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Introduction

1
General Introduction

One of  the most fascinating endeavours of  science is the unravelling and understanding 
of  behaviour. The search for the reasons behind what we do, that incessant need to 
comprehend what determines our actions, has motivated countless research projects and 
forced us to look to diverse animal species as models of  our own humanity. We know that 
organisms, just like us, do not simply behave as automatons that respond in a strict and 
predictable manner to specific stimuli; instead, they balance external stimuli from their 
environment with their own internal needs to determine how to behave (McFarland, 1977; 
Mowrey and Portman, 2012; Palmer and Kristan, 2011). For example, a thirsty animal 
might risk exposing itself  to a threat, while without thirst the threat would be completely 
avoided. In this way, understanding behaviour requires understanding how external forces 
affect organisms and their reactions, as much as the mechanism that organisms use to 
cope with this effects. 

Temperature as modulator of  animal behaviour

Temperature is a main environmental force that all organisms have to cope with. 
Temperature can affect all levels of  biological organization by directly influencing the rate 
of  enzymatic reactions, which in turn affect metabolic processes, physiological responses 
and ultimately behaviour (Abram et al., 2017; Angilleta, 2006). Worldwide, climate 
change has produced an increase in mean temperature and a greater chance of  extreme 
temperature events (Stocker et al., 2013), which are expected to produce detrimental effects 
on many species that regulate their behaviour based on how cold or hot the environment 
is (Kellermann et al., 2012). This has created a need to comprehend how species will 
respond to their future environmental reality, from the behaviours that might be modified 
by temperature and to the new behaviours that might emerge due to temperature effects 
(Abram et al., 2017; Dell et al., 2011). The reactions from different species will largely 
depend on their capacity to cope with warmer climates as endothermic or ectothermic 
creatures. Endotherms, such as mammals or birds, are organisms capable of  controlling 
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their body temperature through metabolic processes (Lowell and Spiegelman, 2000). This 
endogenous homeostatic control is directly influenced by environmental temperature and 
depends on the interaction between perceived external temperature and functional body 
temperature range to activate the physiological responses that keep body temperature 
stable (Clarke and Rothery, 2008; Lowell and Spiegelman, 2000). As endotherms exhibit 
considerable phenotypic plasticity in their thermoregulatory response (Boyles et al., 
2011), they could take advantage of  this physiological flexibility to cope with climate 
change. Ectotherms, on the other hand, are organisms that depend on the environmental 
temperature to determine their body temperature (Purves et al., 2003). This implies that 
they cannot rely on a physiological adjustment of  body temperature, but rather must 
perform thermoregulatory behaviours, such as seeking areas under a shade, to control 
their body warmth (Abram et al., 2017; Huey et al., 2003). The changes produced by 
climate change will then constrain when and where ectotherms can develop (Stevenson, 
1985), as increasing temperatures might motivate ectothermic species to avoid entire 
regions or lead some others to extinction by limiting the times of  day they can be active.

Ectotherms are affected differently by temperature depending on their body size (Huey, 
1979; Stevenson, 1985). Large ectotherms, such as lizards, have a body that requires 
time for heat to transfer throughout. This slow heat conductance allows them to partially 
control their body temperature by regulating blood flow, which prevents fast and extreme 
heat increases (McNab and Auffenberg, 1976; Spotila, 1980; Stevenson, 1985). This 
permits them to freely move in space and time without being majorly affected by the small 
temperature changes that occur through any given day (May, 1976; Stevenson, 1985; 
Woods et al., 2015). On the other hand, small ectotherms such as insects have large body 
areas with small volumes that allow for a fast heat conductance, which forces them to 
quickly adopt the environmental temperature in which they are immersed (Barlett and 
Gates, 1967; Tracy, 1982). This implies that the best strategy for small ectotherms is to 
select ideal times of  day or particular microsites in which the temperature permits them to 
maximize performance (Abram et al., 2017). As temperature changes around the world, 
these ideal times are shifting and directly affecting insects’ distribution, survival, and 
population dynamics (Mowrey and Portman, 2012). 

Temperature as driver of  change in insects’ 

dynamics

Insects’ lack of  control over their own body temperature implies that their basic enzymatic 
processes are under direct influence of  the environmental temperature. Warming speeds 
up the rate at which enzymatic reactions occur (Angilleta, 2006; Huey, 1979; Logan et al., 
1976), which will consequently accelerate insect’s development and performance rates. 
As a result, the most obvious change in insect’s behaviour due to climate change is an 
advance in their typical periods of  emergence and activity (Forrest, 2016). However, this 
change is not just a simple forward shift in calendar activity throughout the insect world. 
Different insect populations possess different thermal tolerance and phenotypic plasticity 
to cope with changing temperatures (Bowler et al., 2015; Estay et al., 2014; Hodgson 

et al., 2015), which has led to a diverse set of  responses between insects. For example, 
multiple grasshopper species living on elevated areas have prolonged their development 
and increased their body size due to climate change, while grasshopper species living 
in lower areas have shortened their development and become smaller (Buckley et al., 
2015). Increasing temperatures in Greenland have augmented the growth rates of  
mosquitoes more than of  beetles that prey on them, which has led to an overall increase 
in the mosquito population (Culler et al., 2015). In Australia, warmer temperatures have 
favoured the numbers of  the diamondback moth over their parasitic wasp, Diadegma 
semiclausum, facilitating moth invasion of  agricultural regions (Furlong and Zalucki, 2017). 
To further complicate this issue, changing temperatures can have a different impact on 
each performance measurement within the same insect species. For example, female 
fecundity of  the mosquito Aedes aegypti, vector of  Denge, yellow fever, and chikungunya 
viruses, increases at high temperature while larvae development is reduced. This leads 
to more eggs being deposited than the ones that get to eclose. As temperatures decrease 
later in the year, these excess eggs are allowed to develop and eclose, producing an 
untimely mosquito outbreak (Chaves et al., 2014). For the butterflies Lasiommata megera 
and Agrotis segentum, warming temperatures have stimulated an extra generation before 
the typical winter brake through which larva would have typically developed (Dyck et al., 
2015; Esbjerg and Sigsgaard, 2014). This added generation is smaller and its larvae are 
unsuccessful in completing their own development, causing decay in population numbers 
the year after. One main concern in temperature studies then, is to understand how 
specific insects respond to temperature changes to predict how our warming environment 
may affect them and the larger ecosystems that depend that they drive.  

Temperature as constant factor in Drosophila’s life

One insect of  particular interest is the fruit fly Drosophila melanogaster. This fly has been 
a fundamental model organism for our understanding of  development, genetics, neural 
circuits, and complex behaviours. For over 100 years, flies have allowed us to explore the 
underlying basis of  anatomical traits (Williams and Sehgal, 2001), learning and memory 
(Mao and Davis, 2009; Waddell, 2010), place-learning (Ofstad et al., 2011), sleep cycles 
(Donlea et al., 2014), circadian rhythms (Sehgal, 2017; Yao and Shafer, 2014), maternal 
effects (Mohan et al., 2018), female reproductive behaviours (Gorter et al., 2016; Laturney 
and Billeter, 2016), and social behaviour  (Ramdya et al., 2015; Schneider et al., 2012). 
The approximate 100 000 neurons of  the fly brain (Pandey and Nichols, 2011) have 
been extensively explored using advanced genetic techniques (Bader et al., 2007; Chiang 
et al., 2011; Donlea et al., 2014; Guven-Ozkan and Davis, 2014; Hampel et al., 2015; 
Zwarts et al., 2012) to create a detailed map of  the circuitry controlling flies’ actions, 
providing neuroscientists all over the world with a detailed research model. Drosophila 
have also proved to be a useful model to understand the effects of  temperature over the 
evolution, development, and behaviour of  small ectotherms. Evolutionarily, temperature 
has played a constraining role, leading fruit fly species from different climates to develop 
distinct coping mechanisms. For example, the climate in tropical areas allows fly species 
to be active throughout the day, while the cold nights followed by hot days of  the desert 
favour fly activity mostly at dawn, when temperature is in the preferred range. This 



10 11

Chapter 1 Introduction

implies that tropical species are exposed to well-lit environments, while desert species 
typically encounter dimmer light conditions. In consequence, tropical species are more 
likely to use visual cues displayed by the male for successful mating, while desert species 
take advantage of  cues that function without proper vision (Jezovit et al., 2017). These 
alternative cues are most likely sexually dimorphic cuticular hydrocarbons (CHs), the 
main chemical components linked to communication between flies (Billeter et al., 2009; 
Vosshall and Stocker, 2007). The size and amount of  a species CHs can be affected by 
social environment, photoperiod, humidity and temperature (Frentiu and Chenoweth, 
2010; Krupp et al., 2008). In fact, the length of  a species CHs can be predicted by 
temperature, as CHs are fundamental to a species resistance to thermal stress and 
desiccation (Jezovit et al., 2017). Fly species in temperate and tropical climates present 
longer CHs than species in arid areas. It is possible that the development of  shorter CHs, 
combined with the low light settings of  the desert at dawn, led species in these areas to a 
sexually dimorphic CHs pattern. Meanwhile, the luminosity around flies in tropical zones 
favoured the development of  visual cues instead of  sexually differentiated CHs.  These 
conclusions demonstrate how temperature, an environmental variable, can affect the 
evolution of  diverse physiological adaptations and communication mechanisms within 
closely related organisms. 

Temperature is also a fundamental component of  every aspect of  the life of  a single fly. 
During the larval stage, sensation of  temperature will condition where a larva moves 
to and which areas are avoided. First instar larvae will seek temperatures under 23°C 
(Rosenzweig et al., 2008), while third instar larvae will move to areas under 18°C (Liu 
et al., 2003), probably to reduce the risk of  exposure to extremely high temperatures 
during pupation. Larvae will also pupate closer to food substrates when environmental 
temperature is lower, although humidity and food moisture influence this tendency 
(Pandey and Singh, 1993; Schnebel and Grossfield, 1992). Rearing flies in restricted 
temperature environments influences flies’ developmental rate, body size, and adult 
temperature preference. Flies raised at high temperatures (~27-30°C) have a shorter 
developmental time, a smaller body size, and prefer higher temperatures when compared 
to flies raised between 18°C and 25°C (Good, 1993; Wang et al., 2008). Flies exposed 
to warmer climates also have a higher resistance to experimental temperature extremes 
than flies from colder environments (Kellermann et al., 2012; Krstevska and Hoffmann, 
1994). Differences in the production and efficiency of  heat-shock proteins, which are 
expressed under high temperatures to aid in preventing protein missfolding, might be 
the underlying basis for this diverse tolerance (Feder et al., 1996; Kjærsgaard et al., 2010; 
Welte et al., 1993). Flies from the same population separated into cold (13°C) and hot 
environment (29°C) after two days of  life showed a differentiated gene expression profile 
during adulthood, including genes for diverse heat-shock proteins (Chen et al., 2015). 
This suggests that flies are capable of  coping with temperature changes as they occur, 
without necessarily requiring a long acclimatization process. In consequence, research has 
focused on understanding how flies cope with fast and dynamic thermal challenges during 
their daily life to unravel the mechanisms behind temperature sensing and processing. It is 
possible that by understanding these, it would be feasible to predict how fly behaviour will 
be altered by the large-scale challenges presented by climate change. 

Temperature methods to study Drosophila’s thermal 

response

How flies respond to their immediate temperature environment has been mainly 
investigated in adult fly behaviour in three main experimental paradigms: preference in 
a fixed temperature gradient (Hamada et al., 2008; Hong et al., 2008; Rajpurohit and 
Schmidt, 2016); preference when presented with two temperature choices (Galili et al., 
2014; Gallio et al., 2011; Kim et al., 2010; Ni et al., 2013); or climbing speed after being 
introduced to a fixed high temperature for a short period (Dell et al., 2011; Kjærsgaard 
et al., 2010; Latimer et al., 2011; Latimer et al., 2015). These methods have allowed 
elucidating much of  the functional mechanisms behind flies’ temperature perception 
and processing (Gallio et al., 2011; Hamada et al., 2008; Ni et al., 2013). Flies have 
multiple thermosensory receptors distributed peripherally and in their brain (Barbagallo 
and Garrity, 2015; Bellemer, 2015). These thermosensors are specialized in sensing cold 
or warm temperatures (Gallio et al., 2011; Hamada et al., 2008), and fast or slow and 
large or small temperature changes (Frank et al., 2015; Liu et al., 2015; Ni et al., 2013). 
The peripheral receptors, located in the second and third antennal segments, connect to 
the thermosensors in the brain, which in turn project to higher brain centres linked to 
behavioural regulation (Gallio et al., 2011; Tang et al., 2013). The thermosensory cells 

Figure 1 Examples of  thermal performance curves. Displacement to the right (red) indicates higher 
temperature tolerance than displacement to the left (blue). A wider area under the curve (red) indicates a 
wider range of  temperatures at which an organism can perform. A higher maximum point (gray), indicates 
a higher performance. 
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in the brain express the Transient Receptor Potential protein A1 ( TrpA1; Hamada et al., 
2008). Trps are a family of  nociceptive cation channels found from flies to humans (Cao 
et al., 2013; Wu et al., 2010); TrpA1 in particular, functions as a nociceptor in vertebrates, 
sensing chemical, mechanical and cold stimuli (Bandell et al., 2004; Kwan et al., 2006), and 
mediating pain after damage and inflammation (Bautista et al., 2006; Obata et al., 2005). 
Likewise, fly larvae lacking TrpA1 show defects when responding to noxious mechanical 
or thermal stimulation (Neely et al., 2011; Zhong et al., 2012) and adult flies without this 
receptor stop avoiding harmful temperatures (Hamada et al., 2008). These suggest a close 
similarity between Drosophila and vertebrate TrpA1, which implies that elucidating how 
flies avoid dangerous temperatures could have implications for understanding nociception 
in mammalian species. 

Fixed temperature gradients have helped determine how flies prefer temperature at 
~25°C (Sayeed and Benzer, 1996). Temperature gradients are created by heating and 
cooling opposite ends of  a conductive base on which a group of  flies would be placed and 
allowed to move freely. After certain amount of  time, flies distribution along the gradient 
is used to assess if  certain temperatures are preferred or avoided. However, this method 
presents two main problems. First, if  a lamp is used as a heat source, the phototactic 
tendencies of  flies (Markow, 1979) might favour selecting an area due to illumination and 
not temperature preference. Second, thermal gradients cannot account for the effect of  
temperature over the metabolic rate and speed of  movement of  small ectotherms. As 
small ectotherms quickly adopt the temperature of  the environment around them, their 
enzymatic systems gain and loose kinetic energy as they move through the temperature 
gradient (Dillon et al., 2012; Stevenson, 1985). It is possible that the areas at which flies 
stop moving represent temperatures that do not provide sufficient energy to continue 
locomotion instead of  being temperatures actively preferred. 

The effect of  temperature over flies’ locomotion has been explored by generating thermal 
performance curves after exposing flies to diverse fix temperatures (Dillon et al., 2012; 
Klepsatel et al., 2013; Latimer et al., 2011; Latimer et al., 2014; Latimer et al., 2015). 
A thermal performance curve (Fig. 1) is a nonlinear continuous reaction norm that links 
values of  performance traits to a range of  environmental temperatures (Huey, 1979; Izem 
et al., 2005). The thermal performance curves of  ectotherms typically follow a path of  
continuous increase as temperature rises until a maximum point is reached and a quick 
decline follows (Angilleta, 2006; Dillon et al., 2012; Huey, 1979; Huey and Kingsolver, 
1989). Variations in the curve can indicate an organism’s maximum temperature 
tolerance, the temperature range at which such organism can respond, and the rate 
at which a behaviour can be performed. For example, a curve displaced to the right 
indicates an organism with a higher temperature tolerance than one with a curve to the 
left; a wider area under a curve of  a similar height as another indicates an organism can 
perform at a wider range of  temperatures; and a higher curve points towards a creature 
that can reach a faster performance rate. Traditionally, the thermal performance curve 
of  small ectotherms to increasing temperatures has been seen as a reflection of  the 
increased rates of  their underlying biochemical reactions that lead to faster behavioural 
responses (Abram et al., 2017; Dillon et al., 2012). Models based on enzyme kinetics 
predict the response of  small ectotherms to rising temperatures (Huey and Kingsolver, 
1989; Klepsatel et al., 2013; Logan et al., 1976), supporting the conclusion that flies’ 

motility over a thermal gradient might be the simple reflection of  the energy provided by 
the different temperatures. Nevertheless, as flies possess a complex thermosensors system, 
thermal performance curves based on reactions to fixed temperatures might not be able to 
encompass the whole behavioural response of  flies to changing environments.

Temperature arena to produce dynamic thermal 

changes

Flies thermosensors activate at 
different rates of  temperature change. 
Drosophila larvae possess multiple 
isoforms of  TrpA1, some of  which 
activate at fast temperature changes 
and produce an intense avoidance 
response, while others activate 
at slower temperature increases 
and produce a milder behavioural 
reaction (Luo et al., 2017). The 
combination of  these diverse 
TrpA1 isoforms ensures that larvae 
efficiently avoid sudden dangerous 

temperatures, while allowing further exploration if  the rate of  temperature change is less 
hazardous. Similarly, the peripheral thermosensors of  adult flies respond to fast and large 
temperature changes, while the brain thermosensors activate with slower and less steep 
increases in thermal gradient (Ni et al., 2013). This suggests that flies respond differently to 
sudden high temperatures than to gradually increasing thermal gradients, which implies 
that the biochemical effect of  heat might not be the only determinant of  flies’ behaviour. 

Exploring flies’ responses to different types of  temperature increases required an approach 
that allowed dynamic thermal changes, unlike the fixed conditions presented in a thermal 
gradient or during sudden exposures to warmer environments. To achieve this, the work 
presented here used a new automated temperature-controlled arena that permits precise 
and fast temperature changes in time and space, introduced and discussed in Chapter 2. 
The arena consists of  three copper tiles whose temperatures are independently controlled 
by a low voltage power supply coordinated by a programmable circuit that receives 
real-time feedback from thermal sensors under the tiles. The programmable circuit 
can be instructed to make specific temperature changes at determinate times, creating 
precise thermal shifts that do not require human intervention beyond placing the fly in 
the arena. The copper tiles are surrounded by an aluminium ring constantly heated to 
50°C to prevent flies from escaping through the sides. A glass plate placed on top of  the 
aluminium ring, a few millimetres above the copper tiles, stops flies from flying away and 
forces them to walk from tile to tile.  The arena is coupled to a camera that constantly 
records fly movements, which can later be tracked using custom made fruit-fly tracking 
software to explore how flies respond to diverse temperature challenges. For example, 
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the reaction of  flies to gradually increasing temperatures was observed by heating the 
three copper tiles to the same temperature at the same time. As reported in Chapter 

2, this technique showed that Drosophila from multiple species responded with different 
locomotion rates according to their own thermal tolerance, which led to diverse thermal 
performance curves. The independent control of  the three tiles also allowed for more 
dynamic temperature combinations at a given moment. For example, a tile could be 
kept at a comfortable temperature for flies (22°C), while the other two tiles were heated 
up. This led flies to remain in the comfortable tile, even after the other two tiles were 
cooled down to a comfortable temperature, as shown in the conditioning experiment 
explained in Chapter 2. Changing which tile was at 22°C while the remaining two tiles 
were heated, logically forced flies to constantly shift location. Interestingly, the hotter the 
other two tiles, the faster the flies moved to the new 22°C site, implying that the intensity 
of  the temperature contrast was a relevant factor guiding flies’ behaviour. These dynamic 
temperature set-ups positioned the new temperature-controlled arena in an ideal place 
to test both flies’ response to gradually raising temperature and flies’ reaction to sudden 
temperature increases. To understand if  the difference in these depended on a mere 
biochemical effect or required flies’ to process temperature information, we compared the 
thermal reaction curves of  wild-type flies with that of  temperature mutants, as shown in 
Chapter 3. 

Temperature processing as basic element of  

Drosophila’s thermal response

In nature, organisms cope with heterogeneous thermal landscapes and a variety of  
other external stimuli to satisfy their physiological needs. It would be expected that 
creatures developed the capacity to integrate the thermal information with other 
internal and external inputs to coordinate their behavioural responses and ensure the 
most beneficial course of  action (Abram et al., 2017; Woods et al., 2015). For example, 

the locust Locusta migratoria nymphs choose colder areas in a thermal gradient after 
starvation. This increases the efficiency of  nutrient assimilation and chance of  survival, 
although diminishing developmental rate and growth (Coggan et al., 2011). The main 
effect of  colder temperature depends on its kinetic effect over metabolic process as lower 
temperature diminishes metabolic rate and increases the efficiency of  some processes, such 
as protein and carbohydrate integration. Interestingly, the behavioural driver for Locusta is 
malnourishment instead of  the direct effect of  temperature, even though physiologically 
the benefits emerge from temperature’s enzymatic consequences. Similarly, species 
of  ants, beetles and blood-feeding insects use their peripheral thermosensors to detect 
temperature changes, which guides their path towards suitable food sources (Breugel et 
al., 2105; Evans, 1966; Kleineidam et al., 2007; Lazzari and Núñez, 1989), seems to also 
depend on nutritional status, and suggests that at least some insects integrate multiple types 
of  internal information with information about the temperature of  their environment to 
regulate their behavioural response. 

Although not many modifiers of  the response to temperature have been explored in 
Drosophila, flies temperature preference changes according to humidity (Prince and Parsons, 
1977) and flies possess a complex temperature sensing system based on diverse peripheral 
and brain thermosensors (Gallio et al., 2011; Hamada et al., 2008; Lee et al., 2005; Ni 
et al., 2013; Zhong et al., 2012), which suggests that flies are also capable of  integrating 
temperature information with other stimuli to coordinate their behaviour. In Chapter 3, 
wild type and thermosensory mutant flies were exposed to gradually increasing thermal 
gradients and sudden changes in temperature to test if  temperature processing was 
necessary to react to dynamic thermal changes. Being small ectotherms, one potential 
result was that flies’ locomotion at different temperatures would be regulated by the energy 
from the kinetic effect of  heating and the processing of  thermal information. However, 
results demonstrated that flies lacking thermosensors expressing TrpA1 in the brain do 
not respond to either gradual or dramatic temperature shifts. Meanwhile, flies lacking 
peripheral thermal receptor Gr28b(D) in the antennae responded to temperature in a 
similar fashion as controls, except that their performance was reduced. This suggests that 
flies must process temperature information to be able to respond to dynamic temperature 
environments and that different thermosensors are responsible for different aspects of  this 
response to temperature. 

Flies are likely still affected by the kinetic effect of  temperature. Daily peak activity 
patterns, for example, are dependent on temperature cycles (Lee and Montell, 2013), 
suggesting that the amount of  energy provided by temperature directly influences how 
active flies are. However, for temperature cycles to influence daily locomotor activity, 
brain thermosensors must also be intact (Das et al., 2015; Roessingh et al., 2015), 
further reinforcing that flies final behavioural output is dependent on their processing of  
temperature information and not only on a direct kinetic response to thermal input. 
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Temperature response as a plastic reaction to social 

interactions 

Flies temperature processing suggests 
that temperature information could 
be combined with other internal 
and external inputs to regulate flies 
behavioural output. It is possible 
that flies would override their typical 
thermal response if  faced with other 
more salient stimuli, such as hunger, 
reproductive drive, or predatory 
threat, as is the case for other 
ectotherms (Regal, 1966). Some of  
these modifiers could control flies’ 
response to increasing temperatures 
and reduce the thermal stress produced 
by warmer environments, ensuring 
and prolonging survival (Fischer et al., 
2010). Understanding these factors 

will allow comprehending what aspects of  a fly life could affect its resilience to climate 
change and the more frequent extreme whether events. 

High temperatures are considered a stressor for small ectotherms due to their negative 
metabolic and developmental effects, such as the stimulation of  heat-shock proteins 
production or reduced lifespan (Neven, 2000; Tomanek and Sanford, 2003). To 
determine which factors could immediately affect thermal behaviour, it is important to 
consider elements that directly influence the stress response. One particular element that 
is intertwined with the stress response is the interaction with others of  the same species. 
The effect of  others over individual stress has been characterized in multiple species, 
particularly rodents, showing a wide range of  effects linked to the type and intensity of  
interactions (Beery and Kaufer, 2015): in general, aggression, crowding, and social isolation 
act as promoters of  stress, while healthy social connections act as a powerful buffer to resist 
stress exposure. For example, humans, non-human primates, and rodents constantly living 
in a subordinate position have reduced health and well-being (Kirschbaum et al., 1995; 
Lupien et al., 2009; Sapolsky, 2005), while stable and non-subordinate social relationships 
in humans and baboons increase lifespan and reduce stress hormones (Holt-lunstad et al., 
2010; Silk et al., 2010). Drosophila males kept in isolation post eclosion accentuate their 
sexual and aggressive behaviour once placed with peers (Bastock and Manning, 1955; 
Sene, 1977), while flies’ that interact with each other when exposed to an aversive odour 
escape the dangerous areas more efficiently (Ramdya et al., 2015). It is possible then that 
the thermal response of  Drosophila at harmful temperatures will change according to the 
social environment around them.

The social effect over the stress response is further complicated by sexual differences 
found in many species. For example, crowding is stressful for male rats, while calming 
for females (Brown and Grunberg, 1995), and only female prairie voles, not males, suffer 
from the separation from a same-sex companion (Carter et al., 1995), and isolation has 
a larger effect on female mice (Senst et al., 2016). Physiological differences explain, at 
least partially, these contrasting behaviours: while the first phases of  the stress response 
are identical between females and males, females produce larger amounts and possess 
more receptors for affiliative hormones liberated after the acute stress reaction (Taylor 
et al., 2000). This favours bonding between females when exposed to stress instead of  
the typically described fight or flight response commonly seen in males. Interestingly, 
Drosophila also possesses a sexually dimorphic stress pathway (Neckameyer and Nieto, 
2015), which suggests that groups of  female and groups of  male flies might react 
differently to increasing temperatures. In fact, as demonstrated in Chapter 4, female 
Drosophila consistently interact with each other as temperatures increase, while male flies 
have an inconsistent number of  interactions; this leads to a slower average locomotion at 
high temperatures of  females in comparison to males when temperature is high, which 
suggests lower stress in the group of  females than in the group of  males. Flies kept in a 
group before the start of  experiments show the same sexually dimorphic trend as flies kept 
in isolation, even though the effect was larger for those with previous social experience. In 
contrast, sudden isolation seemed to have a similar effect for females and males. Flies from 
both sexes grown in a group and suddenly isolated before being exposed to increasing 
temperatures had a lower performance that grouped flies or flies raised and tested alone. 
These data suggest that social stressors, such as isolation, could be equally deleterious for 
all individuals, independent of  their sex. Taken together, these results imply that the social 
condition in which a fly is in, added to its own sex, will affect its behavioural response to 
temperature. 

Temperature response as a plastic feature of  

Drosophila history

The capacity of  a fly to respond 
to a variable thermal environment 
is constricted by genetic changes 
produced through multiple 
generations and by the individual’s 
own phenotypic plasticity (Mathur 
and Schmidt, 2017). Drosophila 
species adapted to different climates 
throughout the world demonstrate 
the genetic effects of  environmental 
selection (Jezovit et al., 2017). 
Drosophila’s plastic response can 
be observed when comparing 
flies of  the same species reared at 
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different temperatures or when exposing flies to extreme temperatures for a short period 
(Hoffmann et al., 2003).  For example, flies raised in cold temperatures will perform better 
when tested at cold temperatures than flies from the same species reared in hot areas; 
meanwhile, flies from tropical areas will tolerate higher temperatures better than flies from 
cold zones (Gibert et al., 2001). Similarly, flies from multiple species of  Drosophila exposed 
to 32°C, 33°C or 35°C for just one hour and then placed at 37°C will take longer to be 
knocked down than flies kept at 25°C (Kellett et al., 2005). The most salient mechanism 
related to these flexible reactions is the change in production of  specific heat-shock 
proteins (Hoffmann et al., 2003). Flies with a non-functioning heat-shock protein factor 
move faster at high temperatures (28-34°C) than flies with normal heat-shock protein 
production (Kjærsgaard et al., 2010), suggesting that heat-shock proteins reduce stress as 
temperatures increase (Hoffmann et al., 2003). 

The capacity to produce heat-shock proteins to face thermal stress could be influenced 
by flies’ maternal experience. Drosophila melanogaster mothers provide mRNA coding 
for small heat-shock protein to their fertilize eggs, partially determining their future 
offspring capacity to tolerate thermal-stress (Brown et al., 2014; Morrow and Tanguay, 
2015). Overexpression of  a heat-shock protein gene in female ovaries led to larvae with 
higher thermal tolerance (Lockwood et al., 2017), suggesting a maternal effect over flies’ 
temperature resistance. In fact, mothers kept at high temperatures (36-38°C) influence 
the phenotype of  their offspring, which develops larger wings, even if  the offspring is 
kept at lower temperatures after eggs deposition (Andersen et al., 2005). It is thus possible 
that if  mothers experience an extreme environment, they will also affect their offspring’s 
behavioural response to temperature to better face such an environment. To test this, 
mother flies were kept at two extreme temperatures (18°C and 29°) and their offspring 
were raised at that same temperature or at the opposite temperature, as described in the 
design presented in Chapter 5. The newly eclosed adult flies were exposed to multiple 
thermal challenges to observe the significance of  the maternal environment to restrict 
offspring’s response. Noticeably, the most influential component in offspring’s reaction 
was the temperature at which they have been reared, and not the environment experience 
by the mothers. It is possible that the maternal influence on thermal resistance, such as the 
effect the production of  heat-shock proteins, is only relevant during the first stages of  life. 
In fact, embryonic stages are more thermally sensitive than posterior larvae development 
(Welte et al., 1993), suggesting that mothers’ influence dissipates as the fly experiences its 
own environment. Considering the variability of  temperatures that an adult fly would 
encounter in a natural setting, it is logical to assume that fast adaptations to its own 
experience are the most relevant component of  their response to temperature. 

Temperature as a salient stimulus for Drosophila

The relevance of  temperature over the behavioural response of  Drosophila indicates that 
thermal information is a salient stimulus that coordinates fly’s actions. This suggests that 
flies could use temperature information to make decisions as much as they are directly 
affected by the physiological effect of  temperature. For example, flies can be conditioned 
to prefer certain areas of  an arena using temperature to produce avoidance of  other 

zones (Ofstad et al., 2011; Putz and Heisenberg, 2002; Wustmann and Heisenberg, 1997; 
Wustmann et al., 1996). In its simplest form, these experiments have conditioned flies 
to prefer one side of  the arena based only the thermal information, which suggests that 
temperature processing is what is guiding flies’ behaviour. These experiments led to the 
description of  multiple characteristics and genes associated to fly learning and memory 
(Diegelmann et al., 2006; Putz and Heisenberg, 2002; Wustmann et al., 1996; Zars and 
Zars, 2006; Zars et al., 2000). 

Flies are also capable of  associating temperature and other stimulus to select comfortable 
areas and avoid damaging heat. For example, flies placed in a heated arena (36°C) with one 
restricted comfortable area (25°C) were capable of  associating the comfortable area with 
a particular figure presented to them (Ofstad et al., 2011). This demonstrated that flies’ 
spatial memory emerges from the integration of  multiple types of  information, including 
thermal conditions. It is possible then that other types of  information are also associated 
with temperature data to guide fly behaviour. For example, flies could used the temporal 
information of  changing temperatures to displace to a more comfortable area when their 
location is about to become too cold or too hot. The use of  temporal information in 
a range of  seconds to minutes is known as interval timing (Tucci et al., 2014). Interval 
timing perception permits predicting events in the near future in consistently changing 
environments, which allows organisms to adjust their behaviour and be better prepared 
for what is to come (Reilly, 2013). Although studies of  interval timing are typically 
performed in mammals or birds (Buhusi and Meck, 2005; Tucci et al., 2014), insects have 
also shown to use this time range. For example, ants trained to feed in a specific location 
for a specific duration will wait approximately the same amount of  time if  food is no 
longer presented (Schatz et al., 1999; Schilman and Roces, 2003); parasitic wasps estimate 
the amount of  time walked over a host to calculate the amount of  eggs to be deposited 
(Schmidt and Smith, 1985; Schmidt and Smith, 1987); and bumblebees can be trained 
to wait a specific amount of  time after a light cue before extending their proboscis to 
receive sugary water (Boisvert and Sherry, 2006). To test if  Drosophila melanogaster were also 
capable of  using time information in the interval timing range, we exposed flies to short 
and long cues that indicated specific areas of  the temperature-controlled arena that would 
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become comfortable, while the rest of  the arena increased temperature, as described in 
Chapter 6. Flies were to associate auditory or visual cues of  short and long duration 
with specific arena areas in which temperature would remain comfortable. We found 
that flies, unfortunately, used only the temperature information to guide their behaviour, 
instead of  taking advantage of  the timed cues. Probably, the temperature information was 
too salient in comparison to the timed information, complicating creating an association 
between the two. Nonetheless, we encourage others to continue exploring flies’ interval 
timing perception, as Drosophila could be an excellent model to unravel the neural basis 
underlying this process. 

Thesis at a glance

The work presented here demonstrates that temperature is a fundamental component 
of  every aspect of  a fly’s life. Since development, the temperature at which a fly grows 
will determine how well it can cope with the climate challenges of  its adult life. Once in 
adulthood, an intricate system of  peripheral and brain thermosensors coordinates how 
flies respond to dynamic temperature changes. This response is not just a predictable 
reaction; it is a complex process that can be affected by other internal and external 
features of  the fly, such as its own sex and the sex of  surrounding flies. Considering the 
relevance of  Drosophila as a model organism, it is fundamental to continue exploring how 
temperature interacts with the other features of  fly’s existence, as it will help us predict 
how small ectotherms might be affected by climate change, while also answering basic 
neuroscience questions, such as how a brain integrates temperature information. 

Thesis Diagram: Chapter 2 describes the temperature-controlled arena in which all main experiments 
presented here are based. Chapter 3 explores temperature perception of  flies lacking antennal or brain 
thermosensors and demonstrates that they are necessary for a normal locomotor response to increasing 
temperature. Chapter 4 demonstrates that social interactions affect this locomotor response, and that this 
effect is sexually dimorphic. Chapter 5 shows that developmental temperature, despite maternal condition, 
is the main determinant of  the locomotor response to increasing temperature of  adult flies. Chapter 6 uses 
the temperature-controlled arena to explore complex cognitive skills of  Drosophila and demonstrates that, in 
this particular experimental setting, flies use temperature information and not temporal cues to guide their 
behaviour.
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