
0.0±0.0

Post-ramping temperature treatment (◦ C)
‘15’
‘20’
‘25’
‘30’
‘35’
15.0±0.1
7.7±0.1
77.9 ±7.6
7.9 ±0.2
0.0±0.0
0.0±0.0

21.1±0.3
7.5±0.1
81.5±1.9
6.6±0.1
0.0±0.0
0.0±0.0

24.8±0.2
7.4±0.1
78.4±2.4
6.0±0.2
0.0±0.0
0.0±0.0

28.4±0.1
7.4±0.04
67.0±7.2
5.3±0.2
0.0±0.0
0.0±0.0

33.2±0.2
7.4±0.0
66.2±2.4
4.4±0.1
0.0±0.0
0.0±0.0

Mean ± SEM presented. Dissolved oxygen reported as ‘DO’ and nitrates specified as NO3

−

.

ATP content
ATP content differed significantly between species and overall between temperatures (F 10 = 26.554, p < 0.001, and F 1 = 24.376, p < 0.001 respectively; not all
significances are shown in Fig. 6.1 to avoid confusion due to the different number
of treatments per species). Of the species exposed to all five temperature treatments, D. hispanicus collected in 2013 had significantly higher ATP content than
D. moestus, D. opatrinus and D. latus (Fig. 6.1). In the species exposed to four
temperature treatments, there were no significant differences between species. In
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the species exposed to two temperature treatments, D. delarouzei collected in
2013 had significantly higher ATP content than D. aubei sanfillippoi (p < 0.05;
Fig. 6.1). Between temperature treatments, individuals exposed to the 15 ◦ C
treatment had significantly higher ATP content overall than those exposed to 20
◦
C, 25 ◦ C or 30 ◦ C treatments. Individuals exposed to the 35 ◦ C treatment also
had significantly higher ATP content than those exposed to 20 ◦ C and 30 ◦ C treatments (p < 0.05). No interaction was reported between temperature and species
(F 10 = 0.853, p = 0.578).
In terms of metabolic plasticity, species such as D. moestus and D. latus, maintained ATP content under elevated temperature stress, most likely through buffering by ADP and AMP to maintain adenylate energy charge ratios. Within species,
the only significant differences were between ATP content in individuals exposed
to 30 ◦ C and 35 ◦ C treatments in D. hispanicus collected in 2013. Species such as
D. depressicollis, D. delarouzei and D. hispanicus collected in 2014, and D. opatrinus also had much lower ATP content than the other species assessed, which
could suggest that they may have been moribund prior to freezing. ATP content
was variable within and between species with large error bars, e.g. D. hispanicus
in the 35 ◦ C treatment (Fig. 6.1). There was also no clear trend in ATP content
with latitudinal range size. Significant differences were found between ATP content between years in D. delarouzei and D. hispanicus so these data are presented
separately for these species (see Fig. 6.1).

‘End-product’ metabolites and enzymes
L-Lactate content differed significantly between species, with no overall difference
between temperature treatments (F 12 = 26.459, p < 0.001, and F 1 = 0.880, p =
0.349 respectively; Fig. 6.2). However, there was a significant interaction between
temperature and species (F 12 = 7.769, p < 0.001). D. delarouzei collected in
2014, D. moestus, D. bicostatus, D. aubei sanfillippoi, D. opatrinus, D. costipennis
gignouxi and D. hispanicus collected in 2014 have higher L-lactate content than
the other species (listed here from highest to lowest L-lactate content). D. moestus
collected from site 1 in 2013 had the lowest L-lactate content of all the species.
Within species, L-lactate content was significantly lower at 30 ◦ C than 15 ◦ C
in D. costipennis gignouxi, D. moestus collected in 2014 and D. bicostatus (Fig.
6.2). However, D. hispanicus collected in 2014 showed the opposite pattern, with
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Figure 6.1: Species comparison of ATP content (mmol mg-1 beetle) in Deronectes after being ramped from 15 ◦ C to 20 ◦ C, 25
◦
C, 30 ◦ C and 35 ◦ C at 0.25 ◦ C min-1 , and held at temperature for 24 h. Species are listed from narrow to wide latitudinal range
extent from left to right. Species codes represent; D. costipennis gignouxi (cos), D. moestus (mo), D. depressicollis (dep), D.
delarouzei (del) collected in 2013 and 2014, D. bicostatus (bic), D. hispanicus (his) collected 2013 and 2014, D. opatrinus (op), D.
aubei sanfillippoi (aub) and D. latus (lat). Barplots show mean ± SEM, with letters above bars indicating significant differences
within species (D = different from 30 ◦ C, and E = different from 35 ◦ C; p ≤ 0.05), and sample sizes reported below bars.
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significant higher L-lactate content found at 30 ◦ C than 15 ◦ C. This indicates
that species may be using different energetic strategies, with elevated L-lactate
content indicating higher utilisation of glycolysis under thermal stress. Significant
differences were also found in L-lactate content between sites and years in D.
moestus, and between years in D. delarouzei and D. hispanicus so these data are
presented separately (Fig. 6.2). Where L-lactate content differed within species
between years, L-lactate content in individuals collected in 2014 were significantly
higher than in those collected in 2013 (F = 24.256, p < 0.001). There was no
clear trend in L-lactate content with latitudinal range size.
Succinate content did not differ between 15 ◦ C and 25 ◦ C treatments in D. delarouzei (W = 76.5, p = 0.538; Fig. 6.3). This indicates that D. delarouzei were
utilising aerobic pathways at 25 ◦ C. Although to the authors knowledge no studies
have measured succinate in insects, work in the periwinkle Littorina littorea also
found that succinate content did not increase in individuals exposed to elevated
temperature (21 ◦ C). There were also no differences found in L-lactate dehydrogenase activity with elevated temperature in D. latus (F = 0.081, p = 0.778;
Fig. 6.4). These results corroborate the succinate and L-lactate data collected for
D. delarouzei and D. latus, which indicate that neither species utilised anaerobic
pathways under elevated sub-lethal temperature treatments.

Protein content
Protein content differed significantly between species and temperature treatments,
with a significant interaction found (F 7 = 23.639, p < 0.001; F 1 = 24.229, p <
0.001; and F 7 = 5.317, p < 0.001 respectively; Fig. 6.6). D. opatrinus and D.
latus had significantly higher protein content than all species measured, with the
exception of D. bicostatus (Fig. 6.6). D. delarouzei also had significantly lower
protein content than all other species assessed. Between temperature treatments,
protein content was significantly higher in the 15 ◦ C treatment than the 25 ◦ C or 30
◦
C treatments, and protein content in individuals exposed to the 20 ◦ C treatment
was significantly higher than in the 30 ◦ C treatment. Within species, protein
content was also significantly lower at elevated temperatures in D. costipennis
gignouxi and D. bicostatus (Fig. 6.6). There was no clear trend in protein content
with latitudinal range size. Protein content in D. depressicollis and D. hispanicus
also declined with temperature but this was not considered significant. When

187

6. Metabolic plasticity and range size

Figure 6.2: Species comparison of L-lactate content (µmol mg-1 beetle) in Deronectes after being ramped from 15 ◦ C to 20 ◦ C, 25
◦
C, 30 ◦ C or 35 ◦ C at 0.25 ◦ C min-1 , and held at temperature for 24 h. Species are listed from narrow to wide latitudinal range
extent from left to right. Species codes represent; D. costipennis gignouxi (cos), D. moestus (mo) from 2 sites collected in 2013,
and one site from 2014, D. depressicollis (dep), D. delarouzei (del) collected in 2013 and 2014, D. bicostatus (bic), D. hispanicus
(his) collected in 2013 and 2014, D. opatrinus (op), D. aubei sanfillippoi (aub) and D. latus (lat). Barplots show mean ± SEM,
with letters above bars indicating significant differences between species (A = different from 15 ◦ C, B = different from 20 ◦ C, C
= different from 25 ◦ C, and D = different from 30 ◦ C; p ≤ 0.05), and sample sizes reported below bars.
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Figure 6.3: Species comparison of succinate content (nmol mg-1 beetle) in
Deronectes delarouzei after being held at 15 ◦ C or ramped from 15 ◦ C to 25
◦
C at 0.25 ◦ C min-1 for 24 h. Barplots show mean ± SEM, with no significant
differences found (p > 0.05) and sample sizes reported below bars.
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Figure 6.4: Species comparison of L-lactate dehydrogenase activity (nmol mg-1
beetle) in Deronectes latus after being ramped from 15 ◦ C to 20 ◦ C, 25 ◦ C or 30
◦
C at 0.25 ◦ C min-1 , and held at temperature for 24 h. Barplots show mean ±
SEM, with no significant differences found (p > 0.05) and sample sizes reported
below bars.
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protein content was correlated with body mass, a significant positive correlation
was found between the two (F 167 = 221.1, p < 0.001, r 2 = 0.57; Fig. 6.5)

Figure 6.5: Correlation of protein (mg per volume of beetle extract) against beetle
weight (mg) in Deronectes.

Glucose content
Glucose content varied widely between species (F 7 = 41.450, p < 0.001), with the
widest ranging species, D. latus, having significantly higher glucose content than
the other species assessed (Fig. 6.7). There was also a significant effect of temperature on glucose content, with animals in the 15 ◦ C treatment having higher
glucose content than those in the 30 ◦ C treatment (F 1 = 4.343, p = 0.038; Fig.
6.7). Although not significant, glucose content decreased with elevated temperature in all species except D. depressicollis. This indicates that beetles are using
glucose for aerobic metabolism but that they may also be able to buffer glucose
levels, for example by breaking down glycogen (Fig. 6.7). There was no significant
interaction between temperature and species (F 7 = 0.976, p = 0.451).

Glycogen content
Species-specific differences were found in glycogen content (F 7 = 3.626, p = 0.001),
with D. bicostatus having significantly higher glycogen content than D. moestus,
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Figure 6.6: Species comparison of protein content (µg mg-1 beetle) in Deronectes after being ramped from 15 ◦ C to 20 ◦ C, 25 ◦ C,
or 30 ◦ C at 0.25 ◦ C min-1 , and held at temperature for 24 h. Species are listed from narrow to wide latitudinal range extent from
left to right. Species codes represent; D. costipennis gignouxi (cos), D. moestus (mo), D. depressicollis (dep), D. delarouzei (del),
D. bicostatus (bic), D. hispanicus (his), D. opatrinus (op) and D. latus (lat). Barplots show mean ± SEM, with letters above
bars indicating significant differences between species (A = different from 15 ◦ C, B = different from 20 ◦ C, C = different from 25
◦
C, and D = different from 30 ◦ C; p ≤ 0.05), and sample sizes reported below bars.
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Figure 6.7: Species comparison of glucose content (µg mg-1 beetle) in Deronectes after being ramped from 15 ◦ C to 20 ◦ C, 25 ◦ C,
or 30◦ C at 0.25 ◦ C min-1 , and held at temperature for 24 h. Species are listed from narrow to wide latitudinal range extent from
left to right. Species codes represent; D. costipennis gignouxi (cos), D. moestus (mo), D. depressicollis (dep), D. delarouzei (del),
D. bicostatus (bic), D. hispanicus (his), D. opatrinus (op) and D. latus (lat). Barplots show mean ± SEM, with no significant
differences found between species (p > 0.05), and sample sizes reported below bars.
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D. opatrinus and D. latus (Fig. 6.8). A significant interaction was found between temperature and species (F 7 = 2.802, p = 0.009), however no differences
were present after post-hoc tests in glycogen content between temperature treatments, nor across latitudinal range size (Fig. 6.8). In narrow ranging species, e.g.
D. delarouzei, glycogen content tended to increase with temperature whereas in
wider ranging species, e.g. D. latus, glycogen content appeared to decrease with
temperature, a trend which could be further investigated.

Lipid content
Species differed significantly in their lipid content but temperature had no effect on
lipid content (F 7 = 45.667, p < 0.001, and F 1 = 1.198, p = 0.276 respectively; Fig.
6.9). Between species, D. latus had higher lipid content than all other species. D.
depressicollis was in second with significantly higher lipid content than all species
except D. latus (Fig. 6.9). There was a significant interaction between species
and temperature (F 7 = 8.942, p < 0.01). Overall lipid content tended to increase
with latitudinal range size, with the exception of D. depressicollis at 25 ◦ C.

Avoidance behaviour and mortality
Although conducted on a subset of species, it is noteworthy that increased avoidance behaviour and mortality were observed with elevated temperature, with peak
avoidance behaviours occurring at higher temperatures in wider ranging species
(Fig. 6.10). Despite the observed pattern, no significant differences were found in
avoidance behaviour between species or temperature treatments, and there was
no interaction between the two (F 3 = 1.423, p = 0.284; F 1 < 2.011, p > 0.182;
and F 3 = 0.762, p = 0.537 respectively). Mortality increased with elevated temperature, which although significant in the ANOVA (F 1 = 6.030, p = 0.030), was
not significant after a Tukey HSD post-hoc test. Mortality was not found to differ
significantly between species and no interactions were found (F 3 = 1.221, p =
0.344; and F 3 < 1.910, p > 0.182 respectively).
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Figure 6.8: Species comparison of glycogen content (µg mg-1 beetle) in Deronectes after being ramped from 15 ◦ C to 20 ◦ C, 25 ◦ C,
or 30 ◦ C at 0.25 ◦ C min-1 , and held at temperature for 24 h. Species are listed from narrow to wide latitudinal range extent from
left to right. Species codes represent; D. costipennis gignouxi (cos), D. moestus (mo), D. depressicollis (dep), D. delarouzei (del),
D. bicostatus (bic), D. hispanicus (his), D. opatrinus (op) and D. latus (lat). Barplots show mean ± SEM, with no significant
differences found (p > 0.05), and sample sizes reported below bars.
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Figure 6.9: Species comparison of lipid content (µg mg-1 beetle) in Deronectes after being ramped from 15 ◦ C to 20 ◦ C, 25 ◦ C, or
30 ◦ C at 0.25 ◦ C min-1 , and held at temperature for 24 h. Species are listed from narrow to wide latitudinal range extent from left
to right. Species codes represent; D. costipennis gignouxi (cos), D. moestus (mo), D. depressicollis (dep), D. delarouzei (del), D.
bicostatus (bic), D. hispanicus (his), D. opatrinus (op) and D. latus (lat). Barplots show mean ± SEM, with letters above bars
indicating significant differences between species (A = different from 15 ◦ C, B = different from 20 ◦ C, and C = different from 25
◦
C; p ≤ 0.05), and sample sizes reported below bars.
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Figure 6.10: Avoidance behaviour and mortality at elevated sub-lethal temperatures in a subset of Deronectes species sampled in 2013, reported as a percentage
of the total number of individuals in the treatment. Species listed from narrow
to wide latitudinal range extent from left to right. Species codes represent; D.
moestus (mo) collected from sites 1 and 2, D. hispanicus (his), and D. latus (lat).
Barplots show mean, with sample sizes reported below bars.

Relationships between metabolic variables
When metabolic traits were correlated at species level, positive correlations were
found between ATP and glycogen content (r = 0.82, p = 0.034), and between
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lipid and glucose content (r = 0.93, p < 0.01; Fig. 6.11). The correlations indicated that when animals are not thermally stressed lipid and glycogen stores
are accumulated, glucose is used for metabolism and ATP is high, and that these
are affected concomitantly under thermal stress. At an individual level, protein
and glucose content were positively correlated, suggesting that more heavily proteinised beetles may require higher glucose content perhaps for locomotion (r =
0.53, p < 0.01). No other species level correlations were significant.

Figure 6.11: Correlation matrix of species level metabolic traits including ∆ATP,
∆L-lactate, ∆protein, ∆glucose, ∆glycogen and ∆lipid content in Deronectes.
Coloured circles denote species; D. bicostatus (yellow), D. costipennis gignouxi
(brown), D. delarouzei (light orange), D. depressicollis (dark orange), D. hispanicus blue, D. latus (grey) and D. moestus (red). Lower diagonal shows data points
and upper diagonal shows Spearman’s correlation coefficients (r) and p-values.
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Relationships between metabolic variables and range
Exploration of the data with principal component analysis (PCA) revealed that
three principal components (PCs) explained over 80% of the metabolic trait variation (plasticity) and that the incorporation of phylogeny altered which metabolic
traits explain the most variance (Fig. 6.12 A, B). Group specific clusters indicated
that changes in lipid and glycogen content described most of the variability in the
opatrinus group (shown by the blue oval in Fig. 6.12 C). Changes in L-lactate
and protein content clustered together indicating that there may be factors influencing both variables (Fig. 6.12 C). Accounting for phylogeny appeared to alter
the contribution of lipid and glycogen content to the principal components (Fig.
6.12 B, D).

Figure 6.12: Principal component analysis of metabolic traits including ATP, Llactate, protein, glucose, glycogen and lipid content in Deronectes. Scree plots
show the percentage variation explained by each component on untransformed
data (A) and independent contrasts (B). Biplots show principal components for
metabolic traits calculated on untransformed data (C) and independent contrasts
(D). The circles represent each species and and the colour of the circles in C
represent the species’ group.
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The first principal component (PC1) explained 49.2% of metabolic trait variance
and with phylogeny taken into account 50.0% of metabolic trait variance (Fig. 6.12
and Table 6.3). This variation was mostly related to changes in ATP and L-lactate
content (ATP; 0.52 and L-lactate; -0.50), whereas changes in protein content were
most important when phylogeny was taken into account (protein; 0.52; Table
6.3). The second component (PC2) explained 24.7% of the total variance, with
33.3% of the total variance explained when phylogeny was taken into account.
This variation was related to changes in lipid and glucose content with (lipids;
0.64 and glucose; -0.60) and without phylogeny taken into account (lipids; 0.65,
glucose; -0.61; Table 6.3). The third component (PC3) explained 13.8% of the
total variance, with 0.1% of the total variance explained when phylogeny was taken
into account. This variation was related to changes in glucose content (glucose;
0.66) in untransformed data, whereas when phylogeny was taken into account this
variation was due to changes in ATP content (ATP; -0.62; Table 6.3).

Table 6.3: Principal component loadings for metabolic traits in Deronectes
Metabolic traits
PC1
PC2
PC3
% variance explained
∆ATP
∆Lactate
∆Protein
∆Glucose
∆Glycogen
∆Lipids

49.2
0.52
-0.50
-0.49
-0.15
-0.41
-0.21

24.7
-0.04
0.16
0.07
-0.61
-0.42
-0.65

13.8
<0.01
0.25
-0.48
0.67
-0.21
-0.47

Independent contrasts
% variance explained
∆ATP
∆Lactate
∆Protein
∆Glucose
∆Glycogen
∆Lipids

50.0
-0.46
0.49
0.52
0.17
0.47
-0.15

0.33
-0.24
0.26
0.16
-0.60
-0.27
0.64

0.10
-0.62
-0.20
0.41
0.48
0.02
0.42

Parameters deemed are highlighted in bold (> 0.50 or < -0.50).
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The best models for latitudinal range extent (LRE) and central position (LRCP)
contained PC3 with the exception of LRCP with phylogenetic correction where
the best model contained PC1 (Fig. 6.4). Of these models only model 2 predicting LRCP was significant, with model 6 predicting LRCP from contrasts approaching significance (p = 0.04 and p = 0.07 respectively; Fig. 6.5). The third
principal component (PC3) was most strongly influenced by changes in glucose
content whereas PC1 was most affected by changes in protein content (Fig. 6.3).
Maximum likelihood estimates for PC3 and PC1 were negative, suggesting that
southerly species may have more marked changes in glucose and protein content
than their more wide-ranging counterparts (Fig. 6.5).

Table 6.4: Model selection to estimate metabolic traits influencing latitudinal
range extent and position in Deronectes (∆AIC < 1).
Model

K

AICc

∆AICc AICc weight

BIC

Latitudinal range extent
1. PC3

3

20.45

0.00

0.55

12.29

Latitudinal range central position
2. PC3
3
-5.48

0.00

0.91

-13.64

Latitudinal range extent (independent contrasts)
3. PC3
3
10.91
0.00
4. PC1
3
11.01
0.10
5. PC2
3
11.06
0.14

0.35
0.33
0.32

-1.71
-1.61
-1.57

Latitudinal range central position (independent contrasts)
6. PC1
3
-11.21 0.00 0.77

-23.83

In each case metabolic PC1, PC2 and PC3 were included as independent variables
(for loadings see Table 6.3). Latitudinal range position is the latitude of the
range centre. K = number of parameters; AICc = Akaike’s Information Criterion
corrected for n and K set at 95% confidence; AICc weight represents the likelihood
of the model given the data; BIC = Bayesian Information Criterion. Best fitting
models highlighted in bold.
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Table 6.5: Summary statistics for the best metabolic models predicting logtransformed latitudinal range extent and position on untransformed data and
phylogenetic independent contrasts in Deronectes.
Source
MLE SEM t/Coeff
p
DF F
Adj. R2 p
Latitudinal range extent
1. PC3
-0.27 0.20 -1.31

0.249 6

1.71 0.11

0.250

Latitudinal range central position
2. PC3
-0.09 0.03 -2.68

0.041 6

7.19 0.51

0.040

0.32 -0.13

0.630

Latitudinal range extent (independent contrasts)
3. PC3
-0.05
0.310 6

Latitudinal range central position (independent contrasts)
6. PC1
-0.01
0.070 6
3.34 0.28

0.141

Maximum Likelihood Estimates (MLE), standard error of the mean (SEM) and
t-values included for untransformed data and coefficients (Coeff) and permutated
p-values reported for independent contrasts. Model numbers refer to those in
Table 6.4.

Although phylogenetic signal was detected in metabolic traits using PGLS, this
was not deemed significant after Holm’s sequential Bonferroni correction (λ = 1, p
> 0.05; Fig. 6.6 and 6.7). Maximum likelihood models showed gradual evolution
occurring in all metabolic traits measured, which was significant for ATP, L-lactate
and glucose plasticity (κ = 3, p < 0.040; Fig. 6.6 and 6.7). Maximum likelihood
models also indicated that evolution was concentrated towards the base of the
tree for all metabolic traits measured, with significance found for ATP plasticity
(δ = 0.01, p < 0.040; Fig. 6.6 and 6.7).
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λ, κ & δ = 1

p = 0.856
p = 0.856
p = 0.999
p = 0.662
p = 0.842

λ = 1.00
p = 0.86
λ = 1.00
p = 0.86
λ = 1.00
p = 0.99
λ = 1.00
p = 0.49
λ = 0.00
p = 0.84
λ = 1.00
p = 0.99

λ ML model

κ = 3.00
p = 0.04
κ = 3.00
p = 0.02
κ = 3.00
p = 0.74
κ = 3.00
p = 0.04
κ = 3.00
p = 0.29
κ = 2.66
p = 0.99

κ ML model

δ = 0.01
p = 0.04
δ = 0.04
p = 0.06
δ = 0.09
p = 0.99
δ =0.04
p = 0.66
δ = 0.02
p = 0.19
δ = 0.11
p = 0.99

δ ML model

Table 6.6: Phylogenetic metabolic trait analysis showing trait plasticity data and maximum likelihood models for λ, κ and δ per
metabolic trait analysed against latitudinal range extent in Deronectes.
Metabolic trait
ATP plasticity
Lactate plasticity
Protein plasticity
Glucose plasticity
Glycogen plasticity
Lipid plasticity
p = 0.999

Maximum likelihood models for λ as an indicator of phylogenetic signal strength, κ as an indicator of whether evolution is gradual
or punctuational and δ as an indicator of where evolution is occurring in the tree. All p-values corrected using Holm’s sequential
Bonferroni. Significant models (p < 0.05) are highlighted in bold.
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p = 0.99

p = 0.99

p = 0.99

p = 0.71

p = 0.99

p = 0.83

λ, κ & δ = 1
λ = 0.00
p = 0.71
λ = 1.00
p = 0.99
λ = 1.00
p = 0.87
λ = 1.00
p = 0.99
λ = 0.00
p = 0.99
λ = 1.00
p = 0.99

λ ML model
κ = 3.00
p = 0.99
κ = 3.00
p = 0.99
κ = 3.00
p = 0.99
κ = 3.00
p = 0.99
κ = 3.00
p = 0.99
κ = 3.00
p = 0.99

κ ML model

δ = 1.04
p = 0.99
δ = 3.00
p = 0.99
δ = 0.41
p = 0.84
δ = 1.82
p = 0.99
δ = 0.94
p = 0.99
δ = 0.99
p = 0.99

δ ML model

Maximum likelihood models for λ as an indicator of phylogenetic signal strength, κ as an indicator of whether evolution is gradual
or punctuational and δ as an indicator of where evolution is occurring in the tree. All p-values corrected using Holm’s sequential
Bonferroni. Significant models (p < 0.05) are highlighted in bold.

Lipid plasticity

Glycogen plasticity

Glucose plasticity

Protein plasticity

Lactate plasticity

ATP plasticity

Metabolic trait

Table 6.7: Phylogenetic metabolic trait analysis showing trait plasticity data and maximum likelihood models for λ, κ and δ per
metabolic trait analysed against latitudinal range position in Deronectes.
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6.4

Discussion

Previous studies have pointed to the importance of thermal physiology in shaping geographical range size and position in animals (Addo-Bediako et al., 2000b;
Calosi et al., 2008a, 2010; Sunday et al., 2011b, 2012). However, this is the first
study to measure changes in metabolism and energy supply under elevated temperature within a genus of insects, and investigate whether metabolic plasticity
could explain temperature-dependent variation in latitudinal range. Assessing
a suite of metabolic traits within a phylogenetically and ecologically controlled
framework, species-specific metabolic responses were found with elevated temperature, with changes in glucose content best predicting latitudinal range extent
(LRE) and central position (LRCP), and changes in protein content predicting
LRCP after phylogenetic correction. Maximum-likelihood estimates suggest that
although more widespread species of Deronectes have higher glucose and protein
content, southerly species had more marked changes in glucose and protein content
under elevated temperature stress.
Metabolism is known to alter under thermal stress with glycolysis alone used
for rapid short-term metabolic responses in the absence of oxygen and oxidative
phosphorylation in combination with glycolysis used for long-lasting, sustained
metabolism. In mammals, this switch between glycolysis and oxidative phosphorylation can be induced by HIF1α, which leads to increased expression of glut-1(glucose transporter), increased glycolysis (L-lactate dehydrogenase [L-LDH] activity and succinate content) and inhibits oxidative phosphorylation. Metabolic
pathways can also be regulated by the redox ratio of NAD+ /NADH, and ATP
availability.
ATP production is a fundamental requirement for sustaining cells, providing energy for housekeeping functions, such as protein synthesis, locomotion and growth
(Seebacher et al., 2010). When the energetic demands for ATP outweigh production, as can occur under temperature stress, organisms can switch from aerobic
metabolism to unsustainable glycolysis or metabolic depression in order to increase ATP production or reduce demand (Bishop and Brand, 2000; Seibel and
Walsh, 2003; Melatunan et al., 2011). Melatunan et al. (2011) found that under elevated temperatures, ATP in the marine snail, Littorina littorea decreased
significantly in line with the adenylate energy charge (AEC) and total adenylate
nucleotides (TAN). In Deronectes, ATP content remained stable or decreased un-
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der elevated temperature, suggesting that ATP production could no longer meet
energetic demands under increasing thermal stress. Assuming ATP, AEC and
TAN are positively correlated, a drop in ATP content could represent severe consequences for an organism’s capacity for work (Melatunan et al., 2011): Such an
effect could lead to organisms being more vulnerable under combined environmental stressors.
Metabolic end-products were used in this study as indicators of anaerobic metabolism,
because although ATP content can infer metabolic suppression, lactate is associated with short term functional hypoxia and succinate with longer term environmental hypoxia (Melatunan et al., 2011). Melatunan et al. (2011) found that
higher lactate levels were found in Littorina littorea after thermal ramping from
15 ◦ C to 20 ◦ C, with no change in ATP levels. This is consistent with our findings in D. delarouxei, suggesting that increased temperatures may be leading to
the onset of anaerobic metabolism (Pörtner, 2002; Pörtner et al., 2001; Sokolova
et al., 2008; Frederich and Pörtner, 2000). Succinate levels remained unchanged,
suggesting that environmental hypoxia was not taking place and that dissolved
oxygen remained above hypoxic levels (as supported by Melatunan et al. 2011).
Kölsch et al. (2002) also found that under anaerobic conditions, the alder leaf
beetle Agelastica alni increased lactate sevenfold and reduced ATP to less than
2% of normal levels with TAN reducing by about 60%. This supports our findings
that L-lactate increases and ATP levels decrease under elevated thermal stress.
In other aquatic ectotherms, research has also shown that additional stressors,
such as metal pollution, can result in lactate accumulation and the up-regulation
of L-LDH activity, indicating a faster onset of tissue hypoxemia and anaerobic
metabolism, decreasing upper thermal limits (Sokolova and Pörtner, 2003). Although it was not possible to measure L-lactate dehydrogenase in all species in
this study, measuring thisin the future may give further insight into Deronectes
metabolic responses to temperature and enzymatic compensations for temperature in the fat body (see Das and Das (1982) and Laganà et al. (2007).
The use of energetic fuels is known to vary with temperature, with adult Drosophila
melanogaster found to recover from chill coma faster if they had been reared on
a carbohydrate-enriched diet (those reared on a protein-rich diet had higher heat
and dessication tolerance; Andersen et al. (2010). For example, under seasonal
cold stress lipid stores have been found to accumulate in insects (Egginton et al.,
2000; Arrese and Soulages, 2010), with lipid catabolism preferred over carbohydrate metabolism (Pörtner, 2002; Arrese and Soulages, 2010) and glucose used as
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a cryoprotectant (Steiner et al., 2000; Costanzo et al., 2013; Larson et al., 2014;
Larson and Barnes, 2016). However, until now the metabolic responses of narrowand wide-ranging Deronectes to elevated temperatures was unknown.
The results presented here, support previous data which found that lipid and
glucose contents were higher in wide-ranging, higher latitude species that experience higher seasonality and more variable conditions (Arrese and Soulages, 2010).
Lower latitude species may have more marked changes in glucose content with elevated temperature because unlike high-latitude species, they may not be as well
pre-adapted to using glucose as a cryoprotectant (Steiner et al., 2000; Costanzo
and Lee, 2013; Costanzo et al., 2013; Larson et al., 2014; Larson and Barnes, 2016).
The shift in metabolic substrate between lipid and carbohydrate catabolism may
explain why glycogen content increased in southerly species but decreased in more
widespread northerly distributed species (as glycogen content is rapidly reduced
under cold stress), as supported by an increase in trehalose and glucose (Goto
et al., 2001). This may also explain why glucose content was higher in widespread
species, as more northerly distributed widespread species are likely to be more
cold-adapted to cope with seasonal fluctuations in temperature.
Pörtner (2002) suggests that at higher temperatures protein content may be reduced as a result of enhanced mitochondrial densities, and that lipid stores are
likely to replace protein as a substrate. Another factor that may explain why
the protein content of Deronectes species decreased under elevated temperatures,
is that normal protein synthesis may be suppressed under heat shock. Yocum
et al. (1991) found that larvae of the gypsy moth Lymantria dispar suppressed
normal protein synthesis after exposure to 37 - 41 ◦ C, producing heat shock proteins and resuming normal protein synthesis over 96 h. Wider ranging species
also had higher protein content at 35 ◦ C, than narrow ranging organisms, suggesting that stress proteins such as heat shock proteins may be expressed more
so in higher latitude species. Indeed, Hidalgo-Galiana et al. (2016) found that
maximum temperature and seasonality were associated with changes in proteins
relating to energy metabolism in diving beetles. Protein content was also found to
explain LRCP after phylogenetic correction and as protein content was positively
correlated with body size, the data may provide evidence for Bergmann’s rule in
Deronectes. Proteins have also been reported to provide protection against heat
and cold for beetles, such as Dendroides canadensis (Wen et al., 2016). This may
further explain the higher protein content in high latitude species as they experience colder winters and more variable seasons than low latitude species.
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Initially, protein calculated the metabolites and enzymes per mg or protein, however due to assay variability metabolites and enzymes were calculated per mg of
body mass. Although protein content and body mass were positively correlated,
this has many inherent assumptions. For example, different species may have
exoskeletons that are chitinised to different degrees and therefore heavier and
proteinised to different degrees. In Chapters 3 and 4, it was also found that male
diving beetles had large testis that filled most of the body cavity, whereas females
were filled with haemolymph. These large testis would contribute to the overall
weight of the beetle but do not play a role in energy metabolism. Therefore the
volume of tissue to weight is not linear and will vary between sexes, individuals
and species. Although standardising ATP, ‘end-product’ metabolites, L-LDH and
energy storage molecules to weight instead of protein may not be the most accurate method of quantifying these traits, in the case of Deronectes this does provide
an accurate indication of what the traits would be per mg of protein. In the future, these traits should be normalised to protein content for ease of comparison
with other studies and to avoid the problems discussed above.
Species-specific differences in metabolic traits across the temperature treatments
demonstrated that species had different thermal optima, with metabolic traits
increasing, decreasing or plateauing with elevated temperature. Previous studies
found that beyond the thermal optima, whole animal aerobic scope falls, vanishing
at critically high temperatures when transition to anaerobic metabolism occurs
(Pörtner et al., 2001; Pörtner, 2002; Pörtner et al., 2006; Frederich and Pörtner,
2000). Two of the most endemic species assessed, D. costipennis gignouxi and
D. delarouzei, displayed decreased ATP, L-lactate, protein and glucose content
but increased glycogen and lipid content with increasing temperature. This may
suggest that although stressed, these species were carrying out aerobic metabolism
and accumulating energy reserves. In comparison, wider-ranging species, such as
D. hispanicus collected in 2013, may have used all available energy reserves via
aerobic respiration (as shown through the decrease in protein, glucose, glycogen
and lipid content with temperature) before switching to anaerobic metabolism at
30 ◦ C, as shown through the increase in ATP and L-lactate at 35 ◦ C.
Differences between species were also found between years in ATP, and in lipid
content, which was undetectable in some species. Although, it is still unclear
why ATP content may have differed in D. delarouzei and D. hispanicus between
sampling years, future work measuring ATP content across multiple years should
do so in multiple populations to take into account intraspecific variation. Lipid
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content may not have been detected in some species due to the preparation method
used. A paper by Christie (1993) suggested that crushing the beetles may induce
lipolysis, and that storing at -20 ◦ C, even in the short-term, may hydrolyse lipids
via lipid peroxidation, recommending that -80 to -196 ◦ C be used. Christie (1993)
further suggests that samples should be flushed with liquid nitrogen before storage
at -80 ◦ C to avoid auto-oxidation of polyunsaturated fatty acids and that when
measuring lipid content solvents should be evaporated off at temperatures no
higher than 40 ◦ C (here 90 ◦ C was used). In this case, lipids may have formed a
thin film on the inside of the Eppendorf tube used and so could not be transferred
to a well for assaying. All of the recommendations above should be taken in future
to ensure that samples are prepared appropriately for the measurement of lipid
content.
Although not taken into account in this study, gender-specific differences were
expected in metabolism under thermal stress. Das and Das (1982) showed that
female and male cockroaches had sex-specific enzyme activity, which changed
under elevated temperatures. In insects, juvenile hormone is important in the
growth and development of larvae, affecting metamorphosis, behaviour, reproduction, diapause, stress resistance and ageing (Kerkut and Gilbert, 1985; Flatt
et al., 2005). However, juvenile hormone also acts as a sex pheromone in males
coordinating the development of sexual signalling and reproductive maturity and
is important in immunity and perhaps even metabolism (Steele, 1976; Teal et al.,
2000; Rantala et al., 2003b). Juvenile hormone in the Indian meal moth, Plodia
interpunctella, not only stimulates succinate oxidation but also inhibited NADlinked oxidations in isolated insect mitochondria (Firstenberg and Silhacek, 1973).
Measuring hormonal signals such as juvenile hormone and taking into account sex
when measuring metabolic traits may further enable scientists to understand the
mechanisms underlying life-history evolution and identify potential relationships
between the metabolic and immune system.
When the results from this study were compared to those in Calosi et al. (2010),
it was found that upper thermal tolerance may relate to levels of energy storage
molecules. The most widespread species, D. latus, not only had the highest absolute upper and lower thermal tolerances but our results also showed that D.
latus has the highest glucose and lipid content of all the species measured. In contrast, the narrowest ranging species used, D. bicostatus, showed the lowest upper
thermal tolerance, the second highest absolute lower thermal tolerance and the
highest glycogen content of the species studied. Future work should include upper
208

6. Metabolic plasticity and range size

and lower thermal tolerances and thermal tolerance ranges in regression models
to assess whether these play as large a role in LRE and LRCP as posed by Calosi
et al. (2010).
At elevated temperatures, Deronectes species demonstrated strong positive relationships between ATP and glycogen content, and between lipid and glucose
content. Energy metabolism is temperature sensitive so ATP production must
meet the elevated demand of energy-consuming processes that arise with thermal stress (Seebacher et al., 2010). ATP content may be high in Deronectes when
glycogen content is elevated because energy storage molecules other than glycogen
are being used to produce glucose for glycolysis, and therefore ATP production.
Furthermore, the strong positive relationship between lipid and glucose content
suggests that lipids may be the alternative energy source being used to produce
glucose for glycolysis. Using lipids as the primary source for energy production
under elevated temperatures could be detrimental in the long term as lipid content
was low in the majority of species compared to D. latus. Evolutionary trade-offs in
thermal adaptation have been previously reported in insects (Bennett and Lenski,
1993; Huey and Kingsolver, 1993; Stillman, 2003; Dixon et al., 2009), with Calosi
et al. (2010) finding that the ability of Deronectes to tolerate heat and cold are
negatively correlated. Measuring energy storage molecules under low temperature
stress in addition to upper temperature stress, including more species within the
genus from populations across the species range, and sampling them in different
seasons would be worthy of future study.
Although not significant, range-restricted endemic species were more likely to
demonstrate avoidance behaviours at lower temperatures and if they could not
avoid the conditions, die at lower temperatures than widespread species. The
ecological implications of this are that different metabolic strategies may be implemented to enable flight behaviour, such as the storage of lipid and glycogen
observed in D. costipennis gignouxi and D. delarouzei. Mobilisation of lipids during flight has been shown in many insects (Ad et al., 1985; Ziegler and Schulz,
1986; Canavoso et al., 2003; Kaufmann and Briegel, 2004) with studies on the locust, Locusta migratoria, demonstrating the ability of flight muscles to metabolise
lipids and carbohydrates (Robinson and Goldsworthy, 1977). Calosi et al. (2010)
suggested that dispersal ability may have a limited role in shaping distribution
as the dispersal ability of Deronectes species is too similar. However, these findings suggest that although dispersal ability, measured as wing to body size, may
not differ between species, dispersal may be affected by species-specific flight be209
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haviours relating to thermal tolerance. Furthermore, dispersal limitation and the
environment experienced is different on the ground so species might not occupy
all areas predicted by thermal tolerance García-Vázquez and Ribera (2016).
A limitation of this study is that avoidance behaviours may have affected the results, as individuals which had left the water may not have experienced the treatment temperature for prescribed treatment time. This may explain why clearer
patterns are not seen across metabolic traits with increasing temperatures, as the
behavioural adjustment of flight/crawling may have enabled individuals to avoid
overly stressful conditions. If this experiment was to be rerun it would be wise to
set up tanks with minimal headspace for individuals to escape into or use video
equipment to monitor avoidance behaviour through-out the treatment time. Due
to high mortality rates at the higher temperature treatments, pseudo-replication
could also be an issue as for each temperature treatment the replicate individuals
were from one tank and ramped in a single machine. A host of work also suggests
that body size should be taken into account due to the known latitudinal clines
in body size as described by Bergmann’s and inverse Bergmann’s rules (Gillooly
et al., 2001; Blanckenhorn and Demont, 2004; Rundle et al., 2007a; Calosi et al.,
2010; Chown and Gaston, 2010; Bartheld et al., 2015; Geerts et al., 2015).
Broadly speaking, range-restricted, more southerly distributed Deronectes species
exhibited greater changes in glucose and protein content across the range of temperatures assessed than their widespread, more northerly distributed relatives. It
may be that southerly species consume glucose and protein more drastically with
temperature because they have lower energy reserves and fewer options for energetic metabolites than widespread species. Previous work on Deronectes species
found that absolute thermal tolerance range was the best predictor of LRE and
LRCP (Calosi et al., 2010). In this study, widespread species tended to have
higher energetic reserves than more southerly species, which as suggested by AddoBediako et al. (2000b) and Sunday et al. (2012), may have enabled wide-ranging
species to expand into areas with more variable thermal regimes, such as those
found at higher latitudes.
Although broader metabolic plasticity may have shaped the evolution of range
size, or vice versa, here the former explanation is supported, particularly because
the majority of the data presented are based on largely single populations and
all species were sampled from as close to the centre of their latitudinal range as
possible (Calosi et al., 2010). Greater intraspecific variation in metabolic plas210

6. Metabolic plasticity and range size

ticity may also be expected in wider-ranging species of Deronectes due to lower
local adaptation, as reported in other insect species (Huey et al., 1991; Hoffmann
and Watson, 1993; Klok and Chown, 2003; Terblanche and Chown, 2006). Whilst
gene flow could result in broader metabolic plasticity, this is unlikely as Deronectes
species are patchily distributed and show relatively strong spatial genetic structures (Ribera et al., 2001, 2003a).
Despite phylogeny having no effect on LRE models, the incorporation of phylogeny
did alter the best predictor for LRCP models from glucose to protein plasticity.
This suggests that phylogeny may play a role in mediating the relationship between metabolic plasticity and LRCP. Abellán and Ribera (2011) found that the
range size of aquatic beetles is shaped by an interplay of geographic and ecological
factors with a phylogenetic component affecting both. The data showed consistent evidence of gradual evolution of metabolic traits occurring across Deronectes
species. Adaptive evolution may have increased fitness by altering the genetic
regulation of central metabolism, enabling species to become endemic as they’re
more locally adapted, and more widespread if they’re generalists. Equally, locally
adapted species may have become endemic because they lack the necessary traits
to thrive over a larger latitudinal range, lending support to the niche breadth
hypothesis. As with Gaston and Spicer (2001), the principal limitations of the
study are that the number of species included is small although statistics showed
that this wasn’t a significant problem, and that these species are all very closely
related. More species are required not just from Deronectes but also from other
genera to test whether metabolic traits exhibit a strong phylogenetic signal. It
would be beneficial to measure these parameters and others in different populations from across the latitudinal range of the species to clarify whether these
results are due to the latitude of collection or of the species’ latitudinal range
size.
Previous work found that Deronectes species with low temperature tolerances
were most at risk from future warming, as these species often have low absolute
thermal tolerance and poor acclimatory abilities (Calosi et al., 2008b; Lachenicht
et al., 2010). The results presented here, suggest that narrow-ranging species
may be more specialist, with widespread species exhibiting more generalist traits.
From this, it could be hypothesised that species with wider latitudinal ranges
may be less vulnerable to future change, as they exhibit wider thermal tolerances
and have higher intraspecific variation to cope with variations in temperature
(Chown et al., 2010; Franklin et al., 2007). Under extremes of thermal stress, like
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those experienced at species’ range boundaries, climate plays an important role
in controlling species survival and extinction (Parsons, 1991) with areas rich in
endemic species becoming increasingly impacted (Calosi et al., 2010). As species
distributions respond to climate change, it is vital that the mechanisms shaping
geographical ranges are better understood.

6.5

Conclusion

As widespread species of Deronectes are those which have successfully expanded
their range beyond Pleistocene refugial areas, thermal tolerance through metabolic
plasticity is likely to have influenced post-glacial colonisation. The most widely
distributed species studied, D. latus, has retained southern populations whilst
expanding its range northwards. It is possible that the higher glucose and lipid
contents and wider intraspecific variation in D. latus’ responses may have enabled
this species to expand into more seasonally variable environments. This is the first
analysis of its kind, drawing together data on numerous metabolic traits to examine interspecific relationships between metabolic plasticity and latitudinal range
size and position. Although carried out on a small number of related species, these
results indicate that metabolic plasticity may play a previously unexplored role in
shaping species distributions and highlights potential avenues for future research.
It is suggested that further studies of the parameters measured here, on a range of
arthropod groups and in response to cold stress, would improve understanding of
the drivers of relative range size and position. In all cases, investigations should
be conducted within a phylogenetically controlled framework and in a manner
which controls for other possible drivers, such as relative dispersal ability and
body size. Future work should also incorporate these traits into predictive models, to aid the development of more accurate adaptation and mitigation strategies
for conservation.
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Abstract
It is clear that geographical ranges vary dramatically in size and position, even
within recent clades, but the factors driving this remain poorly understood. In
aquatic beetles, thermal niche has been shown to be related to both the relative
range size and position of congeners but whether other physiological niche parameters play a role is unknown. Metabolic plasticity may be critical for species occupying more variable thermal environments and maintaining this plasticity may
trade-off against other physiological processes such as immunocompetence. Here,
data on thermal physiology were combined with measures of metabolic plasticity
and comparative immunocompetence to explore these relationships in the genus
Deronectes (Dytiscidae). Whilst variation in latitudinal range extent and position
was explained in part by thermal physiology, aspects of metabolic plasticity and
immunocompetence also appeared to be important. Northerly distributed, wideranging species apparently used different energy reserves under thermal stress from
their southern endemic congeners and differed in their antibacterial defences. This
is the first indication that these processes may be related to geographical range,
and suggests parameters that may be worthy of exploration in other taxa.
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7.1

Introduction

The geographical ranges of species vary enormously, with many taxa being narrowrange endemics whilst relatively few are widespread. Several ecological and evolutionary processes have been suggested to drive range size variation, including interspecific differences in evolutionary age, dispersal ability and fundamental niche
breadth (Gaston, 2003). The niche breadth hypothesis predicts that species with
broad fundamental niches have larger range sizes (Brown, 1984; Gaston and Spicer,
2001), with physiological traits which allow the exploitation of spatially and temporally variable environments facilitating their expansion (Sunday et al., 2012).
Rapoport’s rule, that species in less variable climates have narrower environmental
tolerances, leading to smaller range sizes (Stevens, 1989). The climate variability hypothesis predicts that high latitude species survive more variable seasons,
due to selection for broader thermal tolerance and more generalist life-histories
whereas more southerly range-restricted species have narrower tolerance and more
specialist life-histories (Addo-Bediako et al., 2000b; Sunday et al., 2011b).
Previous work on the thermal physiology of diving beetles, found that absolute
thermal tolerance range was strongly related to a species latitudinal range size and
position (Calosi et al., 2010). Since thermal tolerance relies on an organism’s ability to maintain cellular function under stress, more thermally tolerant species may
also show higher metabolic plasticity (Pörtner, 2002). For example, in Antarctic
fish, it has been found that above their optimal temperature range, cellular processes switch from mainly carbohydrate (glucose and glycogen) to lipid and finally
protein metabolism (Pörtner, 2002). Other studies on marine gastropods into the
effects of sub-lethal elevations in temperature reveal the accumulation of ‘endproduct’ metabolites (lactate and succinate) while ATP concentrations remain
stable, indicating an increased reliance on anaerobic metabolism with temperature, using carbohydrates as the energy source (Melatunan et al., 2011). Plasticity of such metabolic processes may be vital in widespread, more northerly
distributed species, as organisms encounter increasingly variable climates with
latitude (Addo-Bediako et al., 2000b).
An organism’s ability to mount an immune response to parasites and pathogens
can also be seen as a key component of its physiological niche. Evolutionary ecology predicts that such responses are costly, necessitating trade-offs with other
nutrient-demanding metabolic processes (Schmid-Hempel, 2005). In addition,
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the metabolic requirements of immunity and the indirect effects of mounting
antigen-induced immune responses are likely to have life history consequences
(Schmid-Hempel, 2005). In insects, front-line defences are organised by the innate immune system (Schmid-Hempel, 2005). The first pathways activated are
the ImD and Spaetzle-Toll pathways, which are vital in producing antimicrobial
peptides (AMPs), targeting mainly Gram-negative and Gram-positive Bacteria respectively, but also fungi and some viruses (Schmid-Hempel, 2005). In addition,
the phenoloxidase (PO) pathway, produces melanin for cuticle pigmentation, sclerotisation, wound healing, clotting and encapsulation and is an important part of
an arthropod’s armoury against parasite attack (Schmid-Hempel, 2005).
Despite the clear importance of metabolic plasticity in maintaining cellular processes under thermal stress and the potential trade-offs with immuncompetence,
no work to date has explored whether either differ between widespread and restricted species. Here we compare metabolic plasticity and immuncompetence
across five closely-related species of European diving beetles (Deronectes Sharp;
Coleoptera: Dytiscidae) which differ in geographical range size and position, combining these data with thermal tolerance, dispersal ability and phylogenetic history, to explore their relative importance of shaping distribution.
This chapter aimed to address the following questions:
1. Assess whether combining metabolic and immune functional traits can better predict latitudinal range extent or position in Deronectes?
2. Investigate whether phylogeny plays a role in mediating latitudinal range
relationships in Deronectes?
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7.2

Materials and methods

Species distribution, phylogeny and collection
Data on Deronectes species distributions were collected and calculated as described in Chapter 4 Section 4.2. Deronectes phylogeny was also obtained, compiled and edited as detailed in Chapter 4 Section 4.2. Using this information,
recently emerged post-teneral adult Deronectes were collected as in Chapter 4
Section 4.2 during summer and early autumn 2013 - 2014, minimising age variation (Bowler and Terblanche, 2008).
Species were selected to cover a wide range of latitudinal range extents and positions. Studied taxa were: D. bicostatus (Schaum, 1864) n = 7, range extent =
2.5, range position = 41.75; D. depressicollis (Rosenhauer, 1856) n = 5, range
extent = 1, range position = 37.5; D. hispanicus (Rosenhauer, 1856) n = 53,
range extent = 8.5, range position = 39.75; D. moestus (Fairmaire, 1858) n = 36,
range extent = 1, range position = 42; D. latus (Stephens, 1829) n = 20, range
extent = 29.5, range position = 53.75.
Individuals of each species were collected from as close as possible to their latitudinal range central point to avoid possible confounding effects of local adaptation
in range edge populations (Kirkpatrick and Barton, 1997). Specimens were transported to the laboratory and maintained as described in Chapter 2 Sections 2.2
and 2.3. Transportation took a maximum of 4 d for animals collected from the
Mediterranean and a minimum of 1 d for those collected in the UK.

Husbandry and sample preparation
Animals were maintained and water quality monitored as described in Chapter
2 Sections 2.3 and 2.4. After acclimation, individuals for metabolic work were
transferred into 1 L snap-lock plastic containers and thermally ramped as detailed
in Chapter 2 Section 2.6.
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Data collection
Metabolic traits assessed included ATP, L-lactate dehydrogenase, L-lactate, succinate, protein, soluble carbohydrates (glucose), insoluble carbohydrates (glycogen)
and total lipids which were measured as proxies of energetic status, anaerobic
metabolism and energy stores. These assays were carried out using the methods described in Chapter 2 Sections 2.7.1 to 2.7.4. Lowest values recorded were
subtracted from the highest values recorded at each temperature to calculate ‘plasticities’ for each species. Acclimatory ability of upper and lower thermal limits
(∆UTL and ∆LTL), mean values of absolute thermal tolerance ranges, relative
dispersal ability and body mass were obtained from Calosi et al. (2010).
Immunocompetence was assessed by measuring external macro-parasite load, encapsulation ability, phenoloxidase (PO) activity (rates of dopachrome production
and consumption), and baseline antimicrobial peptide (AMP) responses. Animals
were encapsulated and dissected using the methods described in Chapter 2 Sections 2.5.1 and 2.5.2 to assess encapsulation ability and potential parasite load,
before being crushed as described in Chapter 2 Section 4.2. Animals and extracts
were kept on ice at all times to limit degradation. The beetle extract was centrifuged (10,500 g av for 10 min and 4 ◦ C) to pellet out debris. The supernatant
was then transferred to fresh Eppendorf tubes and stored at -20 ◦ C for later use.
Parasites were identified as in Chapter 2 Section 2.5.2. Potential immunocompetence was then measured as PO activity using the rate of dopachrome production
and consumption as proxies and AMP activity against Gram-positive Bacteria,
Arthrobacter globiformis, and Gram-negative Bacteria, Escherichia coli, using the
methods described in Chapter 2 Sections 2.5.4 and 2.5.3.

Statistical analyses
To test for phylogenetic effects, the phylogram was compared against species traits
using phylogenetic generalised least-squares regression models (‘caper’ package).
Maximum-likelihood estimations of λ, which measure the degree to which phylogeny predicts the pattern of covariance among species, were not zero for all
parameters, indicating that phylogenetic correction was required (Pagel, 1998).
Owing to low degrees of freedom limiting the number of variables that could be
included in the regression models, the principal component (PC) scores from the
first two PCs explaining most variation in mean immune (immPC1 and 2) and
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metabolic traits (metPC1 and 2) were used from principal component analysis
(prcomp; ‘stats’ package). Absolute thermal tolerance ranges, the acclimatory
ability of upper and lower thermal limits, relative dispersal ability and body mass
were also included as independent variables, and linear regressions run on untransformed and phylogenetic independent contrasts (‘ape’ package) to predict
log-transformed range extent and central position. In each analysis, models were
constructed using all variable combinations and model selection was based on
Akaike’s and Bayesian information criterion values (AICcmodavg; ‘AICcmodavg’
package). Permutation testing was also performed on the best model fits (lmorigin; ‘ape’ package). All analyses were run in R v.3.5.

7.3

Results and discussion

Previous studies of Deronectes have pointed to the importance of physiology in
shaping geographical range size and position (Calosi et al., 2008a, 2010). Studying a suite of metabolic and immunological parameters in both widespread and
restricted species, we show that whilst variation in latitudinal range extent and
position is related to thermal physiology, metabolic plasticity and immunocompetence also appear to play a role.
The best supported models for range extent and position always contained a measure of metabolic plasticity or immunocompetence irrespective of phylogenetic correction (Table 7.1). This suggests that a number of immunological and metabolic
markers may be related to species biogeography (Table 7.1 and 7.2). For uncorrected data, the best models for explaining 48% and 99% of variation in range
extent and central position, contained immPC2, metPC2 and dispersal ability or
body mass, respectively (Table 7.1 and Figure 7.1). ImmPC2 was most strongly
influenced by antimicrobial peptide (AMP) production against Escherichia coli
(clear zone no.) and metPC2 by the change in lipid concentration with temperature (Table 7.3). Model 2 containing dispersal ability, acclimatory ability of lower
thermal limits and absolute thermal tolerance explained only 2% less variation in
range extent than model 1 (Table 7.1). After phylogenetic correction, the models
explaining the most variation in latitudinal range extent and position included
immPC1 and acclimatory ability of upper thermal limits, and absolute thermal
tolerance range and body mass, respectively (Table 7.1; Figure 7.1). Significant
loadings for immPC1 corresponded to the presence of AMPs against Arthrobacter
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globiformis (clear zone no.; Table 7.3).

Table 7.1: Model selection to estimate factors influencing latitudinal range extent
and central position in Deronectes.
Model
K
AIC
∆AIC AIC weight BIC
Latitudinal range extent
1. ∆UTL
2. DA + BM
3. DA + ∆LTL + TR
4. ImmPC2 + MetPC2 + DA

3
4
5
5

6.56
-1.14
-21.09
-21.18

0.00
0.00
0.08
0.00

0.52
0.87
0.46
0.48

5.39
-2.70
-23.04
-23.13

Latitudinal range central position
5.DA
6. TR
7. TR + BM
8. ImmPC2 + MetPC2 + BM

3
3
4
5

-14.02
-15.03
-34.39
-79.98

1.00
0.00
0.00
0.00

0.27
0.44
0.98
0.99

-15.19
-16.20
-35.95
-81.93

Latitudinal range extent (independent contrasts)
9. BM
3
-2.47
10. ImmPC1
3
-2.81
11. ImmPC1 + ∆UTL
4
-13.27

0.34
0.00
0.00

0.23
0.27
0.54

-4.31
-4.65
-15.72

Latitudinal range central position (independent contrasts)
12. MetPC1
3
-29.97 0.00 0.97
13. ImmPC2 + MetPC1
4
-52.61 0.00
1.00

-31.81
-55.06

In each case absolute thermal tolerance range (TR), acclimatory ability of upper
and lower thermal tolerance (∆UTL and ∆LTL), body mass (BM), dispersal
ability (DA) and principal components 1 and 2 from immune and metabolic data
(immPC1, immPC2, metPC1 and metPC2; see Table 7.3 for principal component
loadings) were included as independent variables. K = number of parameters; AIC
= Akaike’s Information Criterion set at 95% confidence; ∆AIC up to 2 reported;
AIC weight represents the likelihood of the model given the data; BIC = Bayesian
Information Criterion which unlike AIC takes into account n and K. Best fitting
models highlighted in bold.
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6.417
4.640

21.74
-92.07

Independent contrasts
Latitudinal range extent (model 11)
ImmPC1
0.067
0.010
∆UTL
0.380
0.081

Latitudinal range central position (model 13)
ImmPC2
0.002
<0.001
MetPC1
-0.008
<0.001

-36.57
-36.40
28.12

t

-1244.8
-1720.2
288.3

0.028
0.027
0.514

SEM

Latitudinal range central position (model 8)
ImmPC2
-0.034
<0.001
MetPC2
-0.055
<0.001
BM
0.006
<0.001

Untransformed data
Latitudinal range extent (model 4)
ImmPC2
-1.020
MetPC2
-1.000
DA
14.452

Source
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0.029
0.007

0.098
0.135

<0.001
<0.001
<0.001

0.017
0.017
0.022

p

3

3

4

4

5807

27.35

<0.001

599.9

DF F

0.999

0.946

0.999

0.998

Adjusted R2

0.009

0.134

<0.001

0.030

p

Table 7.2: Summary statistics from best models predicting log transformed latitudinal range extent and central position in
Deronectes on untransformed data and independent contrasts using Maximum likelihood estimates (MLE).
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Table 7.3: Principal component (PC) loadings for PC1 and PC2 on immune and
metabolic variables in Deronectes.
Immune variables
Metabolic variables
ImmPC1
ImmPC2
MetPC1
MetPC2
aglob no
ecoli no
aglob
ecoli
dcprod
dccon
encap
parasite

-0.437
0.119
-0.359
-0.402
0.195
-0.452
0.306
0.411

-0.261
0.602
0.308
0.400
-0.438
-0.001
0.284
0.205

∆ATP
∆lactate
∆protein
∆glucose
∆glycogen
∆lipids

-0.472
0.472
0.491
0.342
0.407
0.176

-0.046
0.310
0.004
-0.453
-0.362
0.752

Independent
aglob no
ecoli no
aglob
ecoli
dcprod
dccon
encap
out

contrasts
-0.519
0.079
0.006
-0.005
-0.477
0.364
0.419
-0.435

-0.063
-0.441
-0.511
-0.631
0.252
-0.042
0.043
-0.275

∆ATP
∆lactate
∆protein
∆glucose
∆glycogen
∆lipids

0.250
-0.328
-0.479
-0.395
-0.544
0.385

0.526
-0.581
0.087
0.282
-0.073
-0.542

For immune variables, antimicrobial peptide activity against Gram-positive Bacteria Arthrobacter globiformis and Gram-negative Bacteria Escherichia coli, measured as the number and size of clear zones, phenoloxidase activity measured
as dopachrome production and consumption rates, and external parasite load
were measured. For metabolic PCs, ∆ATP, ∆L-lactate, ∆protein, ∆glucose,
∆glycogen and ∆lipid were measured. PC loadings explained 41 - 59% variation for PC1 and 25 - 31% variation for PC2. Parameters deemed significant are
highlighted in bold (> 0.50 or < -0.50).
Physiological trade-offs in thermal adaptation can restrict the biogeography of
aquatic ectotherms, with lipid catabolism central to cold adaptation at high latitudes (Pörtner, 2002). Our data suggest that more northerly distributed, wideranging species may use different energy reserves under thermal stress from their
southerly endemic counterparts (Fig 7.1). Maximum-likelihood estimates also
suggest that more northerly distributed, widespread species undergo more marked
changes in lipid concentrations under thermal stress (Table 7.2). Organisms are
known to accumulate lipids during cold-acclimation as lipids are a more efficient
energy store than others, such as glycogen (Arrese and Soulages, 2010). However,
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the fat body in insects, which controls the synthesis and utilization of glycogen and
lipids, is also important for metabolic activity, embryogenesis, flight and immune
defence, producing AMPs (Arrese and Soulages, 2010).

Figure 7.1: Biplots for the most significant variables predicting latitudinal range
extent and position in Deronectes (A-F). Species codes: D. bicostatus (BIC),
D. depressicollis (DEP), D. hispanicus (HIS), D. moestus (MOE), and D. latus
(LAT).
In terms of immunity, maximum-likelihood estimates suggest that more southerly,
range-restricted species have stronger antibacterial activity against Gram-positive
and Gram-negative Bacteria than their more wide-ranging counterparts (Table
7.2; Figure 7.1 and 7.2). Lower latitude freshwaters may support a greater number of bacterial taxa (Lear et al., 2013), meaning that southerly, range-restricted
species may require more, diverse AMPs. Alternately, it could be that high latitude species exhibit seasonal immunocompetence, with lower immunity in summer
and higher in winter than their southerly range-restricted counterparts (Fedorka
et al., 2013a), or that faster growth in higher latitude species compromises adult
immunocompetence (DeBlock and Stoks, 2008). The higher AMP levels in rangerestricted southerly species may also trade-off against other immune functions,
such as melanin production (measured as PO activity using dopachrome production rate as a proxy), that increase with latitude (Kutch et al., 2014).
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Figure 7.2: Biplots for the most significant variables and principal component
loadings predicting latitudinal range extent and position in Deronectes. Species
codes: D. bicostatus (BIC), D. depressicollis (DEP), D. hispanicus (HIS), D.
moestus (MOE), and D. latus (LAT).
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These findings support Calosi et al. (2010) who found that body mass did not significantly influence thermal tolerance. Calosi et al. (2010) also suggested that additional relationships may exist between range boundaries and body mass, which
we also found evidence for. Although neither study found a clear trend in body
mass across latitudinal range extent, this is further supported by Rundle et al.
(2007b) and Malmqvist (2000) who also found no relationship between body length
and latitudinal range extent or central position. When the mean body mass per
species was compared against body mass data from Calosi et al. (2010) on the
same species, from the same sites, a significant positive correlation was found (F 11
= 10.31, p < 0.01, R2 = 0.51), with data consistent between species and within
species across years (X 2 = 10.327, p = 0.243).

7.4

Conclusion

Despite the inclusion of additional variables representing metabolic plasticity and
immunocompetence, thermal physiology was still clearly related to biogeography
in our analyses. Indeed, the second best model predicting range extent on untransformed data and the best model for range extent and central position using
contrasts both include measures of thermal tolerance, supporting the findings of
Calosi et al. (2010). However, this study demonstrates that in addition to temperature, other aspects of an organism’s physiological niche may be related to its
geographical range, including metabolic plasticity and immunocompetence. Although widespread species have broader thermal tolerances to cope with more
variable climates, they also appear to have different energetic strategies and immune trade-offs from endemic species. As species’ distributions respond to climate
change, it is vital to understand the mechanisms shaping geographical ranges. It
is suggested that further studies of the parameters measured here, on a range of
arthropod groups, would improve understanding of the drivers of relative range
size and position. In all cases, investigations should be conducted within a phylogenetically controlled framework and in a manner that controls for other possible
drivers, such as relative dispersal ability. Future work should also incorporate
these traits into predictive models, to aid the development of more accurate adaptation and mitigation strategies for conservation.
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8.1

Summary of results

Geographical range size and how it changes through time, is one of the fundamental ecological and evolutionary characteristics of a species (Gaston, 2003). The
primary aim of macroecology is to identify, understand and predict the distributions of species. However, despite our increasing knowledge of the drivers of
geographical range sizes, the mechanisms controlling the relative distributional
ranges of organisms were unclear. In this thesis, immunocompetence was assessed, along with changes in energy metabolism across a range of upper sublethal temperatures to investigate the relationships between metabolic plasticity,
immunocompetence, and latitudinal range parameters.
In Chapter 3, when immunocompetence was compared in Hydroporus, no clear
relationship between immunity and range size was found. Instead finding that
sex and acclimation time affect immunocompetence, and that dopachrome production rate was not the best indicator of melanin production or immunocompetence. When the same parameters were assessed in a larger number of Deronectes
species, which exhibit broader latitudinal ranges, it was found that southerly,
range-restricted species have slower dopachrome production rates, higher parasite loads and weaker antimicrobial peptide (AMP) activity against Arthrobacter
globiformis, but stronger AMP activity against Escherichia coli (Chapter 4). This
indicated for the first time that immunocompetence may play a role in determining
species distributions.
In line with the results from Hydroporus (Chapter 3), dopachrome production
rates were not found to positively correlate with encapsulation ability or AMP
activity in Deronectes (Chapter 4), indicating that melanin production may be
more complex than usually considered. On assessing the pathways involved in
melanin synthesis in more detail, it was found that different life stages of Tribolium castaneum may use different substrates for melanin production and that
PO activity differed between different stages of melanogenesis (Chapter 5). To
the author’s knowledge, this is the first time that PO activity has been assessed
in this way and suggests that the current, commonly-used assay is not adequate
to infer potential melanin production.
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When the relationship between metabolic plasticity and range parameters was
assessed in Deronectes (Chapter 6), it was found that the wide-ranging D. latus had higher glucose and lipid content than their more southerly distributed,
narrow-ranging congeners. Furthermore, combining data from Chapters 5 and 6
with previously published data provided the first indication that, in addition to
temperature, other aspects of an organism’s physiological niche may be related
to its geographical range, including the plasticity of metabolic pathways and immunocompetence (Chapter 7). In spite of these findings, there will always be more
work to be done. In this chapter, a number of similar findings across chapters are
discussed and further suggestions for future research are outlined.

8.2

Species-specific differences

Species-specific differences in immunocompetence and metabolic responses to elevated temperatures varied widely in Hydroporus and Deronectes species (see
Chapters 3, 4 and 6). This may have been because immune and metabolic responses can be costly, with individuals investing their resources differently so that
in the case of an extreme pathogenic or abiotic event, such as a heat wave, some of
the population will survive (Sheldon and Verhulst, 1996; Norris and Evans, 2000;
Zuk and Stoehr, 2002; Schmid-Hempel, 2005; Lawniczak et al., 2007). This trait
variation is thought to be due to wide interpopulational and intraspecific genotypic variability (Rantala and Roff, 2006). However, as diving beetles are known
to be patchily distributed and show relatively strong spatial genetic structures,
gene flow to range-edge or endemic populations is likely to be restricted (Ribera
et al., 2001, 2003a). Asymmetric gene flow along environmental gradients, such as
temperature across latitude, may affect the ability of populations to locally adapt
and therefore the evolution of species ranges (Kirkpatrick and Barton, 1997). As
reported in many insects, including Deronectes, wider ranging species may have
wider variation in immune and metabolic traits due to lower local adaptation than
endemic species, therefore enabling range expansion (Huey et al., 1991; Hoffmann
and Watson, 1993; Klok and Chown, 2003; Terblanche and Chown, 2006; Fedorka
et al., 2012).
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Despite most endemic species sampled being abundant at the sampling sites, these
species may be at increased risk from inbreeding and in turn at higher risk of extirpation and extinction (Frankham and Ralls, 1998), especially under future climate
scenarios. Instead of sampling populations at the species’ central latitudinal position, sampling populations from across the entire latitudinal range of a species
could develop our understanding of variation in key traits between populations
and gene flow among populations. This is critical to produce accurate estimates of
adaptive evolutionary potential and identify species vulnerable to climate change
(Andrew et al., 2013; Rius et al., 2014; Lancaster, 2016).

8.3

Ecologically relevant species for future work

Given that species responses differed so widely in Chapters 3, 4 and 6, it would
be naive to assume that the responses demonstrated by one taxa appropriately
represent the responses of all animal groups. Diving beetles have been used widely
as model organisms in the literature (Ribera et al., 2001, 2003a,b; Brodin et al.,
2006; Bilton et al., 2008; Kehl and Dettner, 2009; Calosi et al., 2010; Ribera et al.,
2010; Hájek et al., 2011; Sánchez-Fernández et al., 2012a,b; Arribas et al., 2014;
Pérez-Bilbao et al., 2014), due to the availability of data on their distribution and
phylogenetic history, especially for species within the genus Deronectes (SánchezFernández et al., 2015; García-Vázquez et al., 2016). However, research questions
focussing on more mechanistic explanations of variation in physiological traits or
latitudinal range extent and position may require animals with larger body sizes,
from a number of taxa and from populations across a species’ latitudinal range.
Larger body sizes would enable haemolymph (or its equivalent) to be sampled in
higher volumes and non-destructively. This would allow more replicates to be run
for assays which were found to demonstrate high variability, e.g. ATP content
(Chapter 6), and would mean that more parameters could be measured in each
individual. The extremely limited amount of literature on mechanistic macroecology, and the wide spatial and temporal-scale required make multiple species
comparisons difficult. Identifying whether conserved patterns controlling distribution exist between groups would therefore require information on the species
phylogenetic history and extensive sampling efforts to gauge species’ distributions.
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Candidate species, other than beetles, to further investigate the questions raised,
include caridean prawns (representing the marine environment), or crickets (representing the terrestrial environments) as both groups have relatively short lifehistories, have larger body sizes than the diving beetles studied here and their
phylogenies are known. Prawns have been extensively studied for the last two
decades due to their importance in ecosystem functions such as nutrient turnover.
Research on shrimp has investigated latitudinal variation in reproductive biology, timing and recruitment (Bauer, 1992; Tande et al., 1994; Berkenbusch and
Rowden, 2000), with temperature or latitude affecting growth and development,
feeding, immunity and metabolism (Sánchez et al., 2001; Campos et al., 2009;
Arnberg et al., 2013). In addition, work by Magozzi and Calosi (2014) has integrated metabolic performance, thermal tolerance and plasticity to predict species
vulnerability to elevated temperatures in a range of prawn species, taking into
account phylogeny using sequences available on GenBank. Gryllus species also
exhibit differing latitudinal range sizes and a wealth of literature is available on
their immunocompetence in relation to disease resistance, reproduction and how
temperature and seasonality can affect these relationships (Adamo, 2004a; Fedorka et al., 2004; Fedorka and Mousseau, 2007; Lachenicht et al., 2010; Adamo
and Lovett, 2011; Fedorka et al., 2013b,a). Further work assessing intrapopulational variation in immunity and metabolic rate across a range of temperatures
has also been conducted in crickets, suggesting that metabolic rate could be a
selected trait in insects (Nespolo et al., 2003) with no consistent relationship with
immunity (Rantala and Roff, 2006), which is considered functionally adaptive
(Moret, 2003).

8.4

Potential trade-offs in immunocompetence

In Hydroporus, potential trade-offs were found between measures of potential
melanin synthesis (PO activities and encapsulation), with positive correlations between PO and AMP activity (Chapter 3). Lambrechts et al. (2004) lends support
to our findings, as they also found that PO and AMP responses were positively
correlated in the mosquito, Anopheles gambiae. Kan et al. (2008) also found that
the Spaetzle-processing enzyme that cleaves spaetzle to produce AMPs against
mainly Gram-positive Bacteria, also cleaves pro-PO, and Evans et al. (2006) found
that AMPs and melanisation were activated by the same genes (Relish NF-κB for
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ImD pathway and Jra c-jun for JNK pathway). Both studies further demonstrate
a link between AMP production and melanisation.
Despite the potential connection between AMP activity and melanisation, no correlation was found between PO and AMP activity in Deronectes (Chapter 4). Cotter et al. (2004) found a genetic trade-off between PO and antibacterial responses
in the caterpillar, Spodoptera littoralis, indicating that species-specific responses
may play a role. Similar studies involving T. castaneum, failed to find a genetic
correlation between PO and antibacterial responses (Hangartner et al., 2013).
These differences could be because genetic correlations differ between species, between field and laboratory conditions or may even be antigen-dependent. For
example, in the study by Hangartner et al. (2013) Arthrobacter globiformis were
used, whereas Lambrechts et al. (2004) used Escherichia coli, and Cotter et al.
(2004) used Micrococcus lysodeikticus.
Complex interactions among immune cascades and effectors may also prevent
trade-offs between individual components being represented in the phenotypic response of the immune system. For example, Cotter et al. (2004) measured lysozymal activity as the antibacterial response, which is only one of the components
responsible for the clearance of bacteria and works with other effectors such as
the cytotoxic compounds produced by the PO cascade (Lambrechts et al., 2004).
Therefore, a trade-off between the antibacterial and PO response may have little
effect on bacterial clearance. This indicates that there may be more interconnections between the various aspects of immune defence than currently realised. More
studies need to investigate the genetic or biochemical links between melanisation
and other immune responses in different species.
Even within single immune responses, such as the PO cascade, there are many
unanswered questions. For example, does higher PO activity correspond to greater
encapsulation ability or increased immunocompetence? In Deronectes species,
dopachrome production and consumption rates, and dopachrome consumption
rate and encapsulation ability were positively correlated (Chapter 4). However,
in Hydroporus species negative correlations were found between dopachrome production and consumption rates with neither correlating with encapsulation ability
(Chapter 3). These results are consistent with those in the literature, which show
species-specific relationships between dopachrome production rate and encapsulation ability (see Table 5.1 in Chapter 5).
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As found in Chapters 3 and 5, immune trade-offs can occur within the immune
systems and can vary depending on gender and age; with Terblanche et al. (2004)
suggesting diet, health, season and environmental stress, such as temperature, as
additional factors. As an example of immune trade-offs, melanin production can
cause direct harm to the host through the production of toxic by-products but is
vital in immune defence (Nappi and Ottaviani, 2000; Cerenius et al., 2008; Zhao
et al., 2011). After assessing the PO cascade in more detail using the red flour
beetle, Tribolium castaneum (Chapter 5), the data highlight that the PO cascade
may be more flexible than commonly assumed, suggesting that different species
and life-stages may use different substrates at different rates to produce discrete
forms of melanin. It is suggested that the substrate used, the reaction rate and
the melanin produced may also depend on the type of immune challenge or the
ultimate function of the melanin required.
One limitation of this study is that whole-organism extracts were used due to
the small size of the beetles used. Therefore, no information was collected on
the heterogeneity of these pathways within the organisms. More work should
be undertaken to understand the heterogeneity of these pathways within and
between species, to enable the development of industrial applications. For example, as insect immune defences are vital for population persistence they can
be manipulated to provide applied benefits, such as pesticide development, and
enable insights into the developmental, genetic and evolutionary processes conserved across animal groups. It is also important to understand key components of
immunocompetence, such as melanogenesis, to enable the reliable interpretation
of results. Future work should be wary of measuring dopachrome production as
a sole indicator of potential melanin production and should not assume that PO
activity is indicative of immunocompetence.
Research in evolutionary ecology has also studied the costs of PO in terms of
resource use and pleiotropic relations with other key traits and functions. For
example, Altincicek et al. (2008) found that septic injury induces the expression
of genes involved in stress adaptation (e.g. heat shock proteins) or insecticide
resistance (e.g cytochrome P450s) suggesting there may be a connection between
immune and stress responses. These studies also indicate that PO production
and maintenance is costly, and may be detrimental to host fitness (Adamo and
Lovett, 2011). The classic PO assay measuring dopachrome production rate does
not consider the fact that PO is used for functions other than immunity such as egg
production, pigment synthesis and sclerotisation (Infanger et al., 2004; González238
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Santoyo and Córdoba-Aguilar, 2011). Therefore, it cannot be assumed that elevated PO activity corresponds to high immunocompetence, with resource and
energy allocation to immune defences expected to correlate negatively with other
important fitness components (Sheldon and Verhulst, 1996; Moret and SchmidHempel, 2001; Moret, 2003; Rantala et al., 2003a; Cotter et al., 2004; Hillyer and
Christensen, 2005; Cotter et al., 2008, 2011; Ardia et al., 2012).

8.5

Link between immunity and metabolism

PO activity also correlated negatively with L-lactate dehydrogenase (LDH) activity in Hydroporus (Chapter 3), suggesting that trade-offs may exist between
immune defence and metabolism. Moreover, Chapter 7 showed for the first time
that both immunocompetence and metabolic plasticity may play roles in species’
distributions. Although to date these have not been studied, due to the highly
evolutionarily conserved nature of the immune and metabolic systems, the two
are likely to be tightly regulated and may be dependent on one another.
The relationship between the immune system and metabolism is not well understood in mammals, let alone insects (for a review see Cheng et al. 2014). This
growing field of research is gaining momentum in mammals due to the potential
applications to human health and disease, however in invertebrates very little has
been done (e.g. Sánchez et al. 2001). In mammalian systems, lipids are known to
coordinate metabolic, inflammatory and immune processes by activating toll-like
receptors (Yu et al., 2002; Hotamisligil, 2006; Maillard and Saltiel, 2015). In insects, the fat body is known to play an important role in metabolism, producing
AMPs that form a pivotal component of immune defence and synthesising lipids
and glycogen, which are central to cold adaptation, are the most efficient energy
store for metabolism and are often used for flight (Arrese and Soulages, 2010).
The insect fat body may act via similar mechanisms as a regulatory system for
immune defence and metabolism, warranting further investigation.
Under cold stress, studies have also found that insects still phagocytose and encapsulate pathogens, and may even have increased tolerance to fungal infections
and heightened AMP activity (Wojda et al., 2009; Sinclair et al., 2013). Whilst at
elevated temperatures, studies have found that standard metabolic rate and PO
activity increases in insects, but that AMP activity was species-specific (Ardia
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et al., 2012; Catalán et al., 2012; Catalán et al., 2012). These studies indicate an
effect of temperature on immune responses and on the energetic costs of immunity,
which may be species-specific. Since we do not understand the mechanistic links
between immunity, temperature and metabolism, Sinclair et al. (2013) suggest
that the overlap between the systems may be due to cross-talk or cross-tolerance
and may have evolved to deal with multiple synchronous stressors.
Other potential relationships between the immune and metabolic systems may
involve melanogenesis. Insects can alter the levels of melanin pigmentation in
their cuticles with temperature to improve thermoregulation, indirectly affecting
immune investment (Lalouette et al., 2007; Fedorka et al., 2013b,a; Kutch et al.,
2014). This thermal-melanism hypothesis also states that in ectotherms there is
some evidence for coadaptation between cuticle colour, thermal physiology and
behaviour, which may be interesting to explore (Clusella-Trullas et al., 2007).
As melanin is used for a variety of immune responses and thermoregulation affects metabolism, an evolutionarily conserved relationship between immune and
metabolic pathways is supported (Kutch et al., 2014; Galván et al., 2015).
Further work on mammalian cells has also found an emerging role of metabolites, such as NAD+ and succinate in linking metabolism and the immune system.
NAD+ may regulate immune responses in mammals by acting via deacetylases,
such as SIRT1 and SIRT2, or in insects by acting via Sima HIF-α protein (Romero
et al., 2008; Donath, 2013; McGettrick and O’Neill, 2013). Succinate may also
induce immune responses through the stabilisation of transcription factors such
as HIF-1α, leading to the synthesis of cytokines and the production of reactive
oxygen species (Tannahill et al., 2013; Mills and O’Neill, 2014; O’Neill, 2014).
Understanding the link between immunity and metabolism at the molecular level
is clearly important and research is currently being undertaken to investigate
this link at the proteomic level (Mills and O’Neill, 2014). Work in Drosophila
melanogaster has found that an oxygen-inducible transcriptional response can occur, with the Sima protein rapidly degraded in normoxia and stabilized by ‘notch’
in hypoxic conditions (Romero et al., 2008). This Sima HIF-α protein is analogous
to HIF-1α in mammals, and is thought to play an key role in regulating cellular
responses to hypoxia. As insects have simpler immune systems than mammals,
future work could investigate whether these or other relationships exist to better
understand the interplay between immunity and metabolism.
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8.6

Understanding range relationships

The traits predicting latitudinal range extent and central position differed when
immune and metabolic traits were assessed separately and together (see Chapters
4, 6 and 7). When the predictive capabilities of immune and metabolic traits were
modelled separately in Deronectes, the best metabolic models predicting latitudinal range extent and position contained glucose plasticity, with protein plasticity
predicting latitudinal range central position after phylogenetic correction. The
best immune models contained PO activity, parasite load and antibacterial responses to E. coli predicting latitudinal range extent and position, with antibacterial responses to A. globiformis predicting range extent when phylogeny was
taken into account.
When the immune and metabolic data from Chapters 4 and 6 were combined
with additional potentially confounding variables, the best supported models predicting range extent and position contained antibacterial responses to E. coli,
lipid plasticity, dispersal ability and body mass (see Chapter 7). After phylogeny
had been taken into account, the best supported models for range extent contained antibacterial responses to A. globiformis and the acclimatory ability of
upper thermal limits, and for range position contained absolute thermal tolerance
range and body mass. As the best supported models always contained a measure
of metabolic plasticity or immunocompetence irrespective of phylogenetic correction, this suggests that a number of immunological and metabolic markers are
related to species’ biogeography. Combining physiological traits with previously
known data on thermal tolerance, dispersal ability, body size and phylogenetic
history collected from multi-species comparisons, will further our understanding
of the mechanisms driving species distributions and may enable more accurate
predictions of future climate-induced range shifts.

8.7

Trait evolution models

As stated by Hernandez et al. (2013), the evolution of species traits does not always
follow Brownian motion in Deronectes so more complex models may be required
to detect a phylogenetic signal. This is because evolution is not just a random
walk with many different types of selection, directional evolution, correlated trait
evolution, character displacement and the evolutionary convergence or divergence
241

8. General discussion

of traits (Eldredge et al., 1997; Pagel, 1999; Paradis, 2010). Phylogenetic signal
may be weak in Chapters 4 and 6 due to the relatively low number of species
assessed. One way to avoid this in the future might be to produce phylogenetic
eigenvector maps to predict the phenotype trait values for species whose trait data
are lacking (Guénard et al., 2013).
As closely related species share a common history, they may also be expected to
share phenotypic characteristics (Stearns et al., 2001) and be more ecologically
similar than distantly related species due to trait conservatism (Ackerly et al.,
2006; Webb, 2000). However, phenotypic similarity can also arise in distantly
related species due to convergent evolution, when species evolve under similar
environmental conditions (Webb et al., 2002; Vamosi et al., 2009). Considering the
phylogenetic relationships among coexisting species, such as Hydroporus rufifrons
and H. erythrocephalus, may help us to further understand the mechanisms that
shape communities (Vamosi et al., 2009).

8.8

Future perspectives

Despite the successes of the integrated approach adopted here, the mechanism(s)
of action behind many of the observed traits require further exploration. In beetles, work focussing on thermal tolerance has identified which proteins are expressed or up/down-regulated in response to temperature (Carrasco et al., 2011;
Bonnett et al., 2012; Carrasco et al., 2012; Hidalgo Galiana et al., 2014; Wen et al.,
2016). For example, Hidalgo-Galiana et al. (2014a) found that under temperature
extremes (4 ◦ C and 27 ◦ C) Mediterranean diving beetles (Agabus ramblae) differentially express proteins regulating ATP-dependent folding via Hsp70, calcium
removal from the cytoskeleton and cytoskeletal proteins that have multiple roles in
different cell types. Work on other organisms has also found that the heat-shock
response can contribute to setting an organism’s thermal limits and may in turn
cause shifts in species distributions (see Tomanek 2008 for review; Lancaster et al.
2016).
As Hidalgo-Galiana et al. (2014a) show that proteomic analyses can be conducted
reliably on non-model organisms, future work should include a proteomic assessment of on Deronectes’ temperature tolerance. Theodorides et al. (2002) have
also produced a framework for genetic comparison of coleopteran cDNA, which
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could be useful for future phylogenomic and functional studies. Multi-hierarchal
macroecology assessing from the genetic up to the community level may help
to separate the effects of neutral (mutation and dispersal) and non-neutral (climate and species interactions) macroecological processes (Baselga et al., 2015).
In combination with previous data on thermal physiology, metabolic plasticity,
immunocompetence, dispersal ability, flight behaviour, mortality and phylogeny,
the genus could be used to potentially explain evolutionary processes at species
range edges, as well as other fundamental questions in ecology and evolutionary
biology.
As AMPs are so diverse in their structure, function and mode of action (Zasloff,
2002) it would be beneficial to assess antibacterial defences in response to a wider
array of Bacteria (Bulet et al., 1999; Bulet and Stocklin, 2005; Ravi et al., 2011).
It may also be interesting to assess the effect of pathogens on live beetles, i.e. challenge experiments, as the ability of diving beetles to defend against pathogens in
the field may be very different to that implied by the zone of inhibition assay. The
results could then be compared against laboratory-based results to assess whether
these are indicative of ‘real-world’ responses. As Adamo (2004b) pointed out "because of the complexity of the immune system, empirical tests of the relationship
between assays of immunity and resistance to a range of actual pathogens are
important for correctly interpreting these measures".
As an interplay between temperature and immunity has been identified in insects
(Adamo and Lovett, 2011; Catalán et al., 2012; Fedorka et al., 2013a; Sinclair
et al., 2013; Kutch et al., 2014) it would have been interesting to explore how immune responses vary with thermal stress and relate this back to metabolic changes
in a similar manner to Prokkola et al. (2013). Prokkola et al. (2013) found that
elevated temperatures decreased encapsulation ability in Tenebrio molitor but increased cuticular melanisation, suggesting that PO may be used differentially to
produce melanin for sclerotisation as opposed to encapsulation. This shows that
immune systems are highly sensitive to environmental conditions, which affect
other physiological, morphological and life-history traits. This study also showed
that species of Deronectes with lower encapsulation ability had higher rates of
dopachrome conversion to eumelanin which matches the response found in Hydroporus spp., suggesting that this may be conserved across the Dytiscidae. In
line with studies such as Adamo and Lovett (2011) and Prokkola et al. (2013),
measuring cuticle darkness and lysozyme-like enzymes in combination with other
traits across a range of temperatures may lead to a better understanding of the
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immune system, PO pathway and trade-offs between immune and metabolic systems (Barnes and Siva-Jothy, 2000; Thompson et al., 2002; Arakane et al., 2005;
Armitage and Siva-Jothy, 2005; Mandrioli, 2012; Fedorka et al., 2013b,a). Studying the expression and the up or down regulation of genes would further our
understanding of the mechanisms driving variation in these traits.
In addition to genetic and ‘omic’ studies elucidating the exact mechanisms of phenotypic trait variation, measuring a wider variety of traits may help us predict
more reliably what drives latitudinal range size and position. Further methods
which were not used here but would be worth assessing in future include, haemocyte count and morphology analysed via flow cytometry (invertebrate haemocytes
cluster into well-defined populations distinguished by their forward and side scattering properties reflecting differences in size and granularity); phagocytotic activity via microscopy; lysozymal stability using neutral red/Lyso Tracker retention;
chitin could be estimated using chitinase followed by colorimetric estimation of
N-acetylglucosamine; adenosine monophosphate and adenosine triphosphate measured using enzyme-linked spectrophotometric or luminescence assays to calculate
total adenylate nucletodies (capacity for work) and adenylate energy charge (energy status); adenosine monophosphate kinase (key metabolic regulator of anaerobic metabolism) activity using mass spectrometry to detect phosphorylation of
SAMs peptide; and AMP deaminase (key regulator of TAN) activity assayed by
colorimetric assay of the ammonium ions produced.
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8.9

Conclusions

This thesis provides the first indication that in addition to temperature, other
aspects of an organism’s physiological niche may be related to its geographical
range, including the plasticity of metabolic pathways and immunocompetence.
Although widespread species have broader thermal tolerances to cope with more
variable climates, they also appear to have different energetic strategies and immune trade-offs from endemic species. It is suggested that further studies are
carried out to investigate the mechanisms underlying inter and intra-specific variation in physiological traits, explore potential trade-offs within and between the
two systems and establish the ecological consequences of this variation at different
levels of organisation. As species’ distributions respond to climate change, it is
vital to understand the mechanisms shaping geographical ranges to better predict
species shifts and assess whether populations can adapt to the current and future
rates of environmental change.
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Geographical ranges vary greatly in size and position, even within recent
clades, but the factors driving this remain poorly understood. In aquatic beetles, thermal niche has been shown to be related to both the relative range
size and position of congeners but whether other physiological parameters
play a role is unknown. Metabolic plasticity may be critical for species occupying more variable thermal environments and maintaining this plasticity
may trade-off against other physiological processes such as immunocompetence. Here we combine data on thermal physiology with measures of
metabolic plasticity and immunocompetence to explore these relationships
in Deronectes (Dytiscidae). While variation in latitudinal range extent and
position was explained in part by thermal physiology, aspects of metabolic
plasticity and immunocompetence also appeared important. Northerly distributed, wide-ranging species apparently used different energy reserves
under thermal stress from southern endemic congeners and differed in
their antibacterial defences. This is the first indication that these processes
may be related to geographical range, and suggests parameters that may
be worthy of exploration in other taxa.

1. Introduction
The geographical ranges of species vary enormously with many taxa being
narrow-range endemics while relatively few are widespread. Several ecological
and evolutionary processes may drive range size variation, including interspecific
differences in evolutionary age, dispersal ability and fundamental niche breadth
[1]. The niche breadth hypothesis predicts that species with broad fundamental
niches have larger range sizes [2,3], with physiological traits which allow the
exploitation of spatially and temporally variable environments facilitating their
expansion [4].
Previous work on diving beetles found that thermal physiology is strongly
related to latitudinal range size and position [5]. Since thermal tolerance relies
on an organism’s ability to maintain cellular function under stress, more thermally tolerant species may also be expected to show higher metabolic
plasticity [6]. For example, in Antarctic fish, it has been found that above
their optimal temperature range, cellular processes switch from mainly carbohydrate (glucose and glycogen) to lipid and finally protein metabolism [6].
Other studies on marine gastropods into the effects of sub-lethal elevations in
temperature reveal the accumulation of ‘end-product’ metabolites (lactate and
succinate) while ATP concentrations remain stable, indicating an increased
reliance on anaerobic metabolism with temperature, using carbohydrates as
the energy source [7]. Plasticity of such metabolic processes may be vital in
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widespread, more northerly distributed species, as organisms
encounter increasingly variable climates with latitude [8].
An organism’s ability to mount an immune response to
parasites and pathogens can also be seen as a key component
of its physiological niche. Evolutionary ecology predicts that
such responses are costly, necessitating trade-offs with other
nutrient-demanding metabolic processes [9]. In addition,
the metabolic requirements of immunity and the indirect
effects of mounting induced immune responses are likely to
have life-history consequences [9]. In insects, front-line
defences include antimicrobial peptides (AMPs), targeting
mainly Gram-negative and Gram-positive bacteria but also
fungi and viruses, and the phenoloxidase (PO) pathway,
which produces melanin for cuticle pigmentation, sclerotization, wound healing and encapsulation, and is an important
part of an arthropod’s armoury against parasite attack [9].
Despite the clear importance of metabolic plasticity in
maintaining cellular processes under thermal stress and the
potential trade-offs with immuncompetence, no work to
date has explored whether either differ between widespread
and restricted species. Here we compare metabolic plasticity
and immuncompetence across five closely related species
of European diving beetles (Deronectes Sharp; Coleoptera:
Dytiscidae) which differ in geographical range size and position, combining these data with thermal tolerance, dispersal
ability and phylogenetic history, to explore their relative
importance in shaping distribution.

2. Material and methods
Post-teneral adult Deronectes were collected during summer and
early autumn 2013 – 2014, minimizing age variation [10]. Individuals of each species were collected from as close as possible to

their latitudinal range central point to avoid possible confounding effects of local adaptation in range edge populations [11].
Specimens were transported to the laboratory and maintained
in 5 l aquaria, containing aerated artificial pond water ( pH 7.7,
158C) and submerged vegetation for 7 days [5]. Animals were
kept at 20 individuals per aquarium, with a 12 L : 12 D regime
and fed chironomid larvae [5].
After acclimation, individuals used for metabolic assays were
ramped to five environmentally relevant sub-lethal temperatures
(15, 20, 25, 30 and 358C, at a rate of 0.258C min21) and held at
temperature for 24 h, before being frozen in liquid nitrogen.
ATP, L-lactate, succinate, protein, glucose, glycogen and lipids
were measured in beetles held at each temperature (see the electronic supplementary material). Lowest values were subtracted
from highest values to calculate plasticities. Immunocompetence
was assessed by measuring external parasite load, encapsulation
ability, PO activity (rates of dopachrome production and
consumption), and AMP defence against both Gram-positive
and Gram-negative bacteria (see the electronic supplementary
material). Acclimatory ability of upper and lower thermal limits
(DUTL and DLTL), absolute thermal tolerance range (TR), relative
dispersal ability (DA) and body mass (BM) were obtained from [5].
Phylogenetic relationships between taxa were obtained from [12].
To test for phylogenetic effects, the phylogram was
compared against species traits using phylogenetically Generalized least-squares regression models ( pgls, ’caper’ package).
Maximum-likelihood estimations of lambda, which measure
the degree to which phylogeny predicts the pattern of covariance
among species, were not zero for all parameters, indicating that
phylogenetic correction was required [13]. Owing to low degrees
of freedom limiting the number of variables that could be
included in the regression models, the principal component
(PC) scores from the first two PCs explaining most variation in
mean immune (immPC1 and 2) and metabolic traits (metPC1
and 2) were used from PC analysis ( prcomp; ‘stats’ package).
TR, DUTL, DLTL, DA and BM were also included as independent
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Table 1. Model selection to estimate factors inﬂuencing latitudinal range extent and central position in Deronectes, showing the best supported models
reported for each dependent variable (DAIC , 1). In each case, absolute thermal tolerance range (TR), acclimatory ability of upper and lower thermal tolerance
(DUTL and DLTL), body mass (BM), dispersal ability (DA), immPC1, immPC2, metPC1 and metPC2 were included as independent variables (for principal
component loadings see the electronic supplementary material, table S2). Latitudinal range position is the latitude of the range centre. K ¼ number of
parameters; AIC, Akaike’s Information Criterion set at 95% conﬁdence; DAIC , 2 reported; AIC weight represents the likelihood of the model given the data;
BIC ¼ Bayesian Information Criterion, which unlike AIC takes into account n and K. Best-ﬁtting models are highlighted in italic.
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Figure 1. Biplots for the most significant variables predicting latitudinal range extent and position. Codes: Deronectes bicostatus (bic), D. depressicollis (dep),
D. hispanicus (his), D. moestus (moe) and D. latus (lat).
variables, and linear regressions run on untransformed and
phylogenetic independent contrasts (‘ape’ package) to predict
log10-transformed range extent and central position. In each
analysis, models were constructed using all variable combinations and model selection was based on Akaike’s and
Bayesian Information Criterion values (‘AICcmodavg’ package).
Permutation testing was also performed on the best model fits
(lmorigin; ‘ape’ package). All analyses were run in R v. 3.5.

3. Results and discussion
Previous studies of Deronectes [5,14] have pointed to the
importance of physiology in shaping geographical range
size and position. Studying a suite of metabolic and immunological parameters in both widespread and restricted species,
we show that while variation in latitudinal range extent and
position is related to thermal physiology, metabolic plasticity
and immunocompetence also appear to play a role.
The best models for range extent and central position
contained a measure of metabolic plasticity or immunocompetence without phylogenetic correction, as did that for
range extent using contrasts (see the supplementary material,
table S1), suggesting that a number of immunological and
metabolic markers are related to a species’ biogeography
(table 1). For uncorrected data, the best models for range
extent and central position contained immPC2, metPC2 and
DA or BM, respectively (table 1 and electronic supplementary
material figure S1). ImmPC2 was most strongly influenced by
AMP production against Escherichia coli (clear zone no. in
figure 1a,d) and metPC2 by the change in lipid concentration
with temperature (Dlipids in figure 1b,e; electronic supplementary material table S2). Model 2 (DA, DLTL and TR)

explained only 2% less variation in range extent than model
1 (table 1). After phylogenetic correction, the models explaining most variation in latitudinal range extent and position
included immPC1 and DUTL, and TR and BM, respectively
(table 1; electronic supplementary material, figure S1). Significant loadings for immPC1 corresponded to the presence
of AMPs against Arthrobacter globiformis (clear zone no.;
electronic supplementary material, table S2).
Physiological trade-offs in thermal adaptation can restrict
the biogeography of aquatic ectotherms, with lipid catabolism
central to cold adaptation at high latitudes [6]. Our data suggest
that more northerly distributed, wide-ranging species may use
different energy reserves under thermal stress from their southerly endemic counterparts (figure 1). Maximum-likelihood
estimates suggest that more northerly distributed, widespread
species undergo more marked changes in lipid concentrations
under thermal stress (table 2). Organisms are known to
accumulate lipids during cold-acclimation as lipids are a more
efficient energy store than others, such as glycogen [15]. However, the fat body in insects, which controls the synthesis and
utilization of glycogen and lipids, is important not only in
energy storage but also for metabolic activity, embryogenesis,
flight and immune defence, producing AMPs [15].
In terms of immunity, maximum-likelihood estimates
suggest that more southerly, range-restricted species have
stronger antibacterial activity against Gram-positive and
Gram-negative bacteria than their more wide-ranging
counterparts (table 2 and figure 1; electronic supplementary
material, figure S1). Lower latitude freshwaters may support
a greater number of bacterial taxa [16], meaning that southerly, range-restricted species may require more, diverse
AMPs. Alternately, it could be that high latitude species
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Table 2. Summary statistics for the best models predicting log10-transformed latitudinal range extent and central position on untransformed data and
phylogenetic independent contrasts including maximum-likelihood estimates (MLE) for untransformed data. Model numbers refer to those in table 1.
MLE

latitudinal range extent (model 1)
immPC2
21.020
metPC2
DA

21.000
14.452

s.e.

t-value

p-value

0.028

236.57
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0.027
0.514

236.40
28.12

0.018
0.023

F-statistic
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4

599.9

0.998

0.030

4

1 065 000

0.999

,0.001

d.f.

F-statistic
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p-value

p-value

latitudinal range central position (model 5)
immPC2
metPC2
BM

20.034
20.055

,0.001
,0.001

0.006

,0.001

21244.8
21720.2

source

,0.001
,0.001

288.3

,0.001

coefﬁcient

p-value

latitudinal range extent (independent contrasts; model 8)
immPC1
0.067
DUTL
0.401
latitudinal range central position (independent contrasts; model 10)

0.029

TR

0.029

0.004

BM

0.024

0.023

exhibit seasonal immunocompetence, with lower immunity
in summer and higher in winter than their southerly rangerestricted counterparts [17], or that faster growth in higher
latitude species compromises adult immunocompetence
[18]. The higher AMP levels in range-restricted southerly
species may also trade-off against other immune functions,
such as melanin production (measured as PO activity), that
increase with latitude [19].
Despite the inclusion of additional variables representing
metabolic plasticity and immunocompetence, thermal physiology was still clearly related to biogeography in our analyses
(table 1). Indeed the second best model predicting range
extent on untransformed data and the best model for range
extent and central position using contrasts both include
measures of thermal tolerance, supporting the findings of
Calosi et al. [5]. Our study demonstrates, however, that in
addition to temperature, other aspects of an organism’s physiological niche may be related to its geographical range,
including the plasticity of metabolic pathways and antimicrobial defences. Although widespread species have broader
thermal tolerances to cope with more variable climates,
they also appear to have different energetic strategies and
immune trade-offs from endemic species.

4

78.4

0.975

0.020

4

122.6

0.984

0.023

0.010

As species distributions respond to climate change, it is
vital we understand the mechanisms shaping geographical
ranges. It is suggested that further studies of the parameters
measured here, on a range of arthropod groups, would
improve understanding of the drivers of relative range size
and position. In all cases, investigations should be conducted
within a phylogenetically controlled framework and in a
manner that controls for other possible drivers, such as relative DA. Future work should also incorporate these traits
into predictive models, to aid the development of more
accurate adaptation and mitigation strategies for conservation.
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