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Abstract
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Emerging infectious diseases and climate change are urgent wildlife threats responsible for
many population reductions and extinctions, but their synergistic effects can be hard to predict,
as temperature shifts influence host-parasite dynamics in complex ways. The thermal mismatch
hypothesis predicts that cold-adapted hosts will become increasingly susceptible to parasites as
temperatures rise. However, temperature effects on host-parasite interactions in high latitudes
remain understudied. My thesis investigates the role of temperature and thermal adaptations
in shaping host-parasite interactions in high latitudes. For this, I use amphibians and their
fungal parasite Batrachochytrium dendrobatidis (Bd), and perform experimental infections in
different temperatures, followed by analysis of the survival, growth and gene expression of
each host. The fungus Bd causes the disease chytridiomycosis, which has decimated amphibian
populations worldwide and is a global conservation concern, with its severity varying between
hosts, populations, Bd strains and environmental conditions.

In paper 1, I analyse the transcriptomic responses of two populations of common toads
to infection with two Bd strains of different origin and uncover tissue differences in gene
expression. In paper II, I look at the effects of temperature on the survival and growth of four
amphibian species from southern Sweden. I discover that the two more cold-adapted species
have higher survival and growth when infected with Bd at low temperatures compared to one
of the warm-adapted ones, that the second warm adapted species is not at all affected by Bd
infection and that the Bd strain I used appears to tolerate high temperature less well than
expected. In paper III, I make comparisons between the cold-adapted southern species and
individuals of the same species from northern Sweden, and find that northern populations may
be less susceptible to Bd infection despite their overall lower survival. In paper IV, I look at the
transcriptomic responses of the two cold-adapted species from both populations and find that
immune system activity is increased in infected hosts, especially in lower temperatures, but is
not always associated with higher survival.
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Introduction

Emerging infectious diseases are viewed as a pressing wildlife threat (Daszak
et al. 2000) and their emergence is often linked to human-assisted pathogen
transport (Cunningham et al. 2003) and habitat alterations (Patz et al. 2000),
which catalyze changes in host and/ or pathogen ecology (Schrag and Wiener
1995). More recently, the role of global warming and climate variability has
also been recognised in the context of emerging diseases (Rohr et al. 2011,
Raffel et al. 2013), but predicting the effects of climate change on host-para-
site interactions remains challenging due to the complexity of ecological in-
teractions involved (Rohr and Cohen 2020). For example, temperature in-
creases may drive the range expansion of pathogens to formerly unhospitable
habitats and thus new (sometimes naive) host populations (Hickling et al.
2006, Dobson 2009), but could also lead to parasite range contractions (Laf-
ferty 2009).

A predictive framework for the outcome of infection in different tempera-
tures was presented by Cohen et al. (2017) through the thermal mismatch hy-
pothesis. The thermal mismatch hypothesis predicts that in a system where the
host and parasite are locally adapted to the prevailing temperature, shifts that
move the temperature away from the host thermal optima will result in higher
host susceptibility. This hypothesis rests on the assumption that pathogens
have wider thermal breadths than their hosts due to their smaller size and
higher mass-specific metabolic rates (Brown et al. 2004, Kingsolver and Huey
2008, Rohr et al. 2018) and are able for quicker acclimation to track the tem-
perature shift compared to their hosts. According to the thermal mismatch hy-
pothesis, warm-adapted hosts will be more vulnerable to parasites in colder
temperatures, while cold-adapted hosts will be susceptible as temperatures rise
(Figure 1). In a meta-analysis, Cohen et al. (2020) found support for this hy-
pothesis when examining 2021 host-parasite pairs and predicted that, under
various greenhouse gas emission scenarios, disease risk will in general in-
crease in temperate and boreal zones. The risk for high latitude hosts as pre-
dicted by the thermal mismatch hypothesis is dire, not least because the rate
of climate change will be up to four times faster in and close to the arctic,
compared to the tropics (Twardosz et al. 2021, Rantanen et al. 2022). How-
ever, research in these areas is lagging behind.
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Figure 1. Schematic representation of the thermal mismatch hypothesis. The thermal
range of a parasite is often wider than that of its host (top panels) which results in
parasite performance (bottom panels) peaking, not at the parasite’s thermal optimum,
but at the temperature where its performance is highest compared to the host’s. Cold-
adapted hosts (left-hand panels) are more affected in higher temperatures and warm-
adapted host (right-hand panels) in colder temperatures. Figure adapted from Cohen
et al. 2017.

One of the parasites that could pose a significant threat to high latitude hosts
if temperatures continue to rise is the amphibian skin fungus Batracho-
chytrium dendrobatidis (hereafter Bd, Longcore et al. 1999). Zoospores of Bd
and its sister species B. salamandrivorans (Bsal, Martel et al. 2013), colonize
the skin of amphibians, where they embed themselves and mature, producing
and releasing new zoospores on the skin surface, that can reinfect the host or
enter the environment (Rosenblum et al. 2010). Bd and Bsal can cause
chytridiomycosis (Berger et al. 1998), a disease characterized by severe
dysregulation of the skin osmoregulatory functions, that can lead to electrolyte
imbalance and death by cardiac arrest (Voyles et al. 2009, Campbell et al.
2012). Chytridiomycosis has led to the decline of more than 500 species
worldwide and is involved in the extinction of 92 of them (Scheele et al. 2019),
while Bd is able to infect at least 50% of all amphibian species tested thus far
(Monzon et al. 2020). In fact, the first definitive record of a species extinction
due to disease in the wild was that of the amphibian species Taudactylus acuti-
rostris succumbing to chytridiomycosis (Schloegel et al. 2006). Nowadays,
many of the enigmatic amphibian declines that have been documented since
the 1960s and onward (Houlahan et al. 2000) are also believed to be due to
infection with Bd (Berger et al. 1998, Fisher and Garner 2020).
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The amphibian — chytrid fungi system is very suitable for thermal research.
On the one hand, amphibian hosts are ectotherms, so many of their physiolog-
ical functions, like metabolism, reproduction rate, behavior and immunity are
greatly affected by temperature (Kingsolver 2009). On the other hand, the near
ubiquity of the fungus Bd, which is endemic in South East Asia (O’Hanlon et
al. 2018), but has now spread to every continent where amphibians exist
through the exotic pet trade (Walker et al. 2008) and human travel (O’Hanlon
et al. 2018), presents opportunities for research in different thermal environ-
ments, and in amphibians with a multitude of thermal adaptations and from
many altitudes and latitudes.

Multiple Bd strains are currently recognised, the most widespread being the
highly virulent Bd-GPL (Global Panzootic Lineage), which has also been con-
tributing to many of the amphibian declines and extinctions (Farrer et al.
2011). Also of interest for thermal research on host-parasite interactions is the
fact that Bd, originally thought to thrive in temperatures between 17-25°C with
a thermal range between 4 and 28°C (Piotrowski et al. 2004, Stevenson et al.
2013) has since been found to have varying thermal performance curves
across strains and isolates (Sheets et al. 2021), and can survive freezing
(Voyles et al. 2017) and heating (Kasler et al. 2022). Temperature affects Bd
zoospore size and production rate (Woodhams et al. 2008, Voyles et al. 2017),
characteristics that seem to affect the virulence of the fungus (Fisher et al.
2009).

Interestingly, the severity of chytridiomycosis differs between populations
and species (Gahl et al. 2012, Brannelly et al. 2012) with host responses rang-
ing from complete resistance to total susceptibility (Réberg et al. 2008) to
chytridiomycosis. Epidemic breakouts after Bd invasion have mostly been re-
ported from the tropics, like in Eastern Australia (Skerratt et al. 2007) and
Central America (Berger et al. 1998), which is an important reason why re-
search in this system has focused less on high latitudes. Host characteristics,
and especially those related to immune responses, for instance variation in the
Major Histocompatibility Complex (MHC, Savage and Zamudio 2011, Cor-
tazar-Chinarro et al. 2022) and antimicrobial skin peptide production (Pas-
mans et al. 2013), also play a big role in determining disease outcome. Unsur-
prisingly, the survival of amphibians exposed to Bd is also affected by tem-
perature (Andre et al. 2008, Bustamante et al. 2010, Turner et al. 2021), a
pattern perhaps partly attributed to the temperature dependence of immune
activation (Butler et al. 2013, Rollins-Smith 2017), evident in characteristics
such as differential skin sloughing rate (Meyer et al. 2012) and variation in
expression of adaptive immune genes (Ellison et al. 2020) depending on am-
bient temperature.
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Research aims

This thesis has been driven by the desire to explore host-parasite interactions
in high latitudes, a research priority rendered imperative by the advent of cli-
mate change and its capacity to alter disease dynamics in ways that are hard
to predict. It has the added benefit of focusing on a system of great conserva-
tion concern, namely that of amphibians, the most threatened vertebrate taxon
in the world (Luedtke et al. 2023) and their parasitic skin fungus Bd, which
causes the worst panzootic known to date (Scheele et al. 2019). It was further
motivated by the need to follow up with field studies, which showed that Bd
infection prevalence was higher in southern compared to norther populations
of amphibians in Sweden and also differed greatly between species (Meurling
et al. 2020).

I aim to address the overarching question:

e s temperature a significant factor influencing the result of host-para-
site interactions in high latitudes?

with focus on the amphibian-chytridiomycosis system, in which I study:

e Do different strains of the fungus Bd elicit the same response in indi-
viduals from high latitude amphibian populations?

e How does temperature affect the survival and growth of high latitude
amphibian species infected with Batrachochytrium dendrobatidis?

e Do the thermal adaptations of the host influence infection outcome?
e Do temperature and host thermal adaptations also affect tran-

scriptomic profiles of Bd-exposed amphibians?

To investigate those questions, I carry out experimental infections with Bd in
three temperatures and on four amphibian species from two geographic areas
in Sweden and monitor how their survival, growth and transcriptomic re-
sponses are affected by these conditions.
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Methods

Common garden infection experiments

Study species and populations

In spring 2021 and 2022 I collected eggs from four
amphibian species, the common toad Bufo bufo, the
moor frog Rana ar-
valis, the edible frog
Pelophylax esculen-
tus and the green
toad Bufotes viridis.
Of these four spe-
cies, B. bufo and R.
arvalis have low Bd
infection prevalence
in the field in Swe-
den, while P. esculentus and B. viridis have a
much higher infection prevalence and higher  Rana arvalis

Bd loads (Meurling et al. 2020). Sampling was

done in Kalmar, southern Sweden for the first
three species, as well as close to Luled, in
northern Sweden, for B. bufo and R. arvalis
(Table 1). In each sampling locality, I col-
lected ~ 50 eggs from 10 — 15 clutches or egg
strings. As B.
viridis is a red-
listed (VU)
amphibian in
Sweden with
very few wild

populations

(SLU Artdatabanken 2020), the B. viridis eggs
were obtained a captive population in Nordens
Ark, a non-profit foundation dedicated to ex-
situ conservation.

Bufo bufo

Pelophylax esculentus

Bufotes viridis
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Table 1. Name, collection date and coordinates of amphibian egg collection localities.
B. viridis eggs were acquired from Nordens Ark in 14-May-2021.

Bufo bufo Bufo bufo Rana arvalis | Rana arvalis Pelophylax
North South North South esculentus
Sjulmark1 Stjarnamo Ersnés Monsteras Id{a(;lismme?l
26-May-22 16-Apr-21 20-May-22 16-Apr-21 28-May-22
65°33'10.3"N 56°4525.3"N 65°31.266'N | 57°01'00.6"N | 56°38721.6"N
21°26'15.0"E 16°03'42.2"E 21°41.186'E | 16°26'S1.3"E | 16°14'45.0"E
Sjulmark?2 Kindbicksmaéla | Arvidsjaur Anebol -
30-May-22 27-Apr-21 20-May-22 16-Apr-21 -
65°34'03.6"N 56°30'25.3"N | 65°38'53.0"N | 56°37'58.1"N -
21°26'04.8"E 15°45'15.1"E | 19°41'5S4.8"E | 15°55'06.3"E -
- - - Anebo2 -
- - - 16-Apr-21 -
- - - 56°38'02.1"N -
- - - 15°54'25.0"E -

Amphibian rearing

Eggs were brought into the laboratory and placed in 22L water tanks (Picture
1), containing ~18L of Reconstituted Soft Water (RSW, 48mg/L. NaHCOs,
61.4mg/L MgSO4 * 7 H,0O, 30mg/L CaSO4 * 2 H,O and 2mg/L KCI, in de-
ionized water, Clescerl et al. 1985). RSW was prepared in 90L buckets at least
24 hours before use and kept under constant aeration. At least one third of the
water in each tank was replaced every third day. Eggs and tadpoles were
housed familywise, i.e. all individuals from an egg string or egg clump were
in the same tank. Tanks contained an air stone that enhanced air and water

circulation and artificial plants
for enrichment. Tadpoles were
fed spinach and fish flakes con-
taining spirulina ad /libitum. To
reflect the different thermal adap-
tations between the species, I
raised B. bufo and R. arvalis tad-
poles in 18°C, while P. esculentus
and B. viridis were kept in 20°C.
All experimental animals were
kept at an 18/ 6h light/ dark cycle,
reflecting the light conditions in
southern Sweden in late spring
and summer.
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Picture 1. Aquatic tanks for tadpoles




Upon emergence of the first forelimb
(Gosner stage 42, Gosner 1960), 1
moved tadpoles to SL, semi-terrestrial
enclosures (Picture 2), that contained
gravel as an artificial shore on one side
and 3cm of RSW on the other side, as
well as artificial plants and a screw cap
as shelter for each individual. Individu-
als were kept familywise at a density of
up to eight per tank and were not fed,
as during that stage they utilise nutri-
ents from tail absorption. Water in
these tanks was completely replaced
daily.

Upon tail absorption (Gosner stage
46), which signifies complete meta-
morphosis, individuals were moved in
completely terrestrial enclosures (Pic-
ture 3), which were lined with wet-
tened, unbleached water towels and
also contained a screw cap shelter and
artificial plant. These enclosures had a mesh-covered hole to enhance air cir-
culation. At this stage individuals were kept individually or in pairs and were
given UV light for 10 hours daily, to enhance cutaneous vitamin D3 produc-
tion (Webb 2006, Chen et al. 2007), an important stage in calcium metabolism
(Holick 2003). I also began feeding them again, this time with Drosophila
fruit flies and occasionally Callosobruchus maculatus seed beetles, which was
their diet until completion of the experiment.

Picture 2. Semi-terrestrial tank

Picture 3. Terrestrial tanks in infection room
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After seven days in the UV light, all metamorphs were placed in individual
terrestrial tanks and randomly assigned to one of three climate rooms, at 14,
18 or 22°C, where they acclimated for a week prior to the experimental inoc-
ulations. These temperatures were chosen to represent temperature variation
within the activity period of the amphibians ranging from cool to exception-
ally warm summer conditions. At that stage, individuals were also randomly
assigned to one of two Bd treatments, control or Bd-exposed.

The total number of experimental individuals that were included in the pa-
pers was 1052 (of the 1145 metamorphs raised), corresponding to 176 north-
ern B. bufo, 181 southern B. bufo, 166 northern R. arvalis, 204 southern R.
arvalis, 183 P. esculentus and 142 B. viridis.

Experimental inoculation and disease monitoring

After the one-week acclimation period in the climate rooms, individuals were
weighed and placed in individual petri dishes containing 30ml RSW, where
they were sprayed (Picture 4) with either 200ul of liquid Bd culture containing
~ 30 000 motile zoospores (“Bd-exposed” treatment), or 200ul sterile Bd cul-
ture media (“control” treatment). Individuals were left in the petri dishes for
5h before being returned to
their individual terrestrial
tanks. After inoculation, each
individual was monitored
daily until the experimental
endpoint, defined as either the
point when an individual
showed severe signs of
chytridiomycosis (i.e. loss of
righting reflex) and was eu-
thanised or, at maximum, as
40 days past Bd-exposure,
when all remaining individuals were euthanised. At the end point, individuals
were weighed, to determine their growth during the experiment, swabbed, to
quantify Bd infection load on their skin, and then humanely euthanised using
submersion in 2% tricaine mesylate (MS222) solution followed by pithing.
After euthanasia, skin and liver from each individual was excised and stored
in RNAlater in -70°C, until transcriptomic analysis.

Picture 4. “Spraying” with Bd
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Fungal cultures maintenance and quantification

For the experimental inoculations, I used the Bd-GPL strain SWED-40-5, pro-
vided by the Zoological Society of London. This strain has been isolated from
a wild B. viridis caught in Malmo

(Norra Hamnen), southern Swe- Picture 5. Bd sporangium and zoospores
den, in 2015, and passaged 17-20 under the microscope
times prior to the experiment. Bd

cultures were grown in 20°C in

T25 culture flasks with sterilised i
culture media, consisting of 0.8% - _
tryptone, 0.2% gelatin hydroly- , _

sate and 0.4% lactose in dH,O,

and were kept in the fridge when

not in use. I used a haemocytom-

eter for zoospore quantification

(Picture 5) in the Bd cultures and %
culture media if dilutions were
necessary to achieve the desired
concentration.

Molecular methods

RNA extraction, library preparation and sequencing

To explore the effects of temperature on the expression profiles of individuals
in the experiment, I extracted RNA from a subset of the B. bufo and R. arvalis
skin and liver samples, from both populations, using the Qiagen RNeasy Mini
kit. I did the mRNA library preparation myself for the southern individuals
using the [llumina TruSeq Stranded mRNA kit, and Novogene processed the
samples from northern individuals with proprietary kits. Sequencing was per-
formed on a NovaSeq 6000 system for southern individuals and on a NovaSeq
X Plus for northern individuals, each time yielding 150bp paired-end reads.

DNA extraction and qPCRs

In order to quantify the Bd infection load on the skin of each individual, or to
verify the absence of Bd, | extracted DNA from the skin swabs taken at the
experimental endpoint, using the PrepMan Ultra reagent. I used the same
method to extract Bd DNA from filtered Bd cultures with a known amount of
zoospores and create Bd standards of known zoospore concentrations for use
in the qPCRs (quantitative Polymerase Chain Reactions).

Afterwards, I ran qPCRs, adjusted from Boyle et al. (2004), targeting the
internal transcribed spacer (ITS)-5.8S rRNA region on the Bd genome. Each
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20ul reaction contained 10ul QuantiTect Probe Mix (2X), 0.2ul of each 50uM
primer (ITS-3 Chytr and 5.8S Chytr), 0.2ul of 20uM MGB probe
(5.8S_MGB2), 5ul DNA sample, an internal positive control (i.e. lul 10X Exo
IPC master mix and 0.45-0.5ul 50X Exo IPC DNA, Hyatt et al. 2007) and
water. The reactions were run for 15 min at 95°C, 45 cycles of 15 sec at 95°C
and 1 min at 60°C, and 30 sec at 40°C. I ran each qPCR plate with a negative
control and Bd standards corresponding to 1000, 100, 10, 1 and 0.1 zoospore
equivalents. Samples were run once, and repeated if the positive control failed
to amplify.

Data analysis

I used RStudio (Posit team 2023) for all statistical analysis, with R versions
spanning 4.2.2 to 4.4.1 (R Core Team 2024). For all plots, I used a combina-
tion of package-specific plotting tools and ggplot2 (Wickham 2016).

Survival and growth analysis

To analyse the survival of each species, I used mixed effects Cox proportional
hazards models, fit by maximum likelihood using the packages survival (Ther-
neau 2024) and coxme (Therneau 2022). I also used log-rank tests with Ben-
jamini-Hochberg adjusted p-values, to calculate pairwise comparisons of sur-
vival between treatment regimes. For daily growth, defined as the total mass
change of an individual divided by the number of days it survived, I used lin-
ear mixed-effects models with package n/me (Pinheiro and Bates 2000, Pin-
heiro et al. 2024). As explanatory variables in the models, I used treatment
(control or exposed to Bd) and temperature (14, 18 or 22°C) as factorial vari-
ables and initial body mass as a continuous covariate. I also included family,
i.e. the egg string or clump from which each individual originated, as an addi-
tive random effect. When comparing the B. bufo and R. arvalis populations, I
also used population (north or south) as a factorial explanatory variable. In the
models, [ initially included the interaction terms between all explanatory var-
iables. Then, for model selection, I removed the least significant interactions
stepwise, starting with the highest order ones, and evaluated each reduced
model against the more complex one with F-tests using the anova function. If
the more complex model did not offer a significantly (p < 0.1) better fit com-
pared to the simpler one, the more complex model was discarded and the pro-
cess continued.

The survival and growth of B. bufo and R. arvalis individuals were also
analysed separately only for controls, to verify the hypothesis that the popula-
tions harbour different thermal adaptations.
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Bd infection loads

To evaluate the effects of temperature, initial body mass and population on
the log10 transformed infection load of individuals, I fit linear models with
normal error distribution with the function /m, for the individuals of each spe-
cies that tested positive for Bd. The initial model for each species included
interaction terms, which were evaluated and potentially dropped as described
above.

To assess the differences in percentage of individuals that tested positive
for Bd in each temperature, | used Pearson's Chi-squared tests on the Bd-ex-
posed individuals of each species.

Bioinformatics

I used Trimmomatic (Bolger et al. 2014) to remove sequencing reads of low
quality as well as to trim adapters and evaluated the resulting reads using
FastQC (Andrews 2010) and MultiQC (Ewels et al. 2016). Then, I mapped
the B. bufo samples to the B. bufo genome (Streicher 2021a) and the R. arvalis
samples to the R. temporaria genome (Streicher 2021b) using STAR (Dobin
et al. 2013). To quantify transcripts in each sample, I used RSEM (Li and
Dewey 2011).

Differential gene expression

For the differential gene expression of B. bufo and R. arvalis individuals, I
used a subset of genes present in the genomes of species to be able to make
comparisons between them. I used the package DESeq2 (Love et al. 2014) to
build a DESeqDataSet object, filter low gene counts (I kept genes with at least
ten counts in 5 or more samples), and perform the differential expression anal-
ysis using function DESeq. The factorial explanatory variables I used in the
analysis were species (B. bufo or R. arvalis), population (north or south), tis-
sue (skin or liver), treatment (control or Bd-exposed) or infection status (con-
trol, Bd-positive or cleared), temperature (14, 18 or 22°C), survival (surviving
or dead at the experimental endpoint), Bd test results (positive or negative),
and I also included initial body mass as a continuous covariate. | repeated
these steps, with appropriate subsets of the variables, for different subsets of
the data, from the full dataset containing all individuals of both species and
populations, down to very small parts of the dataset, like samples from one
tissue from a single population and species in one of the temperatures. For
lists of genes that were differentially expressed between samples for the com-
parisons outlined above, I used the function results, with different contrasts.
Differentially expressed genes were considered those with a log2 fold change
significantly different than zero (bigger or smaller), using false discovery rate
corrected p-values < 0.05.
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To functionally profile the sets of differentially expressed genes I used the
online tool g:Profiler (Kolberg et al. 2023) with the g:SCS multiple testing
correction method, and a 0.05 significance threshold. I tried to use custom
annotation data for B. bufo and R. arvalis from UniProt, but due to the very
small number of annotated genes in the species, the enrichment analysis
yielded no results. I thus resorted to the Homo sapiens dataset as a reference,
and searched the gene ontology database for biological processes.

Paper I individuals

The data of paper I originated from a previous infection experiment, aimed at
investigating the effects of different Bd strains on the survival, growth and
transcription of exposed B. bufo individuals. That infection experiment was
similar to the ones I carried out, with a few key differences:

a) There was only one temperature regime, 19°C, kept constant
throughout the experiment.

b) Apart from the Swedish Bd isolate in my infection experiments,
a second isolate from the UK was used.

C) Metamorphs were followed for 30 instead of 40 days past infec-
tion.

d) The southern populations from which eggs were sampled were

in Skane, 0.3-1 degree of latitude south of my sampling locali-
ties in Sméland.

I used skin and liver tissue harvested from this experiment, to investigate po-

tential differences in gene expression between the populations and Bd treat-
ments. The bioinformatic and data analysis approach was as described above.
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Results and discussion

Effects of Bd strain on B. bufo transcription (Paper I)

In paper I, I analysed the skin and liver transcriptomic profiles of B. bufo
metamorphs from two populations, one from northern and one from southern
Sweden, exposed to the fungus Bd. The tissue samples were collected during
an earlier infection experiment (Meurling et al. 2024) using two strains of Bd,
one from Sweden and one from the UK, and one temperature regime, 19°C.
Mortality of metamorphs in that infection experiment was mediated by treat-
ment, with Bd-exposed individuals having lower survival, and body size, with
heavier individuals having higher survival (Meurling et al. 2024). In the subset
of individuals used in this gene expression study, all liver and skin samples
from control individuals were from individuals that survived the 30-day infec-
tion experiment, while mortality in Bd-exposed individuals was higher in
northern compared to southern individuals (Table 2).

Table 2. Number of samples from skin and liver of B. bufo metamorphs from two
latitudinal populations in Sweden, exposed to either of two Bd strains (from Sweden
or the UK) or sham-exposed to Bd growth medium (controls). In parenthesis is the
number of samples from individuals surviving the 30-day infection experiment.

Treatment | Population Skin Liver
Control North 11(11) 13 (13)
South 16 (16) 16 (16)
Bd-SWE North 18 (7) 14 (6)
South 14 (10) 13 (11)
Bd-UK North 22 (3) 18 (0)
South 13 (12) 11(11)

Gene expression differences in the full dataset, containing 22 178 genes, were
driven primarily by tissue type with ~ 75% of all genes being significantly up-
or down-regulated in skin compared to liver samples. The skin is an important
organ in amphibians, responsible for oxygen intake and osmoregulation
(Campbell et al. 2012) and the site of Bd infection (Berger et al. 1998, 2005b),
with many active immune pathways, such as the MHC and antimicrobial pep-
tides (Grogan et al. 2018b). The liver of amphibians is involved in energy and
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protein metabolism and glycogen storage (Crawshaw and Weinkle 2000) and
also has some immune related functions, like the development of B-cells
(Hadji-Azimi et al. 1982). As these organs have largely different functions,
the differences in gene expression are not unexpected (Engwerda and Kaye
2000), and I proceeded to analyse the expression profiles of skin and liver
separately.

A second axis along which both skin and liver samples were differentiated
was that of survival status, i.e. whether each individual died prior to the end
of the 30-day experiment or survived and was euthanised at the endpoint. 46%
of genes in skin and 25% in liver samples were differentiated based on this
variable. There were genes related to regulation of cell death, the expression
of glucocorticoids, stress and some immune functions upregulated in skin
samples of dead individuals, and developmental terms in liver samples, but
the responses were not strong. The lack of big expression differences between
samples from surviving and dead individuals may be related to sampling con-
straints, namely the fact that some metamorphs were euthanised and others
found dead and sampled many hours after death. It may also be a result of the
misregulation of liver and skin metabolites caused by Bd infection (Grogan et
al. 2018c). For further analysis, I focused only on surviving individuals trying
to elucidate what gene expression patterns are associated with survival in the
species, and whether they differ by Bd strain.

In the skin, gene expression differed mostly between control individuals
and those exposed to either of the Bd strains (39% of genes in SWE vs controls
and 32% of genes between UK and controls), while there were only very few
differences between surviving individuals exposed to the two Bd strains (1.2%
of genes), despite the differences in mortality between the Bd treatments. A
noteworthy difference between the strains was the activation of a complement
component only in skin of individuals exposed to the Swedish strain of Bd,
which could be in part responsible for the higher survival rates of those indi-
viduals, as the complement system is known to enhance other immune factors
(Rodriguez and Voyles 2020). Savage et al. (2020) also found that skin gene
expression did not differ as much in amphibians with different levels of sus-
ceptibility to Bd, while they observed major differences in spleen samples.
Further zooming in within each population, revealed that more genes in the
northern compared to the southern samples were differentially expressed be-
tween control individuals and those exposed to Bd. In Bd-exposed individuals,
these genes were functionally enriched for terms related to both the innate
(e.g. cytokines, macrophages) and the adaptive arm (e.g. B and T — cells) of
the immune system. The immune-related enriched terms were more by num-
ber for northern samples, but similar by percentage over all enriched terms
between the two populations (Figure 2). Interestingly, 40% of the upregulated
genes in Bd-exposed compared to control individuals were shared across pop-
ulations and Bd strains.
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Figure 2. Number of immune related gene ontology terms (top) and percentage over
all terms (bottom), which are functionally enriched in sets of genes upregulated in
surviving Bd-infected compared to control B. bufo metamorphs using the Homo sapi-
ens database for biological processes in g:Profiler. The data is presented separately
for each tissue sampled (skin-liver), and for population of origin for the B. bufo met-
amorphs (both, north only or south only). The metamorphs were exposed to one of
two Bd strains, a Swedish one and one from the UK, and results are presented for
comparisons of all Bd-exposed individuals to controls (all inf.: all infected individu-
als), as well as for individuals infected with each Bd strain separately (SWE: individ-
uals infected with the Swedish Bd strain, UK: individuals infected with the UK Bd
strain).

Liver gene expression presented a stark difference to skin gene expression, as
in this tissue the two Bd strains produced different responses. There were still
large expression differences between samples from control individuals and
those exposed to the Swedish Bd strain (39% of genes), but the UK Bd strain
elicited almost no response in liver (only 4.4% of genes differentially ex-
pressed between controls and UK Bd-exposed liver samples), a pattern that
persisted when analysing only samples from southern individuals (analysis
with the northern liver samples was not possible as none of them are from
surviving individuals). Bd strain effects on other variables, like survival time
(Berger et al. 2005a), infection load (Meurling et al. 2024), growth rate (Re-
tallick and Miera 2007) and expression of corticosteroids (Gabor et al. 2015)
have been reported in the literature, but this is the first study to examine the
full range of amphibian transcriptomic responses to different strains of Bd. It
is possible that the UK isolate used in this study, which has undergone more
passages in the laboratory than the Swedish one (both isolates are listed in
O’Hanlon et al. 2018), has accumulated mutations that allow it to escape de-
tection from the liver response mechanisms. Only genes overexpressed in liver
samples of Bd-SWE-exposed individuals were enriched for immune-related
terms, and, as in skin samples, more so when originating from northern com-
pared to southern individuals. The population differences likely represent ge-
netic differences between the populations, which have been shaped by their
different colonization routes to Scandinavia (Thorn et al. 2021) and could af-
fect the process of immune system activation. Both a non-helpful, prolonged
immune reaction (Savage et al. 2020) and suppression of the immune system
(Rosenblum et al. 2009, Fites et al. 2013, Savage et al. 2020) have been doc-
umented in different amphibians following exposure to Bd, the former sce-
nario being more likely in this system, as northern individuals suffer higher
Bd-mediated mortality.
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Survival and growth analysis (papers II and I11)

In papers II and III, I analysed the effects of temperature on the survival and
growth of four amphibian species, from a total of six populations, exposed to
Bd. Through the same experimental set-up, I studied how host thermal adap-
tations influence the outcome of Bd exposure, both among species from the
same latitude and in latitudinal populations of the same species.

Species comparisons

In Paper 11, I explored the effects of temperature on the survival and growth
of four amphibian species from southern Sweden, B. bufo, R. arvalis, B. viridis
and P. esculentus, exposed to a high dose of Bd. The former two species are
early breeders (March-April), with distribution ranges reaching to the north-
ernmost parts of Sweden (Sillero et al. 2014) and are considered more cold-
adapted. The latter have a limited distribution Sweden where they are re-
stricted in the southernmost part of the country, reproduce later during the
year (May-June) and are in this context considered more warm-adapted. Ac-
cording to the thermal mismatch hypothesis, we expected to see more dire
effects of Bd infection for each species in temperatures departing from their
thermal optimum.

The original assessment of the study species as cold- or warm-adapted was
confirmed by the survival and growth patterns of control individuals in the
three temperature regimes (Fig. 3c-f, 4c-f). B. bufo and R. arvalis had lower
mortality in the lowest temperature, 14°C, and maximum growth in 18°C,
while B. viridis was more warm-adapted, with highest survival and growth in
22°C. P. esculentus also had highest growth at 22°C, which justifies its classi-
fication as warm-adapted, but exhibited an unexpected survival pattern, dis-
cussed below.

With the exception of P. esculentus, exposure to Bd was detrimental for all
species, which suffered from excess mortality and reduced growth. However,
the warmest temperature regime, 22°C, appears to be at the edge of the thermal
optimum of the Bd isolate used, as is evident from multiple experimental re-
sults. The three species managed to clear infection at a higher rate in 22°C
compared to the lower temperature regimes and in Bd-positive individuals,
infection load was lower in 22°C. In that temperature, survival of Bd-exposed
individuals was also significantly improved in comparison to the lower tem-
peratures (Fig. 3c-e).
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Figure 3. Survival curves for individuals from six high latitude populations exposed
to the fungus Bd. Survival is shown by temperature (blue: 14°C, green: 18°C, red:
22°C) and by treatment (solid line: control, dashed: exposed to Bd). Each individual
was followed until death for a maximum of 40 days past exposure. Snowflakes and
suns represent the thermal adaptations of each population, with the northern B. bufo
and R. arvalis being the most cold-adapted, their southern counterparts being inter-
mediate and B. viridis and P. esculentus being the most warm-adapted amphibians in
the experiment.
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This result was unexpected, as the thermal optima of the early breeders, B.
bufo and R. arvalis, is below 22°C, and based on the thermal mismatch hy-
pothesis, they are expected to be more vulnerable to Bd in temperatures
warmer than their optima. It is also a surprise, as parasites generally have
wider thermal ranges compared to their hosts (Kingsolver and Huey 2008).
The Bd isolate used in this experiment may have evolved a lower thermal tol-
erance than the generally reported for Bd-GPL strains of 17-25°C (Longcore
et al. 1999, Piotrowski et al. 2004), either as an adaptation to the cooler climate
in Sweden (Fisher et al. 2009) or as a result of prolonged maintenance under
laboratory conditions (Kasler et al. 2022). As a remedy for this uncertainty, sim-
ultaneous culturing of Bd cultures in vitro in the same temperature regime as
hosts experience would be recommended (as in Raffel et al. 2013, Stevenson et
al. 2020). Alternatively, the observed departure from the thermal mismatch hy-
pothesis may be hinting at the wider thermal breadth of high latitude hosts (Rohr
et al. 2018), which may allow them withstand infection at a broader range of
temperatures. This has already been noted by Cohen et al. (2019), who showed
that in higher latitudes, temperature was not as strongly associated with Bd prev-
alence. In the lower temperatures, the thermal mismatch hypothesis is better at
describing the survival and growth differences between the species, namely that
the early breeders had a higher survival compared to B. viridis when exposed to
Bd in lower temperatures (Fig. 3c-¢).

In this experiment, | also observed that Bd reduced the growth of B. bufo,
R. arvalis and B. viridis, especially in the two lower temperature regimes (Fig.
4c-e). This is a known sublethal effect of Bd exposure and may be attributed
to the inappetence of infected individuals (Berger et al. 1999) or trade-offs
between development and mounting an immune response against the fungus
(Lochmiller and Deerenberg 2000). A lower growth rate is likely to reduce the
fitness of amphibians, as it increases predation risk (Wilbur 1984, Werner
1986) and decreases overwintering survival (Meller et al. 1998).

Conversely to the other three species, only two P. esculentus individuals,
both of which were euthanised before day 40, tested positive for Bd at the
experimental endpoint. Their survival was only nearly significantly affected
by Bd exposure, perhaps attributed to the increased cost of pathogen clearance
(Lochmiller and Deerenberg 2000). P. esculentus is reported as a highly Bd
tolerant species (Woodhams et al. 2012), and P. lessonae, one of P. esculen-
tus’ parental species, has been reported to clear infection in the wild in Sweden
(Kédrvemo et al. 2020). More intriguingly, the survival of P. esculentus was
negatively affected by the highest temperature (Fig. 3f) despite their growth
rate being higher as temperature increased (Fig. 4f). This observation warrants
further studies on the species, ideally experiments where the food source of
amphibians is richer in nutrients, as the fruit flies may have been nutritionally
inadequate for the fast growing P. esculentus.
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Adding to the mix: population comparisons

In Paper 111, I take a closer look at the two species with a wider distribution, B.
bufo and R. arvalis, by adding individuals from northern populations, which
have a unique genetic background, having colonized the Scandinavian penin-
sula following a different route (Cortazar-Chinarro et al. 2017, Thorn et al.
2021), and are presumably more cold-adapted than their southern counterparts.
Focusing on the survival and growth patterns of control individuals verified
the assumption of divergent thermal adaptations in each population (Angilletta
2009). Northern individuals were more cold-adapted than their southern coun-
terparts, evident in their growth rate which was decreasing as temperature in-
creased (Fig. 4a-d). Survival also decreased more drastically with increasing
temperature for the northern amphibians (Fig. 3a-d).

Corroborating the limitations of the thermal mismatch hypothesis to ex-
plain survival and growth patterns in high latitude amphibians following Bd
exposure in high temperatures, which I discovered in paper II, the northern
populations of R. arvalis also exhibited lower survival differences (Fig. 3b)
and comparable growth rate (Fig. 4b) between control and infected individuals
in 22°C. In both species and populations, infection load and the percentage of
Bd-positive individuals was also lowest in 22°C. Additionally to the hypothe-
sis of a lower thermal optimum for Bd, this finding could be attributed to the
temperature-dependence of immune system functions in amphibians (Rollins-
Smith and Woodhams 2012, Butler et al. 2013, Sonn et al. 2017). Higher tem-
peratures, but still within the physiological limits of organisms, are considered
beneficial for immune system activation (Maniero and Carey 1997, Jozkowicz
and Plytycz 1998) and improved survival of Bd-exposed amphibians in higher
temperatures is a pattern often encountered in the literature (Andre et al. 2008,
Bustamante et al. 2010, Murphy et al. 2011)

Interestingly, the northern R. arvalis population, despite having higher
mortality rate as controls, exhibited lower Bd-mediated mortality in all tem-
peratures, i.e. the difference in survival between control and infected individ-
uals in each temperature was lower in northern individuals.

Northern B. bufo individuals were very susceptible, with complete mortal-
ity of exposed groups in 18 and 22°C, a pattern possibly driven by their lower
body size compared to R. arvalis (Fig. 5). Meurling et al. (2024) had similar
results in their infection experiment with both B. bufo and R. arvalis meta-
morphs from latitudinal populations in Sweden, and hypothesized that mass is
an important predictor of survival probability in Bd-exposed amphibians. This
protective effect of a higher mass, which is reported in other studies (Garner
et al. 2009, Smith et al. 2022), may be the outcome of better water retention
in larger individuals (Russo et al. 2018), an important function especially con-
sidering that chytridiomycosis may cause excessive skin sloughing and cuta-
neous water loss in amphibians (Voyles et al. 2009, Ohmer et al. 2015, Russo
et al. 2018). Larger individuals may also have more resources to allocate to
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immune system functions, as the trade-offs with somatic maintenance and de-
velopment are harder to meet for smaller individuals (Sheldon and Verhulst
1996, Lochmiller and Deerenberg 2000, Garner et al. 2009).

R. arvalis and B. bufo in our study exhibited a hotter-colder thermal adap-
tation (Angilletta 2009, Richter-Boix et al. 2015), with control individuals
from northern populations growing faster in 14°C and southern, more warm-
adapted ones growing more in the warmer temperatures. Bd impacted the
growth rate in a temperature dependent fashion, being more detrimental in the

Figure 5. Initial body mass in grams, for northern and southern B. bufo and R. arvalis
individuals. Mass is presented per sampling locality (BN & BS: northern and southern
B. bufo, RN & RS: R. arvalis). Points represent individuals and are coloured based on
whether the individual survived the 40-day Bd infection experiment (grey) or not
(black).

lower temperatures compared to 22°C (Fig. 4a-d). The negative impact of Bd
on growth, which as remarked earlier can lead to amphibians suffering from
lower overwintering survival (Earl and Whiteman 2015) and increased preda-
tion risk (Wilbur 1984, Werner 1986), was shared between the amphibian pop-
ulations I tested in papers II and III. The lack of a strong impact of Bd on
growth in 22°C lends further support to the theory that the Bd strain in my
experiment has a low temperature optimum.

Temperature effects on transcriptional responses
(Paper 1IV)

Given the unexpected finding that the Bd strain used in the infection experi-
ment had a low thermal optimum, it became very interesting to explore what
type of transcriptomic responses exposure to Bd elicited. In paper IV, I char-
acterized this response in both northern and southern populations of the two
early breeders, B. bufo and R. arvalis.
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The pattern of more pronounced gene expression differences between Bd-ex-
posed and control individuals in skin compared to liver samples, which I ob-
served in Paper [ was also evident here (Fig. 6a-d). In this infection experiment
however, southern individuals exhibited a generally more intense reaction to
Bd exposure compared to northern ones, a pattern perhaps led by their genetic
differences (Cortazar-Chinarro et al. 2017, Thorn et al. 2021).

a B. bufo skin
c. B bufo liver
Figure 6. Number of differentially expressed genes between Bd-exposed and control

samples from B. bufo and R. arvalis. Numbers are shown separately for the species,
populations, up- and down- regulated genes and temperature.

b R. arvalis skin

north

south

north

south

In contrast to the infection experiment in Paper I, there was a number of both
B. bufo and R. arvalis individuals that managed to clear Bd from their skin,
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especially in higher temperatures as I showed in paper III. This generated the
potential to extend the comparisons from Bd-exposed vs control individuals,
to exposed individuals with a positive Bd test at the experimental endpoint
(“Bd-positive”), exposed individuals negative for Bd (“cleared”) and the con-
trols (Fig. 7), which showed different results depending on both temperature
and population. Below I discuss some of the key results that emerge for skin
tissue, as liver samples presented a much more muted response.

sterile
medium

time

control

Figure 7. Illustration of the three categories of individuals in the beginning or the ex-
periment (top) and at the experimental endpoint (bottom): control = exposed to sterile
culture medium, Bd-exposed = exposed to Bd, Bd-positive = detectable Bd load at the
experimental endpoint, cleared = no detectable Bd load at the experimental endpoint.

In northern individuals, only 18°C elicits a strong response in Bd-exposed in-
dividuals, and some of the differentially expressed genes that are upregulated
in exposed amphibians are related to immune system functions, many more in
B. bufo than R. arvalis (Fig. 6a, 6¢, 8a). Despite that, mortality in Bd-exposed
B. bufo was complete in the subset of individuals used for the transcription
analysis. This result corroborates earlier findings by Savage et al. (2020) who
observed that maintaining the immune system active for a prolonged time after
infection was in fact detrimental for Bd-exposed Rana yavapaiensis, perhaps
due to the high energy cost associated with an immune reaction (Sears et al.
2011). The lack of immune response in 22°C indicates two possibilities: either
Bd has a lower growth rate at this temperature, creating imperceptible difter-
ences between exposed and control individuals, or that any immune-assisted
clearance of the fungus happened earlier during the infection and was not cap-
tured by my set-up.
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Figure 8. Number of immune-related gene ontology terms enriched in sets of differ-
entially expressed genes in skin tissues of B. bufo and R. arvalis (N = northern, S =
southern populations). Enriched terms are shown for upregulated genes in all Bd-ex-
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The lack of difference in 14°C was more puzzling, so I decided to separately
analyse and compare the two categories of Bd-exposed individuals, Bd-posi-
tive and cleared ones, to controls. Indeed, differences in gene expression be-
tween Bd-positive and control individuals were evident in both populations
and species, not only in 14°C but also in 22°C (Fig. 9). The lowest temperature
generated the strongest immune response, except in the southern R. arvalis
samples (Fig. 8b). Moreover, in 14°C, the immune related terms expressed
were more in the north than in the south for both species, and in 18°C the
opposite was true, with more immune terms being expressed in southern indi-
viduals (Fig. 8b). As immune system function is temperature dependent and
reflects the thermal adaptations of the hosts (Butler et al. 2013, Rollins-Smith
2017), this pattern may indicate that 18°C is an already warm temperature for
northern individuals. For northern R. arvalis, the immune reaction in 14°C was
in fact protective, as Bd-positive individuals survived best in that temperature
(Fig. 3b), while southern R. arvalis add to the observations of individuals with
a high immune response and lowest survival (Fig. 3d).
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In cleared individuals, gene expression was intermediate to both Bd-posi-
tive and control individuals, with few differentially expressed genes in either
comparison (Fig. 9), possibly another artifact of my experimental setup which
did not include samples from a few days after Bd exposure (Grogan et al.
2018a). I found some residual immune gene up-regulation in northern B. bufo
skin samples in 18°C and southern in 22°C. The low survival of Bd-exposed
individuals, especially in the lower temperatures and often despite immune
system activation, is evidence of the ineffectiveness of the amphibian immune
response to prevent Bd-mediated mortality (Ellison et al. 2014, Eskew et al.
2018, Savage et al. 2020). On a more positive note, the strains of Bd used here
and in paper I, do not demonstrate the ability to immunosuppress the experi-
mental individuals, as has been shown in other studies (Ribas et al. 2009, El-
lison et al. 2014, 2015), at least not when analysing the data using the Homo
sapiens gene ontology database as a reference.
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Figure 9. Number of differentially expressed genes per experimental tempera-ture in
R. arvalis and B. bufo skin samples from northern (top) and southern (bottom) indi-
viduals. Comparisons are made between “inf” = infected individuals (i.e Bd-positive
at the experimental endpoint), “clear” = cleared individuals, and “uninf” = control
individ-uals). Blue crosses denote comparisons that were not performed due to lack
of samples (< 3) in some category (infected, uninfected, cleared).

36



Conclusion and future directions

Temperature is an abiotic factor affecting all life on earth, with big repercus-
sions on how organisms function on the physiological level, and how this af-
fects their fitness and the types of environments they can live in. Therefore,
temperature also affects the interactions of parasites and their hosts, a balance
that can easily be disturbed by the rise in temperature that is a direct effect of
climate change.

The main conclusion of my thesis is that temperature does play a significant
role in deciding the outcome of host-parasite interactions, but not always in a
predictable way.

Throughout the results I got some evidence that the thermal adaptations of
the parasite, Bd, are important. The Bd strain I used in the infection experi-
ments in papers II, III and IV, may have a lower thermal optimum as a result
of adaptation to the cooler climate in the higher latitude it was isolated from.
This could explain why it does not elicit a strong immune responses in am-
phibians exposed to the highest temperature, and why survival and growth of
control and infected frogs do not differ in 22°C. Elucidating if this is the case
could be done through culturing the Bd strain used on the infection experiment
in vitro in the experimental temperatures and comparing in vivo patterns (as
in Raffel et al. 2013). An exciting alternative would be to perform infection
experiments with Bd isolates prior to and after they have undergone experi-
mental evolution in the laboratory under varying thermal regimes (as in
Voyles et al. 2014).

As the laboratory is an approximation of field conditions, some pieces of
the puzzle are missing, like the effects of temperature variability on infection
outcome (Raffel et al. 2013), and the potential of the amphibian skin microbi-
ome to protect against Bd, a function that appears to be temperature-dependent
(Robak and Richards-Zawacki 2018, Robak et al. 2023). Using mesocosms
would remove the precise control of temperature conditions, but closer mimic
field conditions, especially if hosts also have the chance to come into contact
with each other, allowing one to study other aspects of the puzzle, including
reinfection patterns and pathogen spread in a community.

A hasty conclusion that could be drawn from the results of this thesis is that
rising temperature and Bd infection are not acute conservation concerns in
high latitude systems. While it is true that high temperature may help amphib-
ians clear the fungus, it is also very detrimental for the survival of most of the
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populations I examined. Moreover, the demonstrated ability of Bd to persist
in amphibian habitats, either in the water (Johnson and Speare 2003) or on
amphibian (Briggs et al. 2010, Kirvemo et al. 2019) and non-amphibian
(Garmyn et al. 2012, McMahon et al. 2013) reservoirs, enables the parasite to
reinfect and spread in a community even after the original hosts have recov-
ered or been eliminated. It thus maintains the potential to reinfect amphibians,
with perhaps dire consequences, especially if reinfection occurs in the begin-
ning of the breeding season, when the temperatures are still low and the am-
phibian immune system has not yet recovered its full functionality after hiber-
nation (Rollins-Smith 2017). Lastly, rising temperatures may push both the
amphibians and Bd to higher thermal optima in a Red Queen race fashion (Van
Valen 1973), which Bd is likely to “win”, due to its smaller size and shorter
generation time, which help it adapt faster (Gillooly et al. 2001). As tempera-
ture seems to greatly affect the outcome of host-parasite interactions, a poten-
tial direction for future research is to increase the range of temperatures under
which this outcome is tested. For example, temperatures that approximate
winter conditions would elucidate whether high latitude amphibians suffer
from Bd-mediated mortality during hibernation, which has been shown for
some amphibian species (Hammond et al. 2021), but rejected for others (Ka-
sler et al. 2023).

The knowledge that high temperature may be beneficial for Bd-infected
frogs does also open up avenues for conservation efforts. As theoretically out-
lined by Hettyey et al. (2019) and demonstrated by Waddle et al. (2024), of-
fering amphibians the chance to use heated shelters in the field helps them
clear Bd infection and perhaps become resilient against the fungus. Maintain-
ing habitat heterogeneity, such as both shaded and unshaded spots around
ponds, which allow frogs to behaviourally thermoregulate (Becker et al. 2012,
Roznik et al. 2015) may also be helpful, as it is not feasible to build heated
shelters everywhere.

This study also marked the first attempts to study the transcriptional re-
sponses in high-latitude amphibians. Previous studies in other hosts have
shown that, while both the innate and adaptive part of the immune system are
involved in the response to chytridiomycosis, there is variation in the effec-
tiveness of the immune reaction. Here, responses to Bd infection differed both
between species and populations and included some immune system activity,
which could be both protective and detrimental depending on the context, il-
lustrating the need for further investigations. One axis along which future
studies in high latitude amphibians should move is deciphering what gene ex-
pression looks like in the crucial early days of infection (Grogan et al. 2018a).
Another crucial research direction, is the development of more complete tran-
scriptome annotations for more amphibian species which would enable us to
more accurately characterize their reactions. Thirdly, working with adults in-
stead of metamorphs, which, due to the immune responses being delayed or
reduced around metamorphosis (Rollins-Smith 1998, Grogan et al. 2018b),
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may be the life stage most susceptible to Bd (Rachowicz and Vredenburg
2004, Briggs et al. 2010), would help better predict the effects of chytridio-
mycosis in ecological communities.

The pathogen transcriptomic responses may also vary with temperature,
though this was not studied here. Ellison et al. (2017) has demonstrated that
there is differential gene expression of Bd genes in culture and in two amphib-
ian hosts, and that some of those genes are likely involved in host exploitation
pathways. The possibility that Bd can alter its gene expression warrants further
investigation, including the possibility that changes are dependent on temper-
ature. Moreover, since RNA can be extracted from swabs, it would be inter-
esting to follow changes at least in skin gene expression during disease pro-
gression in the same host, as the need for invasive sampling is eliminated. This
could be combined with the Bd expression profiling outlined above, and result
in a better understanding of the interplay between the host defence and Bd host
exploitation mechanism, and whether those are affected by temperature.

The outlook of climate change looks dire at least for high latitude amphib-
ians and the hope that Bd will not adapt to the temperature changes looks slim.
The best course of action is always giving nature space, removing other po-
tential amphibian threats that we have control over, like habitat degradation
or destruction, and taking actions to halt and ultimately reverse the effects of
climate change.
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Svensk sammanfattning

Framvixande infektionssjukdomar och deras interaktioner med global upp-
varmning och klimatférandringar ar ett akut hot mot vilda djur. Den termiska
mismatchningshypotesen forutspar att temperaturskiftningar bort fran vérdens
termiska optima kommer att resultera i hdgre virdmottaglighet, eftersom pa-
rasiter har mdojlighet att snabbare acklimatisera sig och anpassa sig till skiftet.
Koldanpassade varddjur kommer att vara mottagliga nér temperaturerna sti-
ger, vilket innebdr att i hdga breddgrader dir klimatférandringarna ocksa ar
snabbare, de dr mer sarbara.

En av de parasiter som kan utgora ett betydande hot mot véirddjur pa hog
latitud om temperaturen fortsétter att stiga &r amfibiehudsvampen Batracho-
chytrium dendrobatidis (Bd) som orsakar chytridiomykos, en ledande orsak
till att amfibiepopulationen minskar och utrotas dver hela virlden. Bd-stam-
mar uppvisar ett brett spektrum av termiska preferenser och grader av patoge-
nicitet. Svarighetsgraden av chytridiomykos skiljer sig mellan amfibiepopu-
lationer och arter, med vérdsvar som stricker sig fran fullstindig resistens till
total mottaglighet for sjukdomen.

Min avhandling har drivits av viljan att utforska interaktioner mellan vérd
och parasit pa nordliga breddgrader och har den extra fordelen att fokusera pa
ett system dér bevarande dr mycket angeldget, amfibier, de mest hotade rygg-
radsdjuren i vérlden och deras parasitiska hudsvamp Bd, som orsakar den hit-
tills vdrsta dokumenterade panzootin. Mitt mal &r att ta itu med den Overgri-
pande frdgan: Ar temperaturen en betydande faktor som paverkar resultatet av
vérd-parasitinteraktioner pa hdga breddgrader?

Under mitt examensarbete utforde jag en serie infektionsexperiment med
sex populationer av fyra groddjursarter fran Sverige, den vanliga paddan Bufo
bufo, akergrodan Rana arvalis, den dtliga grodan Pelophylax esculentus och
den gronflackiga paddan Bufotes viridis. For experimenten anvinde jag en Bd-
stam isolerad i s6dra Sverige, och tre temperaturregimer, 14, 18 och 22°C och
analyserade amfibiernas Overlevnad, tillvdxt och transkriptomiska svar. Jag
analyserade ocksa transkriptomiska data fran ett infektionsexperiment pé tva
populationer av vanliga paddor exponerade till tvd stammar av Bd med olika
ursprung.

I artikel 1 analyserade jag hud- och levertranskriptomiska profiler av B.
bufo-metamorfer fran tva populationer fran olika breddgrader exponerade for
tva stammar av Bd. Genuttrycket skilde sig mycket mellan vdvnadstyperna,
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vilket kan forklaras av de tva organens olika funktioner. Huden ar viktig for
syreintag och osmoreglering och har ménga aktiva immunologiska mekan-
ismer, medan levern dr involverad i energi- och proteinmetabolism samt gly-
kogenlagring. Overlevnad péaverkade ocksa genuttryck, och jag fokuserade pa
overlevande individer for att forsta vilka genuttrycksmonster som ar forknip-
pade med Gverlevnad hos arten, och om de skiljer sig 4t med Bd-stam.

I huden skilde sig genuttrycket mestadels mellan kontrollindivider och de
som exponerades for Bd med minimala skillnader mellan de tva Bd-stam-
marna. Differentiellt uttryckta gener berikades funktionellt i relation till bade
de medfédda (t.ex. cytokiner, makrofager) och den adaptiva delen (t.ex. B-
och T-celler) av immunsystemet. En anmérkningsvird skillnad mellan stam-
marna var aktiveringen av en komplementkomponent som endast forekom 1
huden pé individer som exponerats for den svenska stammen av Bd, vilket
delvis kan forklara de hogre dverlevnadsfrekvenserna for dessa individer. Fler
gener i de norra proverna jimfort med de sédra proverna uttrycktes an-
norlunda mellan kontrollindivider och de som exponerats for Bd. I de norra
proverna var immunrelaterade berikande faktorer mer talrika.

Ilevern producerade de tva Bd-stammarna olika svar. Det fanns fortfarande
skillnader i uttryck mellan prover fran kontrollindivider och de som expone-
rats for den svenska Bd-stammen men den brittiska Bd-stammen medforde
nistan inget svar i levern. Det dr mojligt att det brittiska isolatet som anvénds
i denna studie har ackumulerat mutationer under odling som lett till att leverns
forsvarsmekanismer inte uppticker det. Hos Bd-SWE-exponerade individer
berikades differentiellt uttryckta gener for immunrelaterade faktorer, och, som
i hudproverna, mer nir de harstammar frdn nordliga jamfort med sydliga in-
divider. Populationsskillnaderna representerar sannolikt genetiska skillnader
mellan populationerna, som har formats av deras olika aterkoloniseringsvégar
till Skandinavien.

I artikel IT undersokte jag temperaturens effekter pé overlevnaden och till-
vaxten av tva kall- och tva varmanpassade groddjur fran sodra Sverige. Med
undantag for P. esculentus var exponering for Bd skadlig for alla arter, som
led av 6verdodlighet och minskad tillvaxt. Den varmaste temperaturregimen,
22°C, tycks dock vara i utkanten av det anvénda Bd-isolatets termiska opti-
mum, vilket framgér av flera experimentella resultat. De tre arterna lyckades
aterhdmta sig frén infektion med hogre hastighet vid 22°C och hos Bd-positiva
individer var infektionsbelastningen ligre. Overlevnad och tillviixt av Bd-ex-
ponerade individer forbattrades ocksé signifikant jaimfort med de lagre tempe-
raturerna.

Detta resultat var ovéntat, eftersom de k6ldanpassade arternas, B. bufo och
R. arvalis, termiska optima dr under 22°C, och eftersom parasiter generellt har
bredare termiska optimum jamfort med sina varddjur. Bd-isolatet som anvén-
des i detta experiment kan ha utvecklat en lagre termisk tolerans antingen som
en anpassning till det kallare klimatet i Sverige, eller som ett resultat av l1ang-
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varigt hallande under laboratorieforhallanden. Alternativt, kan den observe-
rade avvikelsen fran den termiska mismatchningshypotesen antyda en bredare
termisk bredd hos vérddjur pé hog latitud.

Hos P. esculentus paverkades inte dverlevnad och tillvéxt lika mycket av
Bd-exponering och endast tvéd individer testade positivt for Bd i slutet av ex-
perimentet, vilket antyder att arten dr Bd-tolerant.

I artikel III tittar jag ndrmare pa de tva arterna med en bredare utbredning,
B. bufo och R. arvalis, genom att ldgga till individer frdn nordliga populat-
ioner, som har en unik genetisk bakgrund och &r mer koldanpassade dn deras
sydliga motparter.

Jag bekriftade resultaten i artikel Il angéende det ldgre termiska optimumet
for Bd, eftersom de nordliga populationerna av R. arvalis ocksa uppvisade
lagre Overlevnadsskillnader och jamforbar tillvixthastighet mellan kontroll
och infekterade individer i 22°C. Hos béada arterna och populationerna var fo-
rekomsten av infektionsbelastning av Bd ocksa lagst vid 22°C. Férutom for-
utsdgelsen fran hypotesen om ett lagre termiskt optimum for Bd, kan detta
fynd tillskrivas temperaturberoendet av immunsystemets funktioner hos
amfibier eftersom hogre temperaturer, men fortfarande inom organismernas
fysiologiska grinser, anses vara fordelaktiga for immunsystemets aktive-
ring. Intressant nog uppvisade den nordliga R. arvalis-populationen, trots
att de hade hogre dodlighet som kontroller, 1gre Bd-medierad dodlighet i
alla temperaturer

Nordliga B. bufo-individer var mycket mottagliga, med fullstidndig dodlig-
het av exponerade grupper i 18 och 22°C, ett ménster som mojligen berodde
pa deras mindre kroppsstorlek. Den skyddande effekten av en hogre massa
kan vara resultatet av bittre vattenretention hos storre individer, eller mindre
avvigningar mellan immunitet och somatiskt underhall.

Bd paverkade tillvixthastigheten pé ett temperaturberoende sitt och var
mer skadligt i de lagre temperaturerna jaimfort med 22°C. Den negativa effek-
ten av Bd pa tillviaxten kan leda till 1agre 6vervintringsdverlevnad for amfibier
och oka deras predationsrisk.

I artikel I'V karakteriserade jag det transkriptomiska svaret i de nordliga och
sodra populationerna hos de tva koldanpassade arterna.

I detta infektionsexperiment uppvisade sydliga individer en generellt inten-
sivare reaktion pa Bd-exponering jamfort med nordliga. | motsats till det tidigare
infektionsexperimentet fanns det ett antal individer av bagge arterna som lyck-
ades bli av med Bd frén sin hud, speciellt i hogre temperaturer, sé jag kunde
separat jamfora Bd-positiva, Bd-negativa och kontrollindivider. Jag fokuserade
min analys pd huden, eftersom levern hade ett mycket mer dimpat svar.

Hos nordliga individer framkallar 18°C ett starkt svar hos Bd-exponerade
individer och nagra av de uppreglerade generna hos exponerade amfibier dr
relaterade till immunsystemets funktioner, manga fler hos B. bufo dn R. arva-
lis. Trots det var dodligheten i Bd-exponerade B. bufo fullstindig, ett resultat
som bekriftar tidigare upptéckter att bibehéllande av immunsystemsaktivitet
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under en ldngre tid efter infektion &r skadligt, kanske pa grund av den hoga
energikostnaden forknippad med en immunreaktion. Avsaknaden av immun-
svar 1 22°C indikerar tvd mojligheter: antingen har Bd en lédgre tillvixthastig-
het vid denna temperatur, eller att ndgon immunassisterad eliminering av
svampen intrédffade tidigare under infektionen och inte fdngades upp av min
experimentuppstillning.

Vid analys av Bd-positiva individer var genetiska skillnader uppenbara
mellan bade populationer och arter. Den l4gsta temperaturen genererade det
starkaste immunsvaret, forutom i de sydliga R. arvalis-proverna., De immun-
relaterade faktorerna uttrycktes dessutom mer i norr én i soder for bdda arterna
i 14°C, och i 18°C géllde motsatsen. Detta kan tyda pé att redan 18°C &r en
varm temperatur for nordliga individer. For norra R. arvalis dr immunreakt-
ionen i 14°C faktiskt skyddande, eftersom Bd-positiva individer dverlever
bést i den temperaturen, medan sédra R. arvalis kompletterar observation-
erna av individer med hogt immunsvar och lagst dverlevnad. Hos individer
som dterhdmtat sig fran infektion var genuttrycket mellanliggande for bade
Bd-positiva och kontrollindivider, med fa differentiellt uttryckta gener i bada
jamforelserna.

Utsikterna for klimatfordandringar ser alvarliga ut atminstone for amfibier
pa hog nordlig latitud och hoppet om att Bd inte kommer att anpassa sig till
temperaturfordndringarna ser litet ut. Det basta tillvigagangssittet dr att ge
naturen utrymme, ta bort andra potentiella groddjurshot som vi har kontroll
over, som livsmiljofordndringar eller habitatforluster, och vidta atgérder for
att stoppa och i slutdndan vidnda effekterna av klimatforandringarna.
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20VOYT 0T EAMANVIKA

H moapovoa didaktopikn datpiPn e&etdlel Tig emmtmoelg g Oeppokpaciog
omv emPioon, TV avamtoén Kot T YOVIOKn EKQpaot apePiov
extebelpévov otov yutpdropdknta Batrachochytrium dendrobatidis (Bd), og
wo mpoomdbelo vo pikel @w¢ otic oyéoelg petaEd TOPOCiTOV KOl TOV
EEVIOTMV TOVG GE PEYAAD YEOYPUPIKA TAATY.

2TIG LEPEG LAG, TOAAG TOPAGITO aVayVEPILoVTOL MG GNLLOVTIKT] OTEIAN Y10
™ Pomowikdmro. Ot oLVETEIEC TOV  HOALGHOTIK®OV — 00OEVEIDV
TEPIMAEKOVTAL UE TNV EAEVOT TNG KAUATIKNG AAAOYNG KOl OKPAi®V KOPUK®V
(QOVOLEV®V, TTOV UTOPOVV VO, AAAGEOLY TNV 100PPOTIN OTIC GYECEIS HETOED
Eeviotav kol TV mopacitov tovg. H Bswpia g Oeprukng acvupoviog
(thermal mismatch hypothesis) mpopAémet 6t o aAioyn e Oepuoxpaciog
pokpd amd to Oepuikd PéAtioto tov Eeviotn Bo éxel ¢ amotélecua
vynAdTEPN gvaustnoia Tov EgvioT, KOOBMG To TOpdcita Topovv, Xdpn 6To
piKpd péyebog Kot TN YPNYOPN OVATOPUY®YN TOLG, VO E£YKALLATIGTOOV
Tayvtepa otn véa Oepuoxpacio. Mdlota, kobmg ta mapdoito cuvRBmS
aviéyouv oe  UeyoADTEPO €0poc  Beppokpacidv, Eeviotég mov  elvan
TPOCAPUOGLEVOL G VYNAEG Oeppokpaciec Oa eivar wo gudAwmtol 6Tav 1M
OeproKpOcio LEIMVETAL EVED TPOCUPLOCGUEVOL GTO Kpvo Eeviotég Ba sivat
evaicOnrtol 6tav M Bepuoxpacio avEdvetal. Xe peydlo Ye@YpoEIKO TAGTN
Aowmdv, elvar eEopetikd evdimtor oty vrepBéppovon, Kobmg exel eivar
TPOCAPUOGUEVOL GE YOUNAEG Beplokpacieg V@ Kot 1) KAMUOTIKY aAloyn gival
£€MG KO TECOEPLG POPES TAXVTEPT] OE GYECT LE TIC TPOTKES TEPLOYES.

‘Eva amd 1o mapdoite mov 0o uTopodoE Vo OmOTEAEGEL GNLOVTIKY ATEIAY
Y10 TOVG EEVIOTEG O€ LEYALN YEOYPUPIKA TAUTN €6V 1| Beplokpocio cuveyicet
va av&avetat etval o deppatikdg pokntag Batrachochytrium dendrobatidis
(Bd) mov mpokadel yvtpdopvkntioon ota ou@ifla, po oppdOOTIO TOL
evbovetal yw TOAMEG pewwoel mAnBvoudv kol eE0Qavicels WMV
naykooping. O poknTog autdg £xel TOALL GTEAEYN OV TTOPOLCLAovV €va
gVpY Ao Oeprkdv TPoTINoE®Y KAOMOG Kol BabUdy ETKIVOLVOTNTOC Yid
o opeifo. Ta amoteAéopata g poOAvveng pe Bd dweépovv petald
TAnbvoumvy, pe TIg amokpicelg TV aueiiov va kvpaivoviol amd TANPN
avtioTaon émg TANPY evacOncia ot voco.

Yxomog ¢ dTpiPnc pov eivor n egepgvvnon TV aAANAEmOploEmV
EEVIOTOV-TIOPAGITOV 08 PEYAAN YEOYPAPIKE TAATY KOl TOG EXNPealovTal amd
™™ Oeppokpacio. o ovtd to okomd Swdreéa éva cOomuo EEVIGTOV-
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TOPUGITOV HE HEYOAO EVOHQEPOV KOl OO TN OKOTIE TNG O10TnNpNnong e
Promowhdtrog, xou eotidlm ota  aueifla, 7oL amoTELOLV TA O
OTELOVUEVO GTIOVOLAMTA GTOV KOGHO KOl GTOV TOPACLTIKO HOKNTO Bd, TOL
npoKkoAel T ¥epoTEPT (OIKN eMdMNUio (6G0vV apopd Tov aplBud TV WOV
7oV enNPeAeL) TOL £XOVUE LEAETNOEL EMG CTLUEPOL.

Kotd 1t Odpkewe g Owtpiprg pov, mpaypoTomoinco e oepd
TMEPOUOTIKOV HOAOVeE®V og €61 cuVOMKA TANBLGLOVE TECTAPMV E10MV
apeBiov ard t Zovndia, Tov Kowod ppovo, Bufo bufo, 1o kaeé dtpayo Rana
arvalis (mov dev ovvavtdtor otnv EAAGOM), TOv «edddyo» Pdrpoyo
Pelophylax esculentus (mov emiong dev cvvavtdtor otnv EAAGSA) kot Tov
npacwvo @povo Bufotes viridis. Twa ta mepdpata, ypnoylonoinca &va
otéleyog Bd mov amopovadnke otn votia Xoundia, kot Tpelg Oeppokpaciec,
14, 18 wxou 22°C, xor ovélvco v emPioon, v avantoén Kol Tic
LETOYPOPIKES OMOKPIGES TOV apEPiov. AvEAvco €miong HLETAYPOUEIKH
ogdopéva omd €vo meipapo og oo TANBLOPOVG KoMV EPOHVOV TOL
extéOnkav o€ 000 oteréyn Bd pe SlopOpETIKT TPOEAEVOT).

H dwtpipn pov otpileton oe téocepa apbpa ta omoia mapatifevtar 6To
TéAOG NG epyaociag.

210 GpBpo I, avélvoa T YoVIdWIKY EKEPUCT] GTO OEPLA KOl TO IO
VEOPDV KOOV OPOVOV amd d00 TANBVGHOoVE, Evav ot Bopela Kol Evay 61N
votio Xoundio, mov ektédnkav oe d00 otehéyn tov pokNTo Bd, omd
Youndia kot to Hvopévo Bacikero. H yovidioxn ékppoomn diépepe moAd ava
1670, KATL TOL UTOoPel Vo OQEIAETAL OTIG SLOPOPETIKEG AEITOVPYieg TV SO
opyévov. To dépua glvar onuavtikod yuo v TpocAnyn ovydvov kai Ty
OGHopLOLIOT eV €xel EMioNG TOALEC OVOCOMOINTIKEG AEITOVPYIES, EVD TO
Nmap EUTAEKETOL OTOV UETAPOMGOUO €VEPYEWNG KOl TPOTEIVAOV KOl TNV
amofnkevon yAvkoyovov. Edv ta dropa emPiocav 1 0x1 péyptl 10 TEAOG TOL
mepapatog (to omoio dpknoe 40 nuépec) emmpéace emiong T YOVISI0KN
Tovg ékppaot. Enucevipadnka Aomdv oto emldvVTo GTOUM Y10 VO, LEAETIHOM
mota yovidwo oyetiovrtal pe v emPioon oto €100¢ Kol av 1 EKEPACT TOLG
SlopéPEL avaroya Le To otéleyog Bd.

210 OEpUa, M YOVISLOKT EKQPOCT SEPEPE KUPIMG HETAED TOV OTOU®Y TOL
extédnkav oe Bd kol Tov apvnTik®v poptipov (dniadn atdpmv mov Oev
EKTEOMKOAV OTO POKNTO KOl YPNOUYLOTOIOVVTOL MG «ETITEDO AVAPOPAC»), EVD
vIpYoV eAdyloTEG OLopopEc petalld twv 0vo oteheydv Bd. Ta dropopikd
EKQPOCHIEVO YOVIOlOL a@OPOVGAY AElToVpYieg TOGO TOL EUELTOVL (TT.Y.
KLTOKIVEC, HaKPOPAya) 000 Kal [ Tov emiktntov (.. B xotr T kdtropa)
OvVOCOTOMTIKOU cvotiuatoc. Mo afloonueiont Oapopd HETAED TOV
OTEAEXADV NTAV 1] EVEPYOTOINGN EVOC GLOTATIKOD TOV GUUTATPOUATOS LOVO
07O OépUa ATOU®V TTOV eKTEONKOY 010 GoUNdIKO oTédey0g Bd, To omoio Oa
UTOPovGE €V PEPEL VO, ELOHVETOL Y10 TOL VYNAOTEP TOCOGTA EMPIOONG LTOV
Tov atouwv. [epiocdtepa yovidin ota POpela o€ cOYKPION HE TO VOTIO
delypota mopovoiaoay dopopég 6To eMinedo YOVIOIOKNG EKQPUONG HeTAED
TOV ATOUOV MOPTOPOV Kol EKEIVOV OV KTEOMKOV OTO HOKNTO KOl OTO
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yovidla Tov oyeTIloVTIaL LE TO OVOGOTONTIKO NTAV TEPLGGOTEPA GTA POPEL
detypotaL.

210 Nmap, ta 600 otehéyn Bd mapnyayov SOQOPETIKES OTOKPIGELS.
Aviyvevoa Kot oAt S10popEg oTN YOVIOLoKN EKQpacT) UETAED HopTHPOV Kot
OTOU®V TTOV EKTEOMNKAY 6TO GOUNdIKO GTEAEYOG Bd, 0ALA TO OTEAEXOG OO TO
Hvopévo Bacilelo dev mpokdleoe oyedov kapio amokpion oto Nrap. Eival
TOavo to otédeyog amd to Hvopévo Baciielo mov ypnoiponoinca oe avtn
HEAETN VO £XEL GVOCOPEVTEL LETUAAAEELS KATA TN OLBpKELN TNG KAAAEPYELNG
OV TOL EMTPEMOVY VoL SAPEVYEL TNV OVIXVELOTG OO TOLG UNYOVIGHOVG
ATOKPIOTG TOL HTOTOG. XE ATOO, TOV EKTEOMKAV |LE TO GOUNOIKO CTELEXOG TOV
POKNTA, TOALA OO TO YOVISIO e SPOPEG GTNV EKPPOCT) GYETILOVTOL LIE TO
OVOGOTOINTIKO, KOl, OTTMG KOl 0TO Oelypoto dEPUOTOC, Elyav TTEPIGGOTEPQ
yovidl Otov Tmpoépyovioav amd delyuato amd to Popeo mAnbvopd. Ot
TANOLoOKEG SlaPopEc TOAVOTATU AVIUTPOCMOTELOVY YEVETIKEG O10POPEG
peta&d tov minbuoudv, ot onoieg £yovv dapopPwbel and T dSoPopeTiKég
0000G EMOVAATOIKIGUOV TOV €i00VG TPOg TN kavdvafio petd v Televtaia
EMOYN TOV TOYETOVAV.

10 GpBpo 11, diepevvnoa Tig emmTOGELS TPV Oegppokpaciav (14, 18 kat
22°C) omv eniPioon kot v avantuén tecoapov aueifiov amd ™ vota
Youndia, 0600 TPOCUPHOCUEVOV GE YOUNAEG Kol V0 o€ LYNAOTEPECG
Beppoxpaciec. H ékBeon oto poxnta ftav emlnua yio OAa ta €i0m, To omoia
VIEQEPAV 0O VYNAT OvnolndTTe Kot petopévn avartoén, pe e&aipeon tov
edddyo Patpayo. Qotdéco, M vynAdtepn Oepuokpocia, 22°C, mboavov
Bpioketor 010 Oepuikd Oplo TOL GOVNOIKOD GTEAEYOVC TOV WOKNTO 7TOV
YPNOIUOTOINcO G OVTO TO Telpapd, OnNOC Qaivetol omd TOALUTAA
TEPALOTIKA amoteréspota. Ta Tpia €10n Katdeepay vo amaillayovv and To
POKNTO 68 PEYOAVTEPO TOG0GTO 6TOVG 22°C KOl 6TO, GTOMO TOV TUPEUEIVOY
OeTikd oTO PAKVTO UEYPL TO TEAOG TOV TEPAUATOS, TO LOAVGUATIKO (OPTIO
NTav younAotepo og avutn ™ Bepuokpacio. H emPioon kot n avértoén tov
atopV ov ektédnkov oto poknto otovg 22°C Ntov emiong GNUAVTIKA
Beltiopévec oe oyéon e TIC younAdtepeg Beprokpacies, Kot GUYKPICIIES LLE
v emPioon kot avartuén Tov apvnTik®@v poptdipov atovg 22°C.

AvT10 10 amotélecpa NTav anpocddknTo, Kabdc To Beppikd PEATIOTO TV
TPOCOAPUOGUEVAOV 6TO KPOO €i00g (KOWOg (puvoc Kot kaeé Patpayog),
Bpioketor kbt amd Tovg 22°C, kol €meld] T WAPACITO £YOVV YEVIKA
gupvtepa Bepuikd 6plo. oe cOyKplomn pe toug Eeviotég toug. To oTédeyog TOL
LOKNTO TTOL Y¥PNCILOTOMONKE G€ VTS TO TTEIPapLa UTOPEl VoL EXEL AVOTTOEEL
YOUNAOTEPT BEPLUKT avoyn €iTE MG TPOCAPLOYN OTO YLYPOTEPO KA OTN
Youndiag, £ite OC AMOTELEGILA TOPATETAUEVTG GUVINPNONG OE EPYACTIPLOKES
ouvOnkeg. EvaAlaxtikd, yio v mopoatnpovpevn omokAlor amd ) Oempia g
Oep KNG ACLUE®VING TTOV OVETTLEN 0TIV EIGAYMYT, UTOPEL Vo evBvveTal TO
€VPLTEPO BEPLUKO EVPOC TV EEVIOTMOV OO LLEYAAD YED@YPAUPUKH TAATY).

X1ov €0ddo Patpayo, n emPimon kot N avdmTuEn dev ennpeAcTNKOY
1660 amd TV ékbeon oto PoknTa Kot pdvo 6vo dtopa Bpédnioy Oetikd oto
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TEAOG TOV  TEWPAUATOS, OTOTEAECHO TOL OCULUPOVEL UE TOAMOTEPEG
TOPATNPNGELS TOV YapakTnpilovy avutd 10 £100¢ avBeKTIKO GTOV PoKNTA Bd.

210 GpOpo 111, ectidlm nepiocdTepo oTo SVO €101 [LE ELPVTEPT KATAVOUT,
TOV Koo @pOVo Kot Tov kKapé Patpayo, TpocHitovtag dtopo and POPELovg
TANOVGHOVG, TOL £YOLV, OTMG TPOUVAPEPONKE, OLPOPETIKO YEVETIKO
vdPadpo kol eivorl TO TPOGUPUOGUEVE GTO KPVUO OO TOLG OVTIGTOLYOLG
voTiovg TANBLGLOVG.

EmiBePainca to amotedéspota tov apbpov Il oyetikd pe to yaunAlotepo
Bepukd opro tov Bd, kabmg kot o1 fopetol mAnBucpol Tov kaeé PaTpayov
glyav Topdpolo T0c00Ta eMPimong kol GVYKPIGILo pLOUd avanTuéng peTa&d
LOPTOP®V Kol TOV HOALGUEVOV atOpmv otovg 22°C. Extog omd 10
younAdtepo Oepuikd Oplo Tov PokNTo, aVTO To ipnuo Bo pmopovoe va
amodobel kKot oty e&dptnon amd T OepUoKpPAcio TOV AEITOVPYLDY TOL
OVOGOTOINTIKOV GLGTNLOTOG 0T aueifia: vymAdtepeg Beprokpacisg, aAld
EVTOG TV PUGLOAOYIK®V Opi®V TV 0pYaVIGU®OV, Be®@povvTol evepyETIKéS Yia
TNV EVEPYOTOINGT TOV OVOGOTOTIKOD GLGTHLOTOC. Eival evilaeépov 01t o
Bopetog mAnbvouds tov kaeé fatpdyov, Tapd To YeEYovOS OTL Elxe VYNAOTEPO
T0G0GTO BVNGOTNTAG GTOVE UAPTLPES, ERPAVIGE YaunAOTEPT BvnopdTTO
AOY® TOL POKNTO 6€ OAEG TIG BEPLOKPOGTIEC.

Ot Bopetot kovol epuvol NTav ToAD gvaicOntol, pe TARpn BvnoodT T
TV ektedelévov atopwnv otovg 18 kot 22°C, K4t Tov mhavdg opeileTal 6To
pikpd copatikd tovg péyebog. H mpootatevtikn emidpaocrm tov peydiov
pey€Boug pumopet va eival 1o AmOTELECUO KAAVTEPTG KATAKPATNONG VEPOV GE
UEYOADTEPO, GTOMO M WIKPOTEPNG OVAKNG Y10, OOUOIPUGUE. TG COUOTIKAG
evEPyELOG LETOED aVOGTOg KOl COUOTIKNG GLVTIPNONC.

H éxBeomn o010 poknra emnpéace eniong opvnTikd Tov puOpd avanTuéEng Tov
auepiov, Wwitepa otig xouniéc Beppoxpaciec. O apvnTIKOG AVTIKTUTTOS TOL
poknta oty avarntuén umopei va odnynoel o younAdtepn emPioon tov
auppiov katd T OGpKEW. TOL YEWMVO Kol va avénoel tov Kivévvo
Onpevonc.

210 apOBpo IV, perétoa tn Yovidlokr EKepact) TV atopmy Toug apbpov II1.

e avtd 10 TElpApL, ATOWO AO TOVG VOTIONG TANOVGLOVG TOPOVGIOGOY LLLOL
YEVIKA To évtovn avtidopoon otnv €kfeon oto POKNTA 08 GUYKPIOT UE TOVG
Bopetovg TAnBvopove.

Xe avtifeon pe melpapotikég poAvvoelg tov apbpov I, oe avtd To mEipapa
éva LeydAog aplBpog aTop®v Kot amd o 00O €101 KOTAPEPOY VO, ATOAANYOVV
omd TO HOKNTO UEYPL TO TEAOG TOL TEPAUOTOC. AVTO OV EmETPEYE VO
CLYKPIV® TN YoVIOlKN €KQPaoT HETAED TPLOV KATNYOPL®V, TV BETIKOV M
apVNTIKOV OTO POKNTA aTOPMV, Kol TV poptopov. Edo, sotiaco tnv
av@Avon Hov 6To dEpa, KaBMS To NTap Elxe AMyOTEPO EVIOVEG OTOKPICELC.

Y10 Bopeta dtopa, povo ot 18°C mpokadodv 1oyvpn andKPIoT G GTOUA
7oV ektédnkav oto poknta. Opiopéva omd To Yovidlo ToL VITEPEKPPACTNKOY
ota ektebsipéva apeifio oyetiCovtan pe TIc AEITOVPYIEC TOL OVOGOTOUTIKOD
GUOTHHOTOC, KOl Elval LAAIGTO TOAD TEPIGGOTEPO GTOVG KOVOVG PPVUVOVE GE
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oxéon upe tovg Kaeé Poatpdyovs. Ilapoio ovtd, m BvnoywdTTA GTOVG
exteBeEVONG PPOVOLE NTOV TANPNG, £VO OTOTEAECIO TOV AVTIKOTOTTPILEL
EVPAUOTA GAA®V €PELVNTAOV, OTL 1 OWTHPNOCN EVEPYNG GVOGOTOIMTIKNG
OTOKPIONG YO TOPOATETAUEVO YPOVIKO OAoTNUo HeETd Tn uoAvvorn eivol
em{nqua, icg A0Y® ToL LVYNAOD EVEPYELOKOD KOGTOVG TTOL GYETILETAL UE TNV
avocoloyikn avtidpacn. H éAdkenymn avocoandkpiong otovg 22°C vodeikvoel
dvo mlavotnTEC: €ite 0 POHKNTOG EXEL YOUNAOTEPO PLOUO aVATTVENG GE aVTN
) Bepuokpacia, gite 0Tt N TOAVN AVOGOATOKPLON CUVEPT KATA TIC OPYLKES
UEPEG TNG LOALVOTG KOl OEV KATAYPAPNKE OO TNV TEPALATIKT LoV d1dTadn.

Kotd v avéivon atopwov Oetikdv oto poknta, S10QpopEg 6T YOVIOIOKN
gxppaor ATay EULEAVEIC TOGO avauesa 6Tovg TANBVCUOVG 0G0 Kol GTa, E(0T).
H youniotepn Oepuokpacio yevikd Onuodpynce tnv  1oyvpdtepn
OVOGOAOYIKT ATOKPLON, EKTOG OO Ta Oetypata amd 10 vOTIO TANBuoUO KapE
Batpdywv. EmmAiéov, otovg 14°C, yovidie mov oyetifovior pe 710
OVOGOTIONTIKO VIEPEKOPAGTNKOY OTOLG POPEIOVS TOPE OTOVG VOTIOVG
TANBvo LoV Kot oTa dVO 10T, v To avtifeTo ioyve otovg 18°C. Avto pumopel
va vrodnAdvel 0Tt ot 18°C eivan o oM Ceoth Beppokpacia yio ta Bopeia
dropa. Xg dtoua oL OmaAAGXONKaY amd To UOHKNTA KOTO TN OGPKELD, TOL
TEPALOTOC, 1 YOVIOLOKT EK@PUoT NTAV EVOLAUEST] HETAED TV BETIKOV 6TO
LUOKNTO KOL TOV LOPTOP®V.

H hapatikny oAdoyn doypdeetol og pio LEYAAN omelAn Yo To. oueipio o€
UEYOLO YE@YPAPIKA TAATY, KoL 1 EATIOA OTL 0 poKNTag dev B TpocapUocTE
oTIg oAAayéc Beppokpaciog eaivetal woyvr. Katd tn yvoun pov, ektodg ond
TIg TpoomdBeleg va mePoploTel 1 eEATAMGOT TOL HOKNTO, 0 BEATIOTOC TPOTOC
dpdiong eivar | amoTpon avOpOTOYEVOV TEGEMY OV dEYOVTAL T, ApPifia,
OT®G N VIOPABIIoN N KOTAGTPOPY] T®V OIKOTOTMV TOVC, KOl 1) Ay HETPOV
Y0 VO GTOUATHCOVUE KO, TEMK(, VO OVIIOTPEYOVUE KOTA TO duvatov TIg
EMNTMOGCELG TNG KAMUATIKNAG AAAAYNG.
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