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Resumo

Os animais ectotérmicos sdo especialmente afectados pela temperatura uma
vez gque esta acarreta consequéncias na sua fisiologia. As pequenas moscas da fruta
do género Drosophila ndo séo capazes de regular a sua temperatura corporal e por isso
evoluiram uma vasta gama de comportamentos adaptativos de forma a evitar o stress
provocado pela temperatura. Em particular, os limites da distribuicdo desta espécie e de
varios outros insectos tém sido relacionados com a resposta fisioldgica a baixas

temperaturas.

Em Drosophila, o tempo de recuperagdo das moscas apos coma induzido pelo
frio tem sido usado em varias analises genéticas como uma medida de resisténcia ao
frio. Com este trabalho vamos relacionar a expressao de Frost e Muc68E, dois genes

que traduzem proteinas com caracteristicas semelhantes, apds coma induzido pelo frio.

O gene Frost é sobreexpresso cerca de cinquenta vezes ap0s choque térmico
por baixas temperaturas, embora também se apresente sobreexpresso apOs outros
tipos de stress, apesar de aqui a resposta ser de menor magnitude. Com este trabalho,
sugerimos que este gene podera estar a responder a dissecacao e ndo especificamente
ao stress induzido pelo frio. O Muc68E é um gene pouco estudado, por isso fez-se
inicialmente uma andlise da sua estrutura e evolugdo molecular. Assim concluiu-se que
este gene, a estar envolvido na resposta ao frio, s6 pode explicar variagdo no subgénero
Sophophora, uma vez que nao esta presente no subgénero Drosophila. Para além disso,
também realizamos comparacdes fenotipicas entre uma estirpe com uma mutagéo
neste gene, e uma estirpe controlo, de forma a melhor perceber a resposta do Muc68E
ao stress induzido pelo frio, assim como a outros tipos de stress, de forma a melhor

perceber as funcdes deste gene



Abstract

Ectotherms are affected by environmental temperature, as it impacts their
physiology. Small cosmopolitan flies from the Drosophila genus are not capable of
regulating their body temperature, so they present different kinds of behaviour in order
to avoid thermal stress. In particular, geographical distribution limits of Drosophila and
many other insects, have been linked to their physiological and fithess responses to low

temperatures.

Chill coma recovery has been used in genetic analysis as a measure of cold
resistance in Drosophila. Here, we relate the expression after chill coma of two genes

that encode proteins with similar features, Frost and Muc68E, with the cold response.

Frost is overexpressed around fifty times after cold exposure, and it has been
shown to be involved in the responses to other types of stress although to a lesser extent.
However, we suggest that Frost is actually responding to desiccation. Since Muc68E is
a poorly studied gene, we started by analysing its structure and evolution and discovered
that it is only present in the Sophophora subgenus — meaning that even if it is involved
in cold response it is not associated with a genus-wide mechanism. We also performed
phenotypical comparisons between a Muc68E mutant strain and its control in chill coma

and a variety of other stresses in order to grasp other possible functions of this gene.

Keywords: Cold adaptation; Frost; Muc68E; stress response; gene expression
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Chapter | — General Introduction

1.1. How is temperature important for ectothermic

animals?

Adaptation to fluctuations in temperature is important to animals, especially to
those that, being ectotherms, need to gather heat from the environment mainly by
behavioral means since they have only limited abilities to thermo regulate via
physiological adjustments [63, 134]. In insects, temperature is a major abiotic factor,
resulting in potential cold or heat stress [71] with extreme temperatures being injurious
and potentially lethal. Nonetheless, thermal environment does not completely constrain
ectotherms. If exposed to extreme temperatures, insects may respond in different ways:
they can behaviorally avoid extremes by escaping the stress source, for example
alternating between shade and sun, and they can also respond by changes in
morphology, life history or physiology within their lifetime (reviewed in detail by [8]).

1.2. Surviving winter — the insect cold response

It is not surprising that selection for cold resistance is stronger than for heat
resistance given that summer does not pose a range of harsh conditions as variable as
winter [27]. Particularly, distribution limits of ectotherms, including many insects, have
been linked to their physiological and fithess responses to low temperatures [4, 146],
and strong correlations exist between cold tolerance and environmental distribution [25,
76, 81]. For instance in flies, certain threshold temperatures generally limit reproduction
[126] and development in most tropical and temperate species [40]. Therefore, had
insects not evolved a range of physiological and molecular adaptations to tolerate low
temperatures, they would be likely to suffer from cold injury, with severe consequences
as increased mortality and reduced reproduction ([83, 84, 98, 109, 128, 150].

Temperature resistance in Drosophila can also be influenced by prior exposure
to altered temperature conditions or to different photoperiods — because light conditions
act as important environmental cues for many insects. Decreasing day length, for
instance, typically signals that winter is coming, which frequently induces diapause [8,
16]. This process represents a different developmental pathway, initiated and regulated
by unique patterns of gene expression, that results in the ability to survive seasonally

environmental stress, especially by adapting the rates of growth, development and
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reproduction [44]. Insects in diapause are commonly cold resistant, allowing them to
overwinter [43], although the mechanisms behind this are not fully understood yet (review
in [44]).

1.2.1.How do insects react to cold

The physiological behaviour of insects near the freezing point, and in particular
their ability to survive ice formation in their extracellular fluid, provides a natural way of
dividing this class. Insects have thus been called freeze tolerant — when they tolerate the
formation of internal ice - or freeze avoidant organisms — when they avoid freezing by
maintaining the body fluids liquid below the normal freezing point through a process
called supercooling [90, 116, 131, 153]. Recently, however, it was realised that many
insects have such a low supercooling point (SCP - the point when body water does turn
to ice) that they die from cold injury before their body fluids can freeze [83, 98, 106, 129].
A good example are Drosophila melanogaster flies, whose SCP is between -17 and -
20°C [38] and yet die between -6 and -9°C [79]. These have since then been labelled
chill-susceptible, completing this classification [12], which is underlined in Fig. I-1
(squares with red lining).

It is still unclear why insects adopt a certain strategy for dealing with subzero
temperatures, but studies have shown that in the arthropod lineages freeze avoidance
is the basal strategy and that freeze tolerance evolved several times among insects, as
for instance in Diptera [130]. These authors suggested that freeze tolerance is a strategy
that evolved recurrently because of different reasons according with an insect’s habitat.
In the Northern Hemisphere, due to severe winters, insects must be able to survive low
temperatures for an entire season, and the most efficient way to do that is to pursue a
freeze tolerance strategy, but only for the overwinter period to avoid desiccation for
instance. By contrast, weather in the Southern Hemisphere tends to be unpredictable
but usually mild so, in order to survive the occasional cold storms during the summer,
insects that have food in their gut can use that as ice nucleators and survive the cold
inducing freeze tolerance, without spending much energy avoiding cold that is not there

during warm winters.
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How insects
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Figure |-1: Diagram summarizing the insects’ reaction to cold. Squares surrounded by red lines state different classes of
insects’ physiological behaviour towards cold, and words highlighted in red refer to some of the processes/agents
occurring in a particular class. The blue arrow indicates that RCH is more common in chill-susceptible species, but is also

present in chill-tolerant organisms

In freeze avoidant insects supercooling is not the only process to guarantee
overwinter survival, since synthesis of cryoprotectants, polyols, sugar and glycogen, as
well as production of antifreeze proteins that adsorb ice crystals inhibiting their growth,
work together as protective mechanisms that assure a response to the expected low
temperatures when seasons change (thoroughly revised in [29]). Freeze tolerant insects
limit supercooling by voluntarily initiating the freezing of their bodies at higher
temperatures, and for that they recur to the production of ice nucleating proteins, or use
particles of food and even bacteria present in the gut as ice nucleators [90, 151].

The damage caused in chill-susceptible insects varies drastically with the amount
and intensity of cold exposure. A short-term exposure (minutes or hours) to sub lethal
cold temperatures causes cold hardening [15] and/or a reversible state of paralysis
known as chill coma [102] which results in reversible physiological changes. Long-term
exposure (days or weeks) to temperatures between the normal and viable temperature
range of an organism gives rise to both reversible and irreversible changes in physiology,
and is named acclimation (review by [8]).

The reversible status of chill coma is only maintained when cold exposure is
neither prolonged nor severe, otherwise insects are likely to die from accumulation of
cold injuries [4, 39, 54, 83, 84, 98]. The mechanisms behind chill coma physiology are
yet to be fully grasped, but previous studies have shown that the loss of ability to maintain
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posture involves a disruption of normal neuro-muscular performance [5], and also a loss
of muscular excitability in bees and flies [55, 70], which is related to a more global loss
of muscular function. In both cases, it looks like these processes are strongly related to
an inability to maintain trans-membrane ion homeostasis at low temperatures [78, 84,
99, 154].

When Drosophila are acclimated, they show physiological changes such as
alteration of membrane lipid composition [61], most commonly by increasing the
proportion of unsaturated fatty acids to saturated fatty acids [75, 103]. They also reveal
alterations in sugar or polyol concentrations [64], and metabolic rate [13], which can
affect temperature resistance. Moreover, the amino acid proline was found to act as an
energy reserve and was associated with cold resistance [104]. Glycogen and proteins
(especially rich in prolines) also act as energy reserves and may enhance survival at
extremely cold temperatures [23].

When insects need to respond quickly to changes in environmental temperatures,
there is a rapid protective mechanism against cold injury named rapid cold hardening
(RCH), which was first identified as the capacity for rapid accumulation of glycerol in
response to low temperature exposure [89]. We can mimic this hardening mechanism
by gradually cooling flies before cold shock, and it has been studied that this RCH acts
as a protective effect of acclimation [45, 131], and can increase cold tolerance in some
insects [79, 152] in a matter of days or even hours. Presently, as with chill coma, the
mechanisms behind RCH are still to be perfectly understood, but this is one of the fastest
responses to low temperatures [89], and has been found to improve traits such as
survival, activity and reproduction during cold exposure [38, 79, 109, 120, 128, 150].
Some studies suggest that insects might enhance cold tolerance in response to
predictable or unexpected decreases in environmental temperature via the RCH
response [45, 77, 79, 85, 89, 110], independently of being freeze tolerant or avoidant
(which is represented in Fig. I-1 with the blue arrow).

1.2.2.The molecular basis of short-term cold resistance

Resistance to cold in Drosophila has been quantified by survival rate after cold
shock [23] but it is now commonly estimated by the recovery time of flies after a non-
lethal but chill coma inducing exposure to cold [11, 17, 54, 59, 71, 108, 115]. This latter
approach can be particularly useful in distinguishing among the geographical distribution
of Drosophila species [4, 54, 76, 81, 97, 98].
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Many examples in Drosophila literature show that cold tolerance phenotypes
embody an important adaptation in this genus, although a comprehensive understanding
of this adaptation involves a thorough description of the genetic architecture influencing
cold resistance variation, as well as the identification of the functional allelic variants
underlying such phenotypes [30]. This was accomplished in a more general fashion
through quantifying genetic variation along cold tolerance clines [11, 34, 53, 65, 81], via
studies focused on artificial selection [4, 24] or for instance identification of mutants with
altered temperature preference [137]. With analysis of gene expression it was also
possible to identify genetic changes in response to selection towards cold tolerance [140]
or various cold stressors [56, 57, 114, 132] and associations of variation with
polymorphisms in candidate genes [3, 35]. These studies have clearly demonstrated the
existence of transmissible genetic variation for cold tolerance and suggest that this
variation is probably influenced by a large number of genes.

To isolate genes with large effects on traits such as thermal resistance, another
method that involves the identification of small sections of a chromosome with significant
impact on the studied trait of interest — the quantitative trait loci (QTL) approach — can
be used [145]. One of these large studies [105] used a population of recombinant inbred
lines to map QTL that affect variation in both heat- and cold-stress resistance in order to
understand and identify genes controlling thermo tolerance phenotypes. In one mapped
region associated with cold response, three genes that have previously been implicated
in various responses to cold, Fst, Sas and desat2, were underlined. Those were also
identified in another QTL for chill coma recovery [108]. Fst will be described in a more
detailed fashion in Chapter Il, Sas has been implicated in ice binding and response to
freezing [80], and desat2 is involved in cuticular hydrocarbon biosynthesis [36] and has
alleles that vary in their cold tolerance [58].

The QTL in the Norry et al. study [108] also includes Dca (also known as smp-
30) and hsr-omega, which, along with Fst, are named candidate genes that causally
affect thermal tolerance in the right arm of chromosome 3 in another molecular analysis
study [3]. More related to heat response, hsr-omega is thought to play a role in the
dynamic coordination of nuclear and cytoplasmic transcript processing under various
stress and growth conditions [74, 88], and its allelic variation underlies a significant
fraction of the heat sensitivity variation in D. melanogaster [100, 101]. Meanwhile, Dca
was first identified as a candidate gene for cold tolerance in Drosophila [56], but
microarrays and gPCR techniques showed that this gene is down-regulated after a cold
shock at 0°C for 1 to 3 hours [114, 132], so Dca is more likely to be involved in the cold
adaptation but not in the response after a cold shock. A phylogenetic analysis revealed

that this gene is only present in the Sophophora subgenus, and a more detailed study
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supported the idea of a duplication from the ancestral regucalcin gene, after the split of
Drosophila subgenus and before the Sophophora radiation, as the origin for the Dca [7],
so this gene cannot explain cold adaptation across Drosophila genus.

One of the microarray analyses mentioned before [114] aimed to examine the
changes in transcript abundance associated with the cold hardening treatment and,
along with Dca and Fst, the authors identified three heat shock proteins (Hsps), namely
Hsp23, Hsp26, and Hsp83. Because Hsps are chaperone proteins that facilitate the
refolding of damaged proteins, this up regulation after cold hardening (confirmed with
RT-gPCR) is probably a useful function when the cell is dealing with heat or cold-
denatured proteins, thus protecting insects from cold exposure. In this study other three
membrane proteins, CG13510, CG10912, and CG8778, were also involved in cold
hardening. These eight proteins make up the class of biological processes defined in
Flybase (http://flybase.org/) as any process that increases freezing tolerance of an
organism in response to low, non-freezing temperatures, which is associated with the
GO for cold acclimation (GO:0009631). Also worthy of mention is the fact that the GO
for response to cold (GO:0009409) only encompasses three more D. melanogaster
genes: brvl and brv2 involved in the cellular response to cold, and brv3, all of them
inferred from mutant phenotype [50]. Nonetheless bear in mind that these genes are also
important in other pathways, as is the case of the brivido proteins which are involved in
the activity of calcium channels [94].

Note that overall GO (gene ontology) terms are a useful way to describe gene
products in terms of their associated biological processes, cellular components and
molecular functions in a species-independent manner [9]. We sum up the information
about the genes with biological processes related to the response to cold in Table I-1,
and also add a summary of the molecular functions of those proteins with both

experimental evidence and predictions (data from Flybase).
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Table I-1: Summary of the genes involved with the GO term: response to cold

A tati .
Symbol Name nnTDa on Cytology Molecular function
3A8 lcium i T
brva  brivido-3 CG13762 calcium fon binding;
_3A8 Ccalcium channel activity
49B11 ri P
cG8778 - CG8778 AU-rich element blndlng,. .
49811 €noyl-CoA hydratase activity
55B2
CG10912 - CG10912 unknown
-55B2
58F4
CG13510 - CG13510 unknown
-58F4
63811 unfolded protein binding;
Hsp83 Heat shock protein 83 CG1242 ATP binding;
-63B11 ATPase activity, coupled
67B2
Hsp26 Heat shock protein 26 CG4183 myosin binding
-67B2
67B3
Hsp23 Heat shock protein 23 CG4463 protein and actin binding
-67B3
74A5 PR T
brv2 brivido-2 CG16793 calcium ion binding; -
_74A5 calcium channel activity
76B3 o i PR
brv1 brivido-1 CG9472 calcium ion binding;
7683 calcium channel activity
85E2
Fst Frost CG9434 unknown
-85E2
smp-30 Senescence marker protein-30 88D2
CG7390 calcium ion binding
(Dca) (Drosophila cold acclimation) -88D2

1.3. Drosophila melanogaster as a model organism for cold

response

Drosophila species have different thermal niches and habitat requirements
ranging from species with narrow and restricted distributions to cosmopolitan species
[54, 133, 135]. Each tends to have its own temperature niche with a distinct optimum and
a range of permissible temperatures [40].

Linking thermal variance in populations to the molecular level is facilitated by the

vast genetic information available for Drosophila [66], especially Drosophila
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melanogaster since its genome was sequenced 14 years ago [1] and today there is a
wide range of always up to date data compiled in Flybase, a repository of genetic and
molecular information, with several useful query tools that further facilitate the integration
of knowledge about this species and Drosophila genus in general.

Particularly, D. melanogaster is well understood genetically and developmentally
when compared to other insects, it has a well characterized life history variation in natural
populations, and since they are small insects their maintenance is neither costly nor
demanding. Therefore, many can be reared in the lab, with the benefit of also having a
short generation time, which permits for instance evolutionary studies. Nowadays,
technological advances allow the production of transgenic strains that result in well
characterised breeding lines, mutants and cell lines, which enable us to test specific
hypotheses relevant in thermo resistance, as for instance in the study of Hsps as an
important group of candidate genes for stress resistance [47].

D. melanogaster was originally from Africa and then expanded to more temperate
regions of the world, to its current worldwide species distribution. With its geographical
expansion, this species was exposed to cool temperate conditions, so in order to be
relatively more resistant to temperature extremes and successfully adapt to novel
environments they needed to cope with many novel thermal stresses.

Although both high- and low-temperature extremes are ecologically important, as
previously described, resistance to low temperatures appears to be a major climatic
adaptation not only among Drosophila species [39, 53, 54] but also across insect
populations in nature [11, 65, 125].

Despite some limitations as a model organism in global cold tolerance studies,
as it is not possible to test all of the mechanisms of cold adaptation in chill-susceptible
species, in the analysis of short-term cold resistance a valuable insight is provided by
the existence of both tropical and temperate strains of D. melanogaster. This fact
together with the information presented above support the use of this species in the
identification of candidate genes for cold resistance — that if thoroughly characterised
can be recognised and functionally evaluated in other insect species supporting the study

of this important thermal limit.
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Chapter Il — Is Frost specifically involved in cold

response”?

2.1. Introduction

2.1.1.Frost — a candidate gene in short-term cold resistance

With all the investigation around the molecular basis of short-term cold
resistance, one can assume that a gene which is identified in multiple studies by different
authors [4, 57, 105, 108, 114] as Frost (Fst) is one of the most credible candidates for
this type of cold resistance [118].

At the C-terminus region, Fst contains multiple tandem repeats rich in serine (S),
threonine (T) and proline (P) [31] which form PEEST motifs with a structure that
resembles a mucin (boxes with diagonal stripes in Fig. 1I-1). Mucins are exported into
the extracellular space and, at the N-terminal region, Fst shows an 18 amino acid signal
peptide, suggesting that this protein may be secreted into the extracellular space [57]
(blue box in Fig. 11-1).
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Figure 11-1: Sequence features of the Frost gene. The region encoding the signal peptide is indicated by a blue box; the
region encoding the proline repeat is indicated by a box with horizontal stripes; the regions encoding for the PEEST repeat
are represented by boxes with diagonal stripes (perfect PEEST motifs are indicated with an orange shadow); the region
corresponding to the threonine repeat polymorphism is indicated by a solid black box — adapted from Hoffmann et al. [67]

In D. melanogaster, under normal physiological conditions, Fst shows high to
moderate levels of significant expression only in the larval and adult midgut, hindgut, and
Malpighian tubules (FlyAtlas Anatomical Expression Data [121]) being higher in the latter
structure. Indeed, Fst is 40.6 times more expressed in Malpighian tubules than in the
whole fly [147]. It should be noted that, when genes involved in the classical roles of the
renal system are assayed, male and female tubules show similar transcriptional levels.
However, when other genes are assayed, clear differences are found between males

and females. Such is the case for Fst, which is 31.4 times more expressed in females
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than males [26]. Such a difference must be taken into account when comparing results
for males and females.

This gene is included in a QTL for thermo tolerance in D. melanogaster [105,
108], and length variation in the Fst promoter region seems to explain about 1% of the
variation in cold-resistance [115]. Moreover Fst is greatly overexpressed after cold shock
in D. melanogaster [32, 57, 114, 118]. Fst is up-regulated in response to cold in eggs,
third instar larvae, and 2- and 5-day-old male and female adults, with high constitutive
expression being observed in those life stages in which cold does not up-regulate Fst
[14]. The RNAI experiments performed by Colinet et al. [33] show that in D. melanogaster
this gene is essential for cold tolerance. These observations led to the hypothesis that
high Fst transcription levels are associated with cold tolerance.

There are, however, several unexpected observations under the hypothesis that
Fst is specifically involved in the response to cold. Zhang et al. [155] report that the D.
melanogaster Fst gene is up-regulated after prolonged (10h) cold exposure but not after
repeated (five daily 2h exposures) or a single short (2h) cold exposure(s), and thus, Fst
does not respond to all kinds of cold challenges. Moreover, overexpression of this gene
is maximum (about 50 times) at two hours after recovering from a single sudden
exposure to cold (i.e, chill-coma; [31]), and there are no changes in Fst gene expression
during the cold treatment [31]. In addition, in D. melanogaster adult flies, Fst expression
does not drop with age (http://flybase.org/) while cold tolerance rapidly declines with age
[33]. There is also clinal variation for a proline repeat polymorphism at Fst that is not
associated with cold resistance [67]. Lastly, in sharp contrast with the results of Colinet
et al. [31], Udaka et al. [143] found an association between low Fst levels and cold
resistance in D. melanogaster. There are also unexpected observations in other
Drosophila species: in D. subobscura, Fst is overexpressed in warm-adapted (22 °C)
populations compared to cold-adapted (13 °C) populations [87], while in D. americana
(Drosophila subgenus) an association was found between Fst gene size variation and
chill coma recovery time, but this could be the result of a body size effect [118]. D.
americana is a temperate species (and thus more cold resistant than D. melanogaster
that is of tropical origin) but in this species Fst is much less overexpressed two hours
after a single cold shock [118].

Fst is also up-regulated when flies are exposed to other types of stress. Indeed,
Fst has been found to be up-regulated when flies are exposed to virus, bacteria and fungi
[6, 18, 22, 42, 92]. Surprisingly, Fst is up-regulated in response to infection only in mated
females [127]. They have lower immune defences than virgin females, but the authors
show that this finding cannot be explained by an increased positive stimulation of their

immune system through higher pathogen load. However, ingestion of some pathogens,
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such as the Gram-negative bacteria Erwinia carotovora, has a dramatic impact on the
physiology of the gut, namely leading to modulation of stress response and increased
stem cell proliferation and epithelial renewal [18].

Fst is also up-regulated when flies are starved or exposed to desiccation
conditions [132], and when they are transferred to arid and food-free conditions [156].
Addition of hydrogen sulphide, that increases desiccation tolerance in D. melanogaster,
further increases Fst mRNA levels [156]. Fst is also overexpressed when flies are
subjected to dietary shifts [21]. Moreover, Fst is overexpressed when flies are exposed
to hypoxia [95] as well as to Methotrexate, a synthetic folate analog that interferes with
DNA synthesis, and results in the arrest of rapidly proliferating cells [2]. This gene is also
up-regulated in response to starvation generated from a mitochondria signal using a
tko®™' mutant [48], in dSAGA-specific H3 lysine 9 and 14 acetylation mutants (dAda2b
mutants [111, 157]), and in blanks<®%%% mutant testes relative to blanks<®%%/TM3
heterozygotes [52].

The above observations regarding the overexpression of Fst under a variety of
conditions could suggest that Fst is a general stress response gene rather than a gene
specifically involved in cold response. Nevertheless, the reported Fst overexpression
under a variety of stresses is never as high as that observed 2h after chill coma recovery
(about 50 times more), not to mention that most of these experiments were not performed
to specifically address the possible response of Fst to a given stress. Fst expression has
been assayed at different life stages (larvae and adults, for instance) and in whole
individuals or in specific tissues, making any detailed comparison difficult.

In this work, we first explore the hypothesis that Fst is a general stress response
gene, by addressing its expression changes at extreme heat conditions, nutrient
deprivation, and starvation in both males and females. Most importantly, we first show
that the conditions under which flies are tested are high stress near death conditions. As
a control we also looked at the expression of Fst 2 hours after cold shock recovery, in
order to compare the differences in the magnitude of this gene’s response between

stresses.

2.2. Methodologies

2.2.1.Phenotypical characterization

We phenotyped flies from a commonly used wild type D. melanogaster strain,

Oregon-R (Ore-R), for lifespan, cold shock (as chill coma recovery time), heat shock,
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nutrient deprivation, and starvation. Fly stocks were maintained in 250 ml bottles in
uncrowded conditions. Bottles were kept at 25°C, 50% relative humidity and 12h:12h

light: dark cycle conditions on standard food (10% [mass/volume] yeast, 4%

[mass/volume] wheat flour, 8% [mass/volume] sugar, 0.4% [mass/volume] salt diet, 1%

agar [mass/volume], and 0.5% propionic acid [volume/volume]).

To guarantee that we had a statistically significant data set, 100 male and 100
female newly emerged adult flies were collected within 8h of eclosion (to guarantee that
they were virgins), sexed under light CO2 anaesthesia and transferred in groups of 5 to
10 ml vials with standard food and reared for 4 days at the same conditions as the stocks.
We only used 4-day old flies in order to reduce the age influence in each phenotype,
thus avoiding a possible ageing effect, as seen previously for both cold [71] and heat
shock [69]. Note also that sorting time was less than 15 min, and flies were not
anesthetised subsequently to the initial sorting because long exposures to carbon
dioxide anaesthesia are known to affect cold tolerance [107].

We assess each phenotype, in the following fashion:

» For lifespan: flies resulting from the cross of 20 males with 20 females were
individually collected and maintained at 25° C under 12h light and dark cycle
conditions until they died. Single individuals were kept in a vial containing standard
food and their condition was checked every other day and vials were changed every
week;

» For cold shock: in a 4°C cold chamber, individual flies were transferred without
anaesthesia to empty vials which were sealed with parafilm, and then buried in ice.
After 4 hours of cold exposure at 0°C, we measured individual chill coma recovery
time at 25°C. Flies were considered completely recovered when able to stand up on
all their legs;

» For heat shock: at room temperature, groups of 5 flies were changed into empty vials
which were then placed in an incubator maintained at 37° C. Their status was
checked every 30 minutes until they all died;

» For nutrient deprivation: groups of 5 flies were changed into vials with cotton imbibed

in water and maintained at 25° C under 12h light and dark cycle conditions until they
died. Their status was checked every 12 hours;

» For starvation: groups of 5 flies were changed into empty vials and maintained at 25°
C under 12h light and dark cycle conditions until they died. Their status was checked
every hour.

Also worth mentioning is the fact that time points (intervals) were chosen using

information from the literature and from our own preliminary data such that we would see
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flies with complete, intermediate and no survival for heat shock, nutrient deprivation, and

starvation phenotypes.

2.2.2.Gene expression analyses

2.2.2.1. Sample selection

Based on the results obtained for the Ore-R strain under heat shock, nutrient
deprivation, and starvation (see Results), we set the near-death stress point for each
phenotype and decided on the following conditions for the reverse transcription
guantitative real-time PCR (RT-qPCR) quantification:

- For cold shock: 4-day old flies without cold shock (control — CC CO), immediately
after chill coma recovery — 782.5 +- 140.3 s for Ore-R & and 783.4 +- 120.4 s for
Ore-R @ (CC 1), and cold shock followed by a 2 hours recovery period at 25°C (CC
I1);

- For heat shock: 4-day old flies without heat shock (control — HS CO), 1 hour and a
half of exposure to 37°C (HS 1), and 1 hour and a half of exposure to 37°C followed
by a 2 hours recovery period at 25°C (HS II);

- For nutrient_deprivation and starvation: after 36 hours (ND) and 18 hours (ST),

respectively, of exposure to the stress the living flies were collected. . 4-day old flies
kept in standard vials were used as controls (CO).

For each condition we had three sets (biological replicates) of 3 females and 3

males. The flies subjected to these conditions were kept at -80°C immediately after the

exposure to the stress.

2.2.2.2. RNA extraction and cDNA synthesis

Total RNA was isolated from each set of 3 individuals using TRIzol Reagent
(Invitrogen, Spain) and treated with Turbo DNA-free™ kit (Life technologies, Carlsbad,
California, EUA) according to the manufacturer’s instructions. The quality of the RNA
samples was checked using Nanodrop (only samples with RNA with concentrations
above 100 ng/uL were used) and the RNA integrity checked using Experion platform
(Bio-Rad, Portugal; only samples with RQI above 7 were used).

Prior to cDNA synthesis, RNA samples were diluted to concentrations of 106,25
ng/ul (males) or 125 ng /ul (females) and 8 pl of these dilutions was used in the cDNA

reactions (in order to end up with 850 ng and 1000 ng of RNA for males and females
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respectively). cDNA was then synthesized by reverse transcription with SuperScript Il
First-Strand Synthesis SuperMix for RT-gPCR (Invitrogen, Spain), using random
primers. No-template controls and reactions with RNA that was not reverse transcribed
were performed in order to confirm the absence of DNA contamination.

2.2.2.3. RT-gPCR

We performed RT-gPCR experiments using the isolated cDNA. Expression levels
were determined for sets of three individuals from each sex (3 biological replicates in
total) for each condition tested. RT-gPCR reactions were carried out in a 20 uL final
volume solution containing 10 L of the iQ SYBR Green Supermix (Bio-Rad, Portugal),
8.5 uL of bidestilled water, 0.25 uL of forward and reverse primers (10 uM), and 1 L of
cDNA from each condition. The specific primers used to amplify Fst and the endogenous
ribosomal protein L32 (RpL32; the reference gene) have an efficiency between 90% and
100% (see Table lI-1). The reactions were performed on a Bio-Rad iCycler with the
following program: 3 min at 95° C; 40 cycles of 30 s at 94° C, 30 s at 56° C and 30 s at
72° C followed by a standard melt curve. The threshold cycle (Cr) values of technical
replicates of both control and each treatment samples did not differ by more than 0.7
cycles in any case. Fold change in expression was calculated using the 22T method
[96].

Table 1I-1: Primer sequences and efficiencies (%) for genes validated with RT-qgPCR and used in the analysis. RpL32
primer efficiency was determined with the standard curve method for serial dilutions of 1:5

Gene Primer Sequence F/R E % R?
5' TCAGGGTCAGTGGGATGG 3" 90<E<100* <0.95*
5' CCGTTGGTGGTGGTGGAG 3
5' GTTTACTGCGGCGAGAT 3'

RpL32 97.4 0.994
5'" CGTTGGGGTTGGTGAGGC 3"

*data obtained from Reis et al. [118]

Frost

2.3. Results and Discussion

The observation that, in D. melanogaster, Fst is overexpressed about 50 times
two hours after chill coma recovery, and that under a variety of other stresses this gene
is never so highly expressed, is one of the main arguments in favour of Fst being
specifically involved in cold response (see introduction). Nevertheless, most of these

experiments were not specifically optimized to consistently address the possible
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response of Fst to different types of stress. In fact, in different experiments, different
methodologies were used, Fst expression was assayed at different life stages (larvae
and adults, for instance), in whole individuals or in specific tissues, and it is unclear
whether the conditions assayed impose similarly high stresses, making any detailed
comparisons unreliable.

Firstly, then, we wanted to determine how Oregon-R (Ore-R), a wild type strain
of D. melanogaster, performed under different types of stress in order to identify the
maximum amount of each kind of stress that 4-day old flies could endure without dying.
With that data, we performed an expression analyses of Fst mRNA through RT-gPCR in
flies subjected to near-death stress (near-death was set as the time before 1% of the

flies start to die), and related these results to the phenotypical data.

2.3.1.Cold shock response

Regarding the cold shock stress, as we can see in Fig. II-2, Ore-R males take on
average 782.5 seconds (standard deviation SD = 140.3; sample size N=100) to recover
from cold shock, while females take on average 783.4 seconds (SD=120.4; N=100).

12001
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600 -

500
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D. melanogaster strain
Figure 11-2: Box plot representing chill coma recovery times for D. melanogaster Ore-R; males (blue) and females (red).
The top of the box represents the 75th percentile, the bottom of the box represents the 25th percentile, and the line in the
middle represents the 50th percentile that corresponds to the median. The whiskers represent the highest and lowest
values that are not outliers or extreme values. Circles beyond the whiskers represent outliers
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These average chill coma recovery times are in accordance with previous
published results that used different D. melanogaster strains [4, 54, 71]. Also note that
under normal conditions Fst has been reported to be 31.4 times more expressed in
females than in males [26], but there are no statistically significant differences between
Ore-R males and females (Non-parametric Mann-Whitney test; P>0.05) regarding chill

coma recovery time.

2.3.2.D. melanogaster near-death conditions

2.3.3.Heat shock response

In order to determine for how long Ore-R flies are able to stand prolonged heat
(37°C) and the associated desiccation when placed in empty food vials and in a dry
incubator, the percentage of living flies was recorded every half hour until all flies were
dead. We can observe that the death rate increases linearly with exposure time from the
moment there is mortality (for males Pearson product-moment correlation coefficient
R=0.96; significance of Pearson product-moment correlation coefficient P < 0.001; N=8;
for females R=0.89; P < 0.001; N=10), and there are no statistically significant differences
between males and females regarding death rates (Non-parametric sign test; P > 0.05).
There is almost no mortality (less than 5%) in the first 90 minutes of exposure to heat,
and no fly was able to stand the treatment for more than five and a half hours (Fig. 11-3).
Given these results, we decided to assay Fst for heat shock response after one and a
half hours of exposure to these conditions. Also, to have some sort of comparison
between these results and the ones from the cold shock, we also assay Fst response

after 2 hours of recovery from the stress.
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Figure 11-3: Percentage of dead D. melanogaster Ore-R flies after exposure to heat shock; males (blue) and females (red)

2.3.4.Nutrient deprivation response

In order to determine how Ore-R is able to stand prolonged nutrient deprivation,
these flies were kept in vials with cotton balls soaked in water, and the percentage of
living flies was recorded every 12 hours until all flies were dead. With the results from
these experiments we can tell that the death rate seems to increase linearly with
exposure time since the moment there is mortality (for males R=0.95; P < 0.005; N=6;
for females R=0.98; P < 0.005; N=5), and there are no statistically significant differences
between males and females regarding death rates (Non-parametric sign test; P > 0.05).
There is almost no mortality (less than 5%) in the first 24 hours, and no fly was able to
stand the treatment for 72 hours (Fig. II-4). Given that there is almost no mortality after
24 hours, we decided to assay Fst for nutrient deprivation response at 36 hours when

the average mortality is almost 25 %.
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Figure Il-4: Percentage of dead D. melanogaster Ore-R flies after exposure to nutrient deprivation; males (blue) and

females (red)

2.3.5.Starvation response

In order to determine how well the Ore-R strain is able to stand prolonged
starvation (nutrient and water deprivation), the percentage of living flies was recorded
every hour until all flies were dead. Here, as for the previous phenotypes, the death rate
seems to increase linearly with exposure time from the moment there is mortality (for
males R=0.88; P < 0.001; N=12; for females R=0.89; P < 0.001; N=11), but it should be
noted that there are statistically significant differences between males and females
regarding death rates — males have a more pronounced death rate (Non-parametric sign
test; P < 0.005), unlike what happens for heat shock and nutrient deprivation. There is
no mortality in the first 17 hours, and no fly was able to stand the treatment for more than
28 hours (Fig. 11-5). Given the above results for nutrient deprivation, where more than
half of the flies are still alive after 36 hours, desiccation is likely to be a major cause of
death here, since starved flies (which are without food and water) die sooner than flies
with water but no food. Bearing these results in mind, we decided to assay Fst for

starvation response at 18 hours when the average mortality is about 7%.
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Figure 1I-5: Percentage of dead D. melanogaster Ore-R flies after exposure to starvation; males (blue) and females (red)

2.3.6.RT-gPCR expression analyses

In order to test the prediction that Fst could be up-regulated during recovery from
cold exposure, we measured expression in Ore-R flies not exposed to cold (control flies),
immediately after recovery from chill coma and two hours after recovery from chill coma.
The results are presented in Fig. 11-6, and as previously reported [31, 118], two hours
after recovery Fst is overexpressed about 40 times in both males and females. Fst is not
significantly overexpressed immediately after chill coma recovery, although the average
Fst overexpression, around 8 times, is similar to that reported by Collinet et al.[31] and

Reis et al. [118] under the same conditions.
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Figure I1-6: Fold change in Frost expression after chill coma obtained by RT-gPCR using the 2*4°T method. The reference
gene RpL32 was used to normalize the expression values. Expression fold changes were addressed immediately after
chill comarecovery (I-CO) and after 2 hours of recovery (II-CO) for both males (blue) and females (red) of D. melanogaster
Ore-R strain; Error bars present a measure of the variation in biological replicates. Bars with an asterisk represent
significant (P<0.05) values according to T-test statistics.

We also measured Fst expression in Ore-R flies not exposed to heat (control
flies), immediately after recovery from heat shock and two hours after recovery from heat
shock. Here, Fst displayed an overexpression two hours after recovery from heat stress
(and the associated desiccation stress) for both males and females, as we can see in
Fig. 1I-7. Under these experimental conditions, males show a Fst overexpression as

pronounced as 2 hours after cold shock recovery, around 40 times.
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Figure 11-7: Fold change in Frost expression after heat shock obtained by RT-gPCR using the 2*°T method. The reference
gene RpL32 was used to normalize the expression values. Expression fold changes were addressed immediately after
heat shock (I-CO) and after 2 hours of recovery (II-CO) for both males (blue) and females (red) of D. melanogaster Ore-
R strain; Error bars present a measure of the variation in biological replicates. Bars with an asterisk represent significant

(P<0.05) values according to T-test statistics.

When we analyse the expression of flies subjected to nutrient deprivation (36h)
and starvation (18h) we note that Fst is only significantly overexpressed after starvation,
for both males and females as we can see in Fig. 1I-8. Fst overexpression is around 40
times in females, the same result that we obtained for the expression 2 hours after chill

coma recovery.
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Figure 11-8: Fold change in Frost expression after nutrient deprivation and after starvation obtained by RT-gPCR using the
2°24€T method. The reference gene RpL32 was used to normalize the expression values. Expression fold changes were
addressed after 36 hours of nutrient deprivation (ND-CO) and after 18 hours of starvation (ST-CO) for both males (blue)
and females (red) of D. melanogaster Ore-R strain; Error bars present a measure of the variation in biological replicates.

Bars with an asterisk represent significant (P<0.05) values according to T-test statistics.

Here desiccation is likely a major cause of death, and we propose that Fst is
responding directly to that. As we obtained a 40-fold response of Fst not only after 2
hours of recovery from chill coma, but also after 2 hours of recovery from heath shock
and after 18 hours of starvation, we can argue that Fst is not specifically involved in cold
response, but it could be responding to desiccation instead. When flies are subjected to
starvation, they die from loss of water, as we confirmed with the nutrient deprivation
experiment (these flies live much longer than the ones subjected to starvation). In the
way that we performed the cold/heat shock experiments, as the vials were empty, there
was no food to keep the humidity in and prevent the flies from being affected by water
loss as temperature changes. We previously argued (see introduction) that temperature
is one of the main factors restraining the life of insects, and for Drosophila the ability to
endure water loss to a certain degree is a major benefit when responding to different
kinds of stress. With these results we can support the idea that Fst is involved in that role

to some extent.

22



FCUP
Molecular Basis of Cold Resistance: the role of Frost and Muc68E |

Chapter lll — Is Muc68E involved in the cold

response”?

3.1. Introduction

3.1.1.0verall characterization, structure and function of mucins

Mucins are a group of high molecular weight, heavily glycosylated proteins
produced by various types of epithelial cells in the majority of animals. These cells are
present in the respiratory, digestive, and urogenital tracts, and even the skin (in some
amphibians) [112], and mucins are the principal component of the mucous that lines
those surfaces. They can be membrane-bound or both secreted and gel-forming [112],
providing lubrication of the luminal surface of several organs, especially aiding the
passage of food through digestive tracts. They also have an important role in the
protection of the underlying epithelium against physical and chemical damage, such as
protease degradation, pathogen invasion, and dehydration [68, 112, 142, 144].

The main characteristics of these proteins are their extended regions of tandemly
repeated sequences which vary in number and length from one mucin to another [51]
but contain specific amino acids: prolines (P) together with serines (S) and/or threonines
(T, to which large sugar side chains attach via an O-glycosidic bond [51, 82]. These
carbohydrates, which represent 50 to 90% of the protein weight [112, 149], make the
mucins highly protease resistant [20], and the remaining parts of the sequence often
contain conserved protein domains that mediate protein-protein interactions. Thus,
mucins are capable of forming enormous networks, as seen in Fig. 1ll-1 for a human
mucin (MCU2), to which the glycosylated PTS repeats confer high water-binding
capacity, a selective barrier function, and the ability to trap microorganisms [20].

MUC2

MUC2 g+ i
" i

ER Golgi

Figure 1lI-1: Assembly of the MUC2 mucin (protein core red) into dimeric forms in the endoplasmic reticulum (ER), O-

A -

Secreted

glycosylation (green) in the Golgi apparatus, formation of trimeric forms in the trans Golgi network (TGN) and a schematic
picture of the secreted MUC2 polymer — adapted from Hansson [60]
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3.1.2.Mucins in insects

Detailed studies in rodents and humans [10, 72] reveals that the gastrointestinal
tract is covered by mucus, and most of its proprieties are related to mucins and the
network formed upon its polymerization [73]. There is a great deal of research on human
mucins because changes in these genes’ expression and in the structures of the
polysaccharides attached to them occurs in cancers of the intestine [68], and are more
globally related to development and progression of cancer [72].

The use of highly glycosylated molecules as the main building block to protect
the intestines is common in multicellular organisms [60]. In invertebrates, especially
insects, there is a chitin and glycoprotein layer called the peritrophic matrix (PM), which
is functionally similar to the mucous secretions of the vertebrate digestive tract [62]. The
PM is a physical barrier, lubricating the passage of food through the midgut and
protecting its epithelium from pathogen invasion [124, 139, 148]. It also regulates nutrient
uptake by compartmentalizing digestive processes and prevents excretion of digestive
enzymes by providing a means for enzyme recycling [62, 91, 141]. Furthermore it serves
as a biochemical barrier, sequestering and, in some cases, inactivating ingested toxins
[62, 91].

The existence of a mucous layer, in addition to the PM, is suggested by the fact
that the apical surface of midgut epithelial cells is positive for a staining method used to
detect mucous substances [19, 119]. In fact, in association with the peritrophic matrix,
insect intestinal mucins [149] that have chitin-binding domains, as well as one or more
mucin domains [142] (which are regions rich in threonine and serine residues with a high
potential for O-linked glycosylation [46]) were identified. A representation of the cross

section of the adult Drosophila midgut can be seen in Fig. 1lI-2.

Lumen Peritrophic matrix

Mucus layer

Muscles

Basement membrane

Figure 111-2: A cross section of the adult Drosophila midgut, with several types of cells: absorptive enterocytes (ECs),
secretory enteroendocrine cells (EEs), and pluripotent intestinal stem cells (ISCs). Muscle cells are present under the
basement membrane of epithelial cells, and between the lumen and epithelia there is a semipermeable non-cellular
structure, the peritrophic matrix. In addition, a mucus layer lies between the peritrophic matrix and ECs along the midgut
— adapted from Kuraishi el al. [86]
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More than 30 Drosophila genes have been annotated as mucin-like proteins, and
the current characterization of Drosophila mucins should make it possible to address
different functional aspects of these proteins, and to investigate the importance of mucins
and mucin-type glycosylation for various physiological and developmental processes
[136]. It will also allow the formulation of basic questions about human mucin-related
diseases in this model system, although the functional relevance of these genes or, more
generally, of mucus in the gut has not been investigated thoroughly [93].

3.1.3. Muc68E —is it related to Frost?

Analyzing the Drosophila melanogaster proteome, was noticed that the PEEST
repeat found in Frost [16], thought to be a mucin-like gene, could only be found repeated
more than twice in a classical mucin, Muc68E (Vieira J, personal communication). The
amino acid composition of these two proteins is similar (in percentage, as seen in Table
[1I-1) and the repetitive domain, which corresponds to a region without a fixed tertiary
structure, occupies more than 70% of the length of both proteins. However, Frost was
not identified as a mucin by Syed et al. because their cutoff for ST % was 25% [136].

Table Ill-1: Comparison of the amino acid composition in the middle repetitive region of Muc68E and Frost

Size P E S T ST Repetitive
(@aa) (%) (%) (%) (%) (%) domain (%)

Name Gene ID Localization

3L: 11,960,680...
Muc68E CG33265 1799 7.6 149 7.5 253 329 77.4
11,966,074 [-]

3R: 5,470,700...
Frost ~ CG9424 286 8.7 17.1 11.9 122 241 73.4
5,471,876 [-]

Both Muc68E and Frost show high levels of expression in adult midgut, and
moderate to high levels in larval midgut, as it is described in FlyAtlas Anatomical
Expression Data [121]. In addition, Frost has a signal peptide which indicates that it goes
towards the secretory pathway. This protein is guided into the endoplasmatic reticulum
and released into the extracellular space [57]. Muc68E does not have a predicted signal
peptide but, as it is part of the mucin family [136], it is expected to also be secreted.

There are not many studies on Muc68E, but it has been shown that this gene is

enriched 2.75 times in the larval gut epithelium of Activating transcription factor 3 (Atf3)
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mutants relative to controls [123]. Atf3 is important in the safeguarding of metabolic and
immune system homeostasis, and its loss results in chronic inflammation and starvation
responses mounted primarily by the larval gut epithelium. Therefore, Muc68E seems to
respond to some stress conditions. As Frost is probably related to cold response
because it is highly overexpressed after cold shock (see Chapter Il), we wanted to
characterize Muc68E and determined its possible involvement in cold response.

3.2. Methodologies

3.2.1.Evolutionary analyses

We downloaded genome sequences from Flybase (http://flybase.org/) or from
NCBI (http://www.ncbi.nlm.nih.gov/) and manually annotated a set of 16 highly
conserved, intronless in D. melanogaster, single copy genes (Ppox, CG32281,
CG33230, CG12170, Rpn7, CG3570, elF6, Prpk, CG14270, CG14512, Arpc4, Rpp20,
CG33932, mRpL42, Betl and CG34117), that in D. melanogaster represent 11988 bp of
sequence, in 24 Drosophila species (D. simulans, D. sechellia, D. melanogaster, D.
erecta, D. yakuba, D. suzukii, D. biarmipes, D. takahashii, D. eugracilis, D. elegans, D.
rhopaloa, D. ficusphila, D. kikkawai, D. bipectinata, D. ananassae, D. persimilis, D.
pseudoobscura, D. miranda, D. willistoni, D. virilis, D. americana, D. mojavensis, D.
grimshawi and D. albomicans). The sequences from the different genes were
concatenated and aligned using the ClustalW2 alignment algorithm as implemented in
ADOPS [117].

When this software is used, nucleotide sequences are first translated and then
aligned using the amino acid alignment as a guide. Only codons with a support value
above 2 are then used for phylogenetic reconstruction. Phylogenetic trees were obtained
using MrBayes 3.1.2 [122], using the Generalised Time-Reversible (GTR) model of
sequence evolution, allowing for among-site rate variation and a proportion of invariable
sites. Third codon positions are allowed to have a gamma distribution shape parameter
different from that of first and second codon positions, and two independent runs of
2,000,000 generations with four chains each (one cold and three heated) are carried out.
Convergence is assessed by looking at the average standard deviation of split
frequencies (that is ~0.001) and at the potential scale reduction factor for every
parameter (that was ~1.00). Trees were sampled every 100th generation and the first
5000 samples were discarded (burn-in). The remaining trees were used to compute the

Bayesian posterior probabilities for each clade of the consensus tree.
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Muc68E sequences were obtained from Flybase or from the manual annotation

of Drosophila genomes, but since many of the species used here do not have a genome

annotation, and we used species from both the Drosophila and Sophophora subgenus,
all of the Muc68E sequences were confirmed and changed manually in all species.

Amino acid logos were obtained using WebLogo [37], the chitin binding domains

of the genes in the micro-synteny analysis were recognized using ScanProsite [41], and

a BLASTp of the first Muc68E chitin binding domain against those was made to set a

group for the phylogenetic analysis — note that here we also included Cht8, a gene from

the 2R chromosome, as a root for the tree. The phylogenetic tree showing the

relationship between these chitin binding domains was built using MEGAG6 [138], the

amino acid sequences were aligned using ClustalW, and a neighbour joining tree was

built using p-distance, pairwise deletion, and assuming uniform rates. The interior branch

test was used (1000 bootstrap replications) to test the support of the different nodes.

Synteny data was obtained using both the data available at Flybase and by performing

tBLASTn analyses of the region of interest against the D. melanogaster proteome.

3.2.2.Gene expression analyses

Gene expression analyses was performed as previously described (see section
2.2.2). Briefly, sample selection involved proven near-death conditions (studied with the
wild type D. melanogaster strain Ore-R), and RNA extraction and cDNA synthesis
followed the same protocols and cares. RT-qPCR reactions were performed with the
isolated cDNA in the same way, and expression levels were determined for sets of three
individuals from each sex (3 biological replicates in total) for each condition tested. We
used the same reference gene (RpL32), and design highly efficient primers to amplify
the Muc68E region (see Table 1ll-2). As previously, fold change in expression was

calculated using the 2*4¢T method [96].

Table 11I-2: Primer sequences and efficiencies (%) for genes validated with RT-gPCR and used in the analysis. Primer
efficiencies were determined with the standard curve method for serial dilutions of 1:5

Gene Primer Sequence F/R E % R?

5' GCACAAAGCACAGGTATCAT 3' 90.6 0.996
5' ACTACTGTCACCGCAAC 3'

Muc68E

! TTTACT AGAT '
RpL32 °' GTTTACTGCGGCGAGAT 3 97.4 0.994
5" CGTTGGGGTTGGTGAGGC 3!
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3.2.3.Phenotypical characterization

We phenotyped flies from two D. melanogaster strains (w!!'® 5905, and w18
27851) for lifespan, cold shock (as chill coma recovery time), heat shock, nutrient
deprivation, and starvation as described above (see section 2.2.1) for the wild type D.
melanogaster Ore-R strain. Note that all flies were kept in the same conditions as Ore-

R before the stresses.

3.3. Results and Discussion

3.3.1.Muc68E structure and evolutionary history

Muc68E can only be found in species of the subgenus Sophophora, so, the first
conclusion to be taken is that if Muc68E is somewhat involved in cold resistance, it
cannot explain cold resistance variations genus-wide since this gene is missing in
species of the subgenus Drosophila. This is in contrast with Fst gene that is found in all
Drosophila species [118].

This protein can be divided into three main regions: the N-terminal region, the

central highly repetitive region and the chitin binding region (Fig. 111-3).

N-terminal region central highly repetitive region chitin-binding region

+ HH

Figure 11I-3: Schematic of Muc68E functional regions

Muc68E is a mucin [136] and thus it is expected to be exported to the extracellular
space. Therefore, it should harbour a clear peptide signal. Nevertheless, no signal
peptide is predicted when the D. melanogaster Muc68E protein and the Signal IP server
is used [113]. At amino acid position 24 there is, however, another methionine, and when
this methionine is assumed to be the translation start, a peptide signal is, however,
predicted in every Drosophila species analysed with the exception of D. pseudoobscura.

Methionine 24 is conserved in all Drosophila species analysed, and in some
species, particularly D. elegans, D. ananassae, D. bipectinata, D. biarmipes, D. miranda.
D. kikkawai, D. willistoni, there is no other methionine before methionine 24, so this

suggests that methionine 24 may be the true start site of this protein.
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The size of the Muc68E highly repetitive middle region varies greatly between
species. This is true for both the number of repeats (from 5 up to over 80) and the size
of the repeat (from 16 to 48; Fig. lll-4). It should be noted that the number of repeats may
be underestimated because highly degenerated repeats are not easy to recognize. The
amino acid logos are very homogeneous for most species, and there are fixed
differences between species, even between closely related species such as D.
melanogaster and D. simulans (see, for instance, the fixed difference at repeat positions
28 and 35 in Fig. 111-5). This implies either a significant amount of within gene conversion
in the central region of the gene or frequent contractions and expansions of the repeats.
The only amino acid pattern common to all species is P[ED][ED][ST][ST][ST] (motif 1 in
Fig. 1ll-4), that may be generalized to [Not hydrophobic][Negatively charged][Negatively

charged][Small][Small][Small] (motif 2 in Fig. 1lI-4).
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YEDSTP|PEESTTVAQETTXDPEGST QDTT\&J,_ETTTEKEEDDTT
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Figure IlI-5: zoom of D. melanogaster and D. simulans logos with the aminoacidic differences marked with a brown

rectangle

Muc68E also shows three chitin binding domains in the C-terminal region, with a
typical CX2GXoCXsCXgCXsWXeCXsC motif where X is any amino acid other than
cysteine (green rectangles in Fig. II-3), that can be identified as a Peritrophin-A (PerA)
domain, which is more commonly called chitin binding type-2 domain (CBT2 domain)
[49].

The micro-synteny analysis of the Muc68E region (the region between genes
CG7252 and CG43896; Fig. IlI-6) reveals the insertion of the prc (pericardin gene) after
the separation of D. willistoni lineage (a prc gene can be found in all species in a different
region of the genome). This evolutionary event is not, however, correlated with the
appearance of the Muc68E gene, since in D. willistoni a Muc68E gene is detected in this
region, but the prc gene is located elsewhere in the genome. The Muc96D gene is
present in this region in D. americana, D. virilis, D. mojavensis and D. albomicans
(species from the Drosophila subgenus) but is elsewhere in the genomes of the

Sophophora subgenus species. Also, this gene was apparently lost in D. grimshawi.
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All of the genes above (used in the micro-synteny analysis) except prc have CBT2
domains similar to the ones in Muc68E, which follow the PerA motif (CX13-20CXs5-6CXo-
19CX10-14CX4-14C). When a phylogenetic analysis of the CBT2 domains showing similarity
to the first Muc68E CBT2 domain is made, it becomes apparent that the CBT2 domains
of the Muc68E neighbours — CG42397 and CG14125 — are the most closely related to
those of Muc68E (blue rectangle in Fig. lllI-7). It is also evident that, as noted for the
Muc68E middle repetitive region, a significant amount of within gene conversion or
frequent contractions and expansions of the CBT2 domains must be argued in order to
explain the observation that CBT2 domains from the same gene usually cluster together

(see CG7252 (purple) and CG43896 (yellow) genes in Fig. 111-7).

Muc68E D1

D22
D5 0.05] Muc68E D3

D8

CG42397 D2
D7

D16 Muc68E D2

CG43896
CG42397 D1

D15

D1
D21

D3 0/7129

D2

D2
D9

D6 D4 CG7252

D5 D3

Figure 111-7: Phylogenetic analysis of the CBT2 domains showing similarity to the first Muc68E CBT2 domain. This is
displayed in a circular and unrooted Neighbour-joining tree in which numbers on each node indicate bootstrap percentages
after 1,000 replicates. Only bootstrap values higher than 80 are shown. CBT2 domains from the same gene have branches
with the same colour, specifically: yellow (CG43896), purple (CG7252), grey (Cht8), blue (CG42397), red (Muc68E), black
(CG11570), and green (CG14125). Also shown is the divergence scale bar.

The CG42397 gene is transcribed in the same orientation as the latter gene. The
CG42397 protein is 178 amino acids long and shows two CBT2 domains in the C-
terminal region that represent 69% of the protein. There is also a strong peptide signal
predicted in the first 19 amino acids, and in contrast with Muc68E there is no highly

repeated middle region, and thus this gene is not a mucin.
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Figure 111-8: Phylogenetic analysis
of the CBT2 domains of Muc68E,
CG42397 and CG14125 using as
root the CBT2 domain of Cht8. A
rooted Neighbour-joining tree in
which numbers on each node
indicate bootstrap percentages
after 1,000 replicates is displayed.
Only bootstrap values higher than
80 are shown. In each gene
(represented in a colour) bold
colours represent species from the
Sophophora  subgenus,  while
transparency represents species
from the Drosophila subgenus
(when present). Also shown is the

divergence scale bar.
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Nevertheless, this observation raises the possibility that Muc68E may have arisen
as a tandem duplication of the CG42397 gene that later on acquired the middle highly
repetitive region. In this scenario, two predictions can be made: 1) phylogenetic analyses
of the CBT2 domain should show the close relationship between Muc68E and CG42397;
and 2) phylogenetic analyses should show that Muc68E is more closely related to the
CG42397 genes from the Sophophora lineage than the CG42397 genes of the
Sophophora and Drosophila lineages.

The first prediction is observed (Fig. 111-8), although there is a polytomy that
prevents us from resolving the relations between the CBT2 domains 2 and 3 of Muc68E
and the CBT2 domains 1 and 2 of CG42397, but the second prediction is disfavoured by
the fact that both CG42397 CBT2 domains have clusters that include Drosophila and
Sophophora lineages which are closer to each other than to Muc68E Sophophora
lineages. To sum up, the phylogenetic signal is not enough to resolve the relations
between these genes due to gene conversion, for instance, as recent events can prevent
the visualization of the expected molecular signature.

As we can see in Fig. lll-4, the PTS repeats have different sizes and amino acid
compositions in different species, although they are in some part maintained in
subgroups, as for instance in the five analysed species of the Drosophila melanogaster
species subgroup (D. erecta, D. yakuba, D. melanogaster, D. simulans, and D.sechellia),
only D. yakuba has a smaller motif, but it is highly homogeneous with the other motifs
from this subgroup.

Because the alignment of the highly repetitive middle region is intricate due to the
presence of PTS repeats, we could have missed information when analysing Muc68E in
the Drosophila subgenus, and that could lead to us not recognising this gene. However,
with the synteny analysis we have a powerful tool that confirms our results and gives us
a clear answer: Muc68E is not located where it should be. Further, the chitin-binding
domains are really characteristic, and they are not found together with PTS repeats
anywhere else across the Drosophila subgenus, so Muc68E clearly does not exist in

species of that subgenus.

3.3.2.RT-gPCR expression analyses

Fst and Muc68E are the only proteins in the D. melanogaster proteome showing
more than two PEEST motifs (Vieira J, personal communication), and this could be

related to their function. In line with what was discussed before (see introduction), Fst
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may be a mucin-like gene so, as Muc68E has some structural resemblance to Frost, it
could be involved in cold response as well.

We used the same experimental settings used on Chapter Il, and realised that
Muc68E is overexpressed 2 hours after recovery from chill coma, as illustrated in Fig. Ill-
9. Indeed, Muc68E shows a significant overexpression for females, around 2.5 times.
For males it shows a similar average overexpression that is non-significant due to
variation between biological replicates. Also, immediately after chill coma recovery,
Muc68E is under expressed around 1.5 times but not significantly.

e

Fold Change
N

I-CO [I-CO

Figure 111-9: Fold change in Muc68E expression after chill coma obtained by RT-gPCR using the 2T method. The
reference gene RpL32 was used to normalize the expression values. Expression fold changes were addressed
immediately after chill coma recovery (I-CO) and after 2 hours of recovery (l1-CO) for both males (blue) and females (red)
of D. melanogaster Ore-R strain; Error bars present a measure of the variation in biological replicates. Bars with an

asterisk represent significant (P<0.05) values according to T-test statistics.

In males Muc68E is overexpressed two hours after recovery from heat stress but
in females it reveals a non-significant sub expression (when comparing to the I-CO),
although the numerical value is roughly the same as the one obtained for chill coma (for
the same situation) (see Fig. I11-10). It should be noted that Muc68E, in both males and
females, is already significantly overexpressed immediately after exposure to heat
stress, and this could to some extend reveal an important role of this gene regarding the

response to variations in temperature.
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Figure 111-10: Fold change in Muc68E expression after heat shock obtained by RT-gPCR using the 24T method. The
reference gene RpL32 was used to normalize the expression values. Expression fold changes were addressed
immediately after heat shock (I-CO) and after 2 hours of recovery (11-CO) for both males (blue) and females (red) of D.
melanogaster Ore-R strain; Error bars present a measure of the variation in biological replicates. Bars with an asterisk

represent significant (P<0.05) values according to T-test statistics.

Concerning flies subjected to nutrient deprivation (36h) and starvation (18h), we
note that Muc68E is under expressed in both situations as can be seen in Fig. Ill-11,
albeit due to differences in biological replicates we cannot obtain statistically significant

values.
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Figure 11I-11: Fold change in Muc68E expression after nutrient deprivation and after starvation obtained by RT-qPCR
using the 22T method. The reference gene RpL32 was used to normalize the expression values. Expression fold
changes were addressed after 36 hours of nutrient deprivation (ND-CO) and after 18 hours of starvation (ST-CO) for both
males (blue) and females (red) of D. melanogaster Ore-R strain; Error bars present a measure of the variation in biological

replicates. None of the values is significant (P<0.05) according to T-test statistics.

We also tested the involvement of Muc68E in cold response by analysing the
phenotypical response of a D. melanogaster w!!8 strain which has an insertion in the
coding region of Muc68E (27851), and thus is a Muc68E mutant, against the D.
melanogaster w8 strain used as background for the mutation (5905).

3.3.3.27851 vs 5905 — the impact of an insertion on Muc68E gene

It should be noted that strains 5905 and 27851 are genetically identical with the
exception of the 7.5 kb P-element insertion at the beginning of Muc68E coding region.
Although there are significant differences in the lifespan (LS) of males and females from
the same strain (Non-parametric Mann-Whitney test; P<0.005 for all comparisons), there
are no statistically significant differences (Non-parametric Mann-Whitney test; P>0.05 for
all comparisons) in the LS of strain 5905 and 27851 when comparing either males or
females (Fig. 1I-12). Therefore, the knockdown of Muc68E gene does not seem to
compromise any essential aspect of the fly physiology. The LS differences between
males and females is also observed in the commonly used strain Ore-R (Non-parametric
Mann-Whitney test; P<0.001). The Ore-R strain lives, however, significantly longer than
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the control strain 5905 (Non-parametric Mann-Whitney test; P>0.05 for all comparisons;

Fig. 111-13).
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Figure 111-12: Percentage of dead D. melanogaster 27851 and 5905 flies. 27851 & Average (AVG) = 39.58 days, Standard
deviation (SD) = 15.31; 27851 @ AVG = 35.85 days, SD = 12.92; 5905 & AVG = 41.19 days, SD = 15.23; 5905 @ AVG =
33.89 days, SD = 14.01; sample size (N) = 100 for all the strains used.
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Figure 111-13: Percentage of dead D. melanogaster Ore-R and 5905 flies. Ore-R & AVG = 56.68 days, SD = 14.96, N =
100; Ore-R @ AVG = 45.45 days, SD = 13.54, N = 99; 5905 3 AVG = 41.19 days, SD = 15.23, N = 100; 5905 @ AVG =
33.89 days, SD = 14.01, N = 100.
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3.3.3.1. Muc68E mutant flies recover faster from cold shock

In order to understand whether Muc68E could be involved in cold resistance, we
compared the chill coma recovery time (CCRT) of flies from strain 5905 with the Muc68E
27851 mutant strain. For both the 5905 and the 27851 strains there is a highly significant
statistical difference between males and females regarding CCRT (Non-parametric
Mann-Whitney test; P<0.001 see Fig. llI-14). For both males and females there is also a
highly significant statistical difference between strain 5905 and strain 27851 regarding
CCRT (Non-parametric Mann-Whitney test; P<0.001). Flies without Muc68E expression
recover on average between 12.1% and 17.8% faster than control flies. This is at odds
with the observation that Muc68E is overexpressed 2 hours after recovery, although
there is a non-significant under expression immediately after recovery. It should be noted
that both males and females from the control strain 5905 recover significantly faster (in
between 7.3% and 26.2%) than Ore-R males and females, respectively (Non-parametric
Mann-Whitney test; P<0.001).

6007 E

Chill coma recovery tim
-]
(=]
<

2?8I51 %) 278151 ¢ 59{35.:'9 5965 2
D. melanogaster strain
Figure 111-14: Box plot representing chill coma recovery times for D. melanogaster 27851 males (green) and females
(purple), and for 5905 males (cyan) and females (orange). The top of the box represents the 75" percentile, the bottom
of the box represents the 25" percentile, and the line in the middle represents the 50™ percentile that corresponds to the
median. The whiskers represent the highest and lowest values that are not outliers or extreme values. Circles beyond the
whiskers represent outliers. For 27851 & AVG = 637.6 s, SD = 133.6; for 27851 ¢ AVG =474.9 s, SD = 75.8; for 5905
AVG =725.3s, SD = 185.1; for 5905 @ AVG = 577.8 s, SD = 144.9; N = 100 for all the strains used.
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3.3.3.2. Muc68E mutant flies are not sensitive to heat/desiccation stress

Since a significant Muc68E overexpression was observed after heat/desiccation
stress in Ore-R strain, we reasoned that the viability of Muc68E mutants could be
compromised under these stress conditions. Therefore the percentage of living flies was
recorded every half hour until all flies were dead. As in the case of strain Ore-R, there is
almost no mortality (less than 5%) in the first 90 minutes of exposure to heat, and no fly
was able to stand the treatment for more than five and a half hours (Fig. llI-15). For both
strain 5905 and strain 27851, the death rate seems to increase linearly with exposure
time (Table 111-3), as observed for the Ore-R strain (see above). For both strain 5905 and
strain 27851, there are no statistically significant differences between males and females

regarding death rates (Non-parametric sign test; P > 0.05 for all strains; see Fig. IlI-15).
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Figure 111-15: Percentage of dead D. melanogaster 27851 and 5905 flies after exposure to heat shock
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Table 11I-3: Correlation between death rates and exposure time (to heat shock) from the moment significant death occurs;
R stands for Pearson product-moment correlation coefficient; Significance was calculated through a non-parametric sign

test

Strain Sex N R Significance
Males 11 +0.94 P<0.001
5905 Females 11 +0.90 P<0.001
All 11 +0.95 P<0.001
Males 9 +0.93 P<0.001
27851 Females 9 +0.95 P<0.001
All 9 +0.97 P<0.001
Males 8 +0.96 P<0.001
Ore-R Females 10 +0.89 P<0.001
All 10 +0.91 P<0.001

After 3 hours, there is about 50% mortality in the control strain 5905, and thus we
use this time point to compare the different strains. Here, there is no statistically
significant difference between strain 5905 and strain 27851 (Fisher’s exact test; P>0.05).
Therefore, despite the significant Muc68E overexpression that is observed after
heat/desiccation stress in the Ore-R strain, it seems that Muc68E is not involved in the
response to heat and associated dissection stress. It should be noted that strain 5905 is
much more resistant to heat than the commonly used strain Ore-R (Fisher's exact test;
P<0,001).

3.3.3.3. Muc68E mutant flies respond to the lack of food — nutrient

deprivation

In order to determine how well the control 5905 and the 27851 Muc68E mutant
strains are able to stand prolonged nutrient deprivation, the percentage of living flies was
recorded every 12 hours until all flies were dead. For these strains, there is almost no
mortality (less than 5%) in the first 14 hours, and no fly was able to stand the treatment
for 72 hours (Fig. 1lI-16). For both strain 5905 and strain 27851, the death rate seems to
increase linearly with exposure time (Table 111-4), and such a feature is also present in
the commonly used Ore-R strain. It should be noted that there are no statistically
significant differences between males and females regarding death rates (Non-

parametric sign test; P > 0.05 for all strains).
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Figure 11I-16: Percentage of dead D. melanogaster 27851 and 5905 flies after exposure to nutrient deprivation

Table IlI-4: Correlation between death rates and exposure time (to nutrient deprivation) from the moment significant death

occurs; R stands for Pearson product-moment correlation coefficient; Significance was calculated through a non-

parametric sign test

Strain Sex N R Significance
Males 5 +0.91 P<0.05
5005 Females 5 +0.98 P<0.005
All 5 +0.98 P<0.005
Males 6 +0.96 P<0.005
27851 Females 6 +0.99 P<0.001
All 6 +0.98 P<0.001
Males 6 +0.95 P<0.005
Ore-R Females 5 +0.98 P<0.005
All 6 +0.98 P<0.001

When we compare males and females together, half of the flies die in between
36 and 48 hours, and thus we use the 36 hours data point to compare the different
strains. There is a statistically significant difference between strain 5905 and strain 27851
(Fisher's exact test; P<0.05). Therefore, it seems that lack of Muc68E could lead to
increased resistance to nutrient deprivation (a 16% increase in survival by 36 hours). It
should also be noted that strain 5905 is as resistant to nutrient deprivation as the

commonly used strain Ore-R (Fisher’s exact test; P>0.05).
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3.3.3.4. Muc68E mutant flies do not respond to starvation

In order to determine how well the control (5905) and the Muc68E mutant (27851)
strains are able to stand prolonged starvation, the percentage of living flies was recorded
every hour until all flies were dead. For these strains, there is almost no mortality (less
than 5%) in the first 18 hours, and no fly was able to stand the treatment for more than
28 hours (Fig. 11I-17). Given the above results for nutrient deprivation, in which more than
half of the flies are still alive by 36 hours, desiccation is probably a major cause of death
here, as it was shown before for Ore-R. For both strain 5905 and strain 27851, the death
rate seems to increase linearly with exposure time (Table IlI-5). Such a feature is also
present in the commonly used Ore-R strain. It should be noted that there are statistically
significant differences between males and females regarding death rates (Non-
parametric sign test; for 5905 P < 0.01; for 27851 P < 0.05; for Ore-R P < 0.005).
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Figure 111-17: Percentage of dead D. melanogaster 27851 and 5905 flies after exposure to starvation
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Table I1I-5: Correlation between death rates and exposure time (to starvation) from the moment significant death occurs;
R stands for Pearson product-moment correlation coefficient; Significance was calculated through a non-parametric sign

test

Strain Sex N R Significance
Males 9 +0.94 P<0.001
5905
Females 10 +0.97 P<0.001
Males 10 +0.93 P<0.001
27851
Females 12 +0.89 P<0.001
Males 12 +0.88 P<0.001
Ore-R
Females 11 +0.89 P<0.001

After 22 hours, there is about 50% mortality in the control strain 5905, and thus
we use this time point to compare the different strains. For both males and females, there
is no statistically significant difference between strain 5905 and strain 27851 (Fisher’s
exact test; P>0.05). Therefore, it seems that Muc68E is not involved in the starvation
stress response. It should be noted that strain 5905 is as resistant to starvation as the
commonly used strain Ore-R (Fisher’s exact test; P>0.05).

To sum up, the expression analysis suggests that Muc68E could somehow be
involved in the recovery from cold response, but this evidence is not strong as we could
only identify a significant overexpression in females 2 hours of recovery after chill coma.
There is also a non-significant under expression (+-1.5 times) immediately after chill
coma recovery that could explain why the mutants — without a functional Muc68E protein

— recover faster from chill coma, when compared to the controls.
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Chapter IV — Conclusions

4.1. Global discussion and further work

One of the major findings of this work is the demonstration that Frost, which was
thought to be specifically involved in cold response, is probably actually responding to
desiccation. The way our experiments were optimized guaranteed consistency in the
study of the response of Fst to the different types of stress analysed here — and in
particular enabled us to consistently compare reliable data from different experiments.
Furthermore, we showed that the conditions assayed impose high levels of stress and
we did several biological replicates to ensure that we could grasp what was truly
happening, making our conclusions trustworthy.

When temperature changes, flies suffer, for instance, metabolic alterations of
which one of the consequences is water loss. As temperature is an important abiotic
factor, Drosophila need to be able to adapt in order to survive when subjected to extreme
temperatures (see general introduction). Our results (see Chapter Il) suggest that the
ability to resist water loss is somehow connected with the expression of Fst.

This can explain the apparently contradictory results obtained with RNAI
experiments [31, 143], where an induced Fst mutant recovers faster than the control from
chill coma. As Fst is highly expressed in Malpighian tubules, it could be related to the
retention of water in these structures (that are somewhat analogous to the kidneys of
mammals). We hypothesised that Frost acts in the tubule walls somehow regulating their
permeability so that when this protein is removed the water intake is diminished and, for
instance, the formation of ice crystals inside the body is reduced, causing mutants to
recover faster. Another possibility is that, as chill coma is probably related to an inability
to maintain trans-membrane ion homeostasis at low temperatures (see general
introduction), a lack of control in water intake could lead to a break in ion homeostasis,
altering the osmolality of several cell compartments which could provoke leaking and
major cellular damage.

The only really critical aspects that limit the habitats where Drosophila can live in
is temperature and availability of water [28]. The availability of water varies through
seasons and also across a species distribution, therefore being able to endure some
degree of water loss is beneficial not only when dealing with thermo induced stresses,

but also when trying to conquer a hew habitat or a more restricted ecological niche.
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Several studies have analysed the expression of Frost across Drosophila genus
and supposing that this gene is responding to dissection, as we propose, some of this
data can be easily explained. In a particular case, after chill coma recovery low levels of
Fst expression were observed for temperate species such as D. americana [118], but
high levels of Fst were found in tropical species such as D. melanogaster [14, 31]. This
could be accounted for by the fact that desiccation is a major source of damage in
temperate areas which have harsh weather, especially during winters. Since temperate
species are seasonally exposed to temperatures which can induce cold damage, for
them it should be more advantageous to have basal levels of Frost higher than the ones
of tropical species in order to cope with that stress. Thus, they do not need to
overexpress Frost as this protein should be abundant since it is possibly already
expressed at high levels in the basal metabolism. On the contrary, as desiccation is not
a major source of damage in tropical areas which have mild weather and a characteristic
high humidity level, high levels of Frost basal expression would only be energy
consuming for tropical species. So in these species there is an overexpression of Frost
when flies are subjected to stress induced by desiccation, which as we showed with our
work can for instance be due to cold or heat shock and starvation.

To test this hypothesis we could rear D. melanogaster flies in a lower temperature
in order to induce cold acclimation and then analyse if the basal levels of Frost changed

as time progressed.

Regarding to the major question in Chapter Ill, whether Muc68E is involved in the
cold response, even though there is an overexpression 2 hours after chill coma recovery,
the magnitude of Muc68E fold change is very different from the one given by Fst, so the
involvement of this gene in cold response is somewhat dubious. Nevertheless, since we
showed that Fst is not actually directly involved in cold response but is instead
responding to desiccation, we hypothesized that the same could happen with Muc68E.

As we previously discussed in Chapter Il, and we can see in the summary below
(Table 1V-1), although Muc68E is significantly overexpressed after heat shock, this
answer is somewhat different from the one displayed by Frost. This gene shows a
significant overexpression if we compare immediately (I-CO) versus 2 hours after

recovery (1I-CO), while Muc68E shows a small down-regulation.
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Table 1V-1: Summary of fold change in Frost and Muc68E expression after different types of stress obtained by RT-gPCR
using the 22T method. The reference gene RpL32 was used to normalize the expression values. Expression fold
changes were addressed after each stress condition in D. melanogaster Ore-R strain. Values with blue shading represent

significant (P<0.05) values according to T-test statistics.

Chill Coma & Chill Coma ¢
I-CO [I-CO [-CO II-CO
Frost 11.81 35.71 Frost 411 39.90
Muc68E -1.15 2.95 Muc68E -1.71 2.33
Heat Shock & Heat Shock ¢
I-CO [I-CO [-CO II-CO
Frost 7.17  41.69 Frost -1.01 13.82
Muc68E = 13.28 18.90 Muc68E 4.33 2.94
Starvation ST-CO Nutrient Deprivation ND-CO
3 ? 3 ?
Frost 12.45 40.88 Frost -2.25 3.91
Muc68E -2.60 -1.65 Muc68E -4.20 -2.06

Note the importance of having determined the expression through RT-gPCR on
a commonly used D. melanogaster strain. Since Ore-R is a wild type strain, using it
allows us to normalize our results across treatments and genes, which ultimately enables
these comparisons. Thus we can conclude that Muc68E is not responding to desiccation
as Fst, but it could be responding to the damage caused by differences in temperature,
and possibly be involved in the response to heat shock.

However, when we compared the response of a Muc68E mutant strain (27851)
to heat shock (see Fig. llI-15) we could not identify statistically significant differences
from the control strain 5905. As a consequence, one should be really careful when
assuming a certain function for a gene based solely on its expression pattern - despite
its importance, this information alone is insufficient to evaluate the importance of a given
gene. That being said, even though Muc68E is not particularly involved in chill coma
recovery, perhaps other mucins could be, due to their particular 3D structure (namely
the glycosylated PTS repeats, that build into large chains of carbohydrates and sugars,
which favours water retention). Since the phenotypic analysis clearly states that there is
some effect in response to this stress (see Fig. 11I-14) and the expression analyses point

in the same direction (see Fig. IlI-9 and Table 1V-1), this evidence cannot be overlooked.
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We showed that 5905 is as robust as Ore-R in regard to lifespan and resistance

to nutrient deprivation, but they behaved differently in response to other stresses. So in

future experiments we should analyse the expression levels of 5905 and compare them

to the ones obtained for Ore-R, in order to determine whether a difference in basal levels

of Muc68E could explain the apparently contradictory results that we found in cold

responses.

Globally, this work is a contribution towards to a better understanding of the
molecular basis that confines species distribution, especially the response to the lower
temperature limit. It sheds light on a possible function of the Frost gene, which still
manages to keep its secrets in spite of having been investigated by a reasonable number
of different groups since it was first described in 2001. It also focuses on mucins, which
despite being important in several key aspects, are mainly studied in humans due to the
fact that their overexpression is related to cancer. They have been poorly studied in other
classes, and we think that this work is a step towards the molecular characterization of

this important group of proteins in other animals.
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Table 2 — Phenotypical data for Chill Coma Recovery Time in the three analysed D. melanogaster strains

Chill Coma Recovery time (seconds)

ﬂ Ore-RJ4 Ore-RQ 59054 5905¢% 278513 278519
# individual
1 786 838 936 464 493 565
2 696 718 893 454 561 482
3 556 730 977 395 538 399
4 737 695 775 475 580 457
5 672 750 1167 921 585 463
6 956 777 719 575 558 378
7 726 795 709 809 480 465
8 762 733 579 782 755 604
9 689 676 461 726 590 551
10 627 587 479 390 571 399
11 545 855 589 585 598 427
12 682 791 819 589 640 384
13 1007 608 1186 531 594 490
14 722 998 1228 659 646 615
15 798 704 1018 503 540 445
16 732 774 892 568 608 414
17 665 746 638 643 651 438
18 771 830 646 685 643 384
19 775 688 709 619 588 391
20 745 724 561 415 701 407
21 749 722 552 857 459 414
22 660 740 537 599 558 400
23 657 688 622 823 511 604
24 956 663 575 677 483 574
25 726 710 560 713 509 440
26 740 748 1189 682 415 546
27 619 682 686 609 472 571
28 673 654 646 646 444 408
29 603 737 593 817 515 562
30 717 731 680 550 695 379
31 1003 743 759 364 536 534
32 613 811 753 371 652 458
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

767
625
664
526
907
621
677
565
742
686
716
671
854
864
917
921
959
876
923
751
856
799
595
959
768
860
806
645
746
866
770
710
1159
763
969
1004

763
921
787
781
1037
912
673
998
679
692
654
624
633
664
620
709
656
752
669
762
784
757
710
877
792
777
1014
630
720
1079
930
895
923
873
702
695
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780
590
514
655
535
600
610
565
626
518
653
659
559
513
602
524
555
587
656
621
611
736
693
484
702
706
1063
1066
1001
675
705
699
659
760
782
767

583
654
455
558
432
466
770
326
550
389
321
839
374
370
499
410
447
607
601
633
442
583
771
560
498
671
843
409
691
748
520
450
740
499
654
511

644
679
757
723
541
872
741
733
1105
915
775
636
596
958
896
988
554
588
588
616
647
515
731
568
676
668
643
734
919
510
583
618
720
611
623
621

480
456
369
603
501
512
355
449
525
462
537
413
445
428
681
556
421
434
522
465
444
412
519
456
480
449
403
386
550
537
514
476
651
410
371
381

60



69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

835
641
1017
809
858
825
1194
998
813
846
983
786
778
788
1004
1079
903
841
930
577
941
635
698
669
755
742
732
558
554
823
954
811

869
832
837
829
884
929
1045
1039
631
1028
782
974
960
742
745
735
812
897
805
920
678
671
616
547
663
862
748
819
838
871
1093
846

FCUP

Molecular Basis of Cold Resistance: the role of Frost and Muc68E

664
571
817
621
833
803
880
521
714
723
647
770
502
625
635
798
1236
810
642
968
593
1002
545
625
879
649
977
602
1072
1095
656
891

431
416
694
454
512
552
506
560
566
556
615
483
810
673
458
540
438
445
814
525
564
451
579
502
454
746
948
692
846
444
688
449

698
681
743
634
882
514
951
517
729
738
792
692
602
720
745
597
624
683
873
491
724
516
482
554
448
499
525
585
493
503
498
562

571
392
522
386
403
469
638
445
491
455
500
660
608
534
480
567
451
423
374
537
416
506
550
463
390
547
418
375
444
502
423
453

61



FCUP 62
Molecular Basis of Cold Resistance: the role of Frost and Muc68E

Table 3 — Phenotypical data for Heat Shock in the three analysed D. melanogaster strains

Exposure time /min
30 60 90 120 150 180 210 240 270 300 330 360

Sex Strain

Ore-R 100 100 97 80 54 19 3 1 0 0

Males 5005 100 100 100 98 93 78 67 49 25 11
27851 100 100 100 99 96 87 47 17 4

Ore-R 100 100 97 89 54 40 15 10

Females 5905 100 99 95 87 58 41 25 14
27851 100 100 98 93 68 35 12 6

N N O

o b~ | O

o N O O N O
o O O o o o

Table 4 — Phenotypical data for Starvation in the three analysed D. melanogaster strains

Exposure time /hours
17 18 19 20 21 22 23 24 25 26 27 28 29

Sex Strain
Ore-R 100 87 72 59 45 30 18 12 4 1 0 O O
Males 5905 101 101 91 80 57 44 30 13 0O 0 O o
27851 100 95 89 80 60 44 26 11 3 1 0O O O
Ore-R 98 90 83 80 67 53 42 31 19 8 4 0 O
Females 5905 100 100 93 84 65 60 51 41 30 15 8 3 O
27851 100 98 97 87 78 70 52 38 20 12 8 4 O
Table 5 — Phenotypical data for Nutrient Deprivation in the three analysed D. melanogaster strains
Exposure time /hours
12 24 36 48 60 72
Sex Strain
Ore-R 100 100 99 87 48 2 0
Males 5905 100 99 99 94 32 0 0
27851 100 100 100 85 33 1 0
Ore-R 100 100 99 65 12 0 0
Females 5905 100 100 99 41 1 0 0
27851 100 100 100 72 22 2 0
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Table 6 — Characterization and identification of chitin binding type 2 (CBT2) domains of the eleven genes in the
analysed syntenic region of Muc68E

Gene # introns _ Sequence # CBT2
_ Size (aa) Cr _ _
symbol in CDS location domains
11,940,775..
CG7252 1 474 5
11,942,348 [+]
11,949,839..
CG17826 1 751 3L 13
11,952,225 [+]
11,952,301..
Obst-G 1 279 3L 3
11,953,317 [-]
25,397,788..
Muc96D 1 881 3R 3
25,400,645 [-]
11,954,083..
CGr248 1 796 3L 9
11,956,780 [+]
PA - 214 11,949,808..
CG11570 0 3L 2
PB -214 11,950,865 [-]
CG43294 0 PA-124 aL 11,958,291.. )
PB-124 11,958,909 [+]
11,960,443..
Muc68E 0 1799 3L 3
11,966,079 [-]
11,966,185..
CG42397 1 178 3L 2
11,966,890 [-]
PA — 256 11,968,005.. PA-1
CG14125 1 3L
PB - 263 11,968,910 [+] PB-1
PB-9 PB - 1324 PB-19
11,969,211..
CG4389% PC-10 PC-2113 3L PC-31
11,976,864 [+]
PD - 10 PD - 2113 PD - 31
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Table 7 — Values of the threshold cycle (Cr) for Frost, Muc68E, and RpL32 obtained by RT-gPCR in the Chill Coma
experiment; CO — control; | — immediately after chill coma recovery; Il — 2 hours after chill coma recovery; A, B, C stand
for the three biological replicates

64

Chill Coma males

Chill Coma females

Frost RpL32 Frost RpL32
CO I Il CO I Il CO I Il CO I Il
A 31.03 26.09 23.89 22.56 22.14 20.15 27.78 25.92 23.97 19.47 19.58 19.35
30.51 26.01 23.94 22.49 22.08 19.77 27.70 25.97 23.99 19.23 19.15 19.70
5 31.67 26.79 23.98 21.90 22.12 22.61 30.40 27.28 23.59 19.97 19.66 19.70
31.49 24.02 22.12 22.01 22.75 29.98 26.86 23.48 19.98 19.56 19.57
26.84 26.09 24.31 21.21 22.42 21.66 31.35 29.69 25.05 19.92 20.09 19.56
< 27.05 26.40 24.58 21.48 21.94 21.90 31.41 29.99 25.37 20.32 20.18 19.75
Muc68E RpL32 Muc68E RpL32
CO I I Cco [ [l CcoO I Il CcO I Il
A 33.66 33.99 33.17 22.56 22.14 20.15 33.43 34.1 32.46 19.47 19.81 20.15
33.85 33.3 33.14 22.49 22.08 19.77 33.06 34.07 32.66 19.23 19.85 19.97
5 3451 35.07 31.10 21.9 22.12 22.61 32.92 35.03 33.21 19.67 19.66 19.70
34.90 31.15 22.12 22.01 22.75 33.45 35.12 32.94 19.53 19.56 19.57
32,59 33.82 31.10 21.21 22.42 21.66 34.70 34.78 32.84 19.67 20.09 20.21
¢ 33.69 34.10 31.25 21.48 21.94 21.90 33.92 34.80 32.06 19.78 20.18 19.75

Table 8 — Values of the threshold cycle (C+) for Frost, Muc68E, and RpL32 obtained by RT-gPCR in the Heat Shock
experiment; CO — control; | — immediately after heat shock; Il — 2 hours after heat shock; A, B, C stand for the three
biological replicates

Heat Shock males

Heat Shock females

Frost RpL32 Frost RpL32
CO I Il CO I Il CO I Il CO I Il
A 30.19 25.97 23.83 21.74 21.44 21.45 28.01 28.14 24.56 19.67 19.51 19.90
30.90 26.44 24.02 21.51 21.31 21.65 27.26 27.86 24.34 19.53 19.20 19.14
5 30.57 26.11 23.78 21.92 21.23 21.71 27.78 29.19 23.8 19.47 19.93 19.15
30.37 25.72 23.64 22.04 21.27 21.55 27.70 28.82 24.04 19.23 19.91 19.42
26.32 26.52 23.56 20.80 21.46 21.44 28.34 27.17 23.87 18.82 19.14 19.18
¢ 26.40 26.08 24.01 20.84 21.28 21.43 28.59 27.74 24.27 19.33 19.54 19.19
Muc68E RpL32 Muc68E RpL32
CO I Il Cco [ [l CcoO I Il CcoO I Il
A 33.65 27.91 29.48 21.74 21.44 21.45 32.92 31.75 31.48 19.67 19.51 19.90
33.06 28.69 29.11 21.51 21.31 21.65 33.45 31.58 31.07 19.53 19.20 19.14
5 34.35 30.36 28.68 21.92 21.23 21.71 33.43 31.74 33.21 19.47 19.93 19.15
34.87 30.08 28.73 22.04 21.27 21.55 33.06 32.22 31.98 19.23 19.91 19.42
32.21 29.47 29.56 20.80 21.46 21.44 33.39 30.29 30.91 18.82 19.14 19.18
¢ 31.88 30.26 29.40 20.84 21.28 21.43 33.15 30.31 31.35 19.33 19.54 19.19
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Table 9 — Values of the threshold cycle (Cr) for Frost, Muc68E, and RpL32 obtained by RT-gPCR in the Nutrient
Deprivation experiment; CO — control; ND — 36 hours of nutrient deprivation; A, B, C stand for the three biological

replicates

Nutrient Deprivation males

Frost
CO ND

RpL32
CO ND

Nutrient Deprivation females

29.49 27.93
28.78 28.18

23.12 22.39
22.94 22.75

Frost
CO ND

RpL32
CO ND

28.92 30.56
28.76 29.62

23.17 22.76
23.26 22.84

31.35 31.06
31.41 30.70

19.92 19.99
20.32 20.18

27.10 30.19
26.70 29.97

21.79 22.94
2210 22.39

32.13 29.29
31.81 28.78

20.23 19.91
20.17 20.08

Muc68E
CO ND

RpL32
CcO ND

31.68 28.02
31.40 28.24

19.77 19.31
20.06 19.12

34.26 34.45
33.51 34.27

23.12 22.39
2294 22.75

Muc68E
CcoO ND

RpL32
CO ND

32.64 34.16
32.66 34.23

23.17 22.76
23.26 22.84

33.37 34.08
33.85 34.38

21.21 19.99
21.16 20.18

32.89 36.87
32.86 36.96

21.79 2294
2210 22.39

32.67 33.27
32.25 32.98

20.23 19.91
20.17 20.08

33.11 32.82
32.74 32.70

19.77 19.31
20.06 19.12

Table 10 — Values of the threshold cycle (C+) for Frost, Muc68E, and RpL32 obtained by RT-qPCR in Starvation
experiment; CO — control; ST — 38 hours of starvation; A, B, C stand for the three biological replicates

Starvation males

Frost
CO ST

RpL32
co ST

Starvation females

29.49 26.63
28.78 25.36

23.12 22.64
22.94 22.99

Frost
CO ST

RpL32
co ST

28.92 22.81
28.76 2291

23.17 2191
23.26 21.97

31.35 25.23
31.41 24.90

19.92 19.56
20.32 19.71

27.10 23.45
26.70 23.18

21.79 21.53
2210 21.76

32.13 25.68
31.81 25.25

20.23 19.54
20.17 19.76

Muc68E
CO ST

RpL32
CO ST

31.68 26.93
31.40 26.55

19.77 19.31
20.06 19.47

34.26 35.02
33.51 34.95

23.12 22.64
2294 2299

Muc68E
CO ST

RpL32
CO ST

32.64 32.80
32.66 33.21

23.17 21.91
23.26 21.97

33.37 32.98
33.85 32.92

21.21 19.56
21.16 19.71

32.89 33.61
32.86 33.92

21.79 21.53
2210 21.76

32.67 32.66
32.25 32.63

20.23 19.54
20.17 19.76

33.11 32.97
32.74 3294

19.77 19.31
20.06 19.47
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