Univerzita Karlova, Prirodovédecka fakulta
Katedra zoologie
Charles University, Faculty of Science
Department of Zoology

Doktorsky studijni program: Zoologie
Doctoral study programme: Zoology

Autoreferat disertacni prace
Summary of the Doctoral thesis

Biologie starnuti anualnich ryb rodu Nothobranchius

The biology of aging in Nothobranchius fishes

Mgr. Jakub Zak

Skolitel/Supervisor:
prof. RNDr. Martin Reichard, PhD.
Skolitelka-konzultantka/Supervisor-consultant:

Mgr. Zuzana Musilova, PhD.

Praha, 2022



Abstrakt

Starnuti lidské populace a nasledné bezprecedentni demografické zmény ve
spolecnosti vedly nevyhnutelné ke zvySené pozornosti védcl k vyzkumu
starnuti. Starnuti je v biologii definovano jako pokles kvality fyziologickych
funkci a rostouci riziko umrti souvisejici s rostoucim vékem. VétSina
vyzkumu starnuti se provadi v laboratornim prostedi. Proto existuje velmi
malo poznatkli o biologii volné Zijicich populaci u druht, které jsou
vyuzivany jako modelové organismy v laboratofi. Nicméné jejich znalost je
dualezita pro spravnou interpretaci laboratornich vysledkt. Tato disertacni
prace prostiednictvim Sesti prvoautorskych a péti druhoautorskych praci
kombinuje poznatky z terénniho a laboratornitho vyzkumu starnuti (a
zivotnich strategii souvisejicich se starnutim) kratkovékého halancika
Nothobranchius furzeri. V praci je popsan rychly vyvin halancika, ktery je
schopen v pfirodé dospét behem 14 dni od vylihnuti, a také jeho extrémné
rychly rist v prirodé. Obé¢ tyto Zivotni strategie zasadné ovliviiuji starnuti
organismu. Dalsi ¢ast dizertace popisuje, jak prostiedi ovliviiuje starnuti.
Nejprve byly zjistény preferované télesné teploty halanciki rodu
Nothobranchius, charakterizovany denni vykyvy prostfedi a chovani v
divokych populacich. Na zéakladé téchto poznatki byl testovan vliv
ekologicky relevantnich teplotnich fluktuaci na starnuti. Halandici z
prostfedi s cirkadianni teplotni fluktuaci zili déle a méli vyssi relativni
plodnost nez halanéici chovani ve stabilni teploté. Toto zasadni zjisténi
mize zpochybnit pfesnost experimentalnich vysledkt ziskanych bé&hem
chovu za stabilnich teplot. Dalsi experimenty porovnaly reprodukéni
starnuti u volné Zzijicich halan¢ikd a u halancikt v zajeti. Bylo zjisténo, ze
volné Zzijici halancici neziji dostate¢né dlouho na to, aby se u nich projevilo
reprodukéni starnuti. Naopak u halan¢ikt chovanych v zajeti se reprodukéni
starnuti projevilo v pokrocilém veku. Tato disertacni prace jasné ukazuje,
jak dtlezitd je znalost zékladni biologie druhu pro sprdvné naplanovani
experimentll a jak dulezité jsou poznatky ziskané studiem volné Zzijicich

populaci pro interpretaci laboratorniho vyzkumu.
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Abstract

The aging human population and consequent unprecedented
demographic changes in society have inevitably led to more scientists
focusing their research on aging. Senescence, in the narrowest biological
sense, is age related decline in an organism’s function and survival. The
majority of senescence research is performed in the laboratory environment.
The basic biology of wild counterparts of model organisms is therefore
relatively unstudied, despite its importance for proper interpretation of
laboratory outcomes. This dissertation, via a series of 6 first-authored and 5
second-authored papers, combines field and laboratory research on
senescence and senescence-related life history traits using a short-lived fish
Nothobranchius furzeri. An age at the maturity of 14 days post hatching in
wild M. furzeri is presented in this thesis as well as extremely fast growth of
wild fish. Both life history traits have important consequences for
senescence. The following section is focused on how the environment
modulates senescence. In the first step, preferred body temperatures of
Mozambican Nothobranchius fish were measured and descriptions of
environmental and behavioural fluctuations within a 24 hours periodicity
were completed. Based on this knowledge, ecologically relevant thermal
fluctuations were simulated in captivity to test how this factor affects
senescence. Fish experiencing fluctuations had superior survival and
relative reproduction. This finding questions the precision of experimental
results obtained under constant temperature. Another set of experiments
compared the appearance of reproductive senescence in wild fish and in
captivity. Wild fish do not live long enough to develop reproductive
senescence while captive fish experienced reproductive senescence at
advanced age. This dissertation clearly demonstrates how important
accurate knowledge of fundamental species biology is for proper design of
experiments as well as how important findings from wild populations are

for interpretations of laboratory research.



1. Uvod

Lidstvo se nikdy nedozivalo tak vysokého veéku jako dnes. To s sebou
nevyhnutelné pfinasi nartst 1ékarskych a socialnich vyzev jako je cukrovka,
¢i rakovinna a neuropatologicka onemocnéni a obecné zvyseni narokli na
péci o seniory (Vaupel, 2010). Vé&dci proto vice zacali sméfovat svoji
pozornost ke studiu a pochopeni procesu senescence (tj. starnuti v uzsim
biologickém smyslu, kdy dochazi k poklesu fyziologickych funkci s vékem)
a zpusobum, jak do tohoto procesu zasahovat.

Evolucni teorie zabyvajici se senescenci nam poskytuji (alespon
¢astecnou) odpoveéd’ na otazku, pro¢ k senescenci dochazi (Kirkwood, 1977;
Medawar, 1952; Williams, 1957). Teorie akumulace mutaci (mutation
accumulation) vychazi z piedpokladu, ze sila ptirodniho vybéru s vékem
klesa, coz nasledné vede k akumulaci negativnich mutaci plsobicich az
v pozdnim véku (Medawar, 1952). Antagonisticka pleiotropie (antagonistic
pleiotropy) povazuje negativni ucinky pozdné ptisobicich mutaci za vedlejsi
produkt pozitivné selektovanych pleiotropnich alel zvySujici fitness v raném
veéku (Williams, 1957). Teorie jednorazového téla (disposable soma)
predpoklada, ze existuje kompromis v alokaci zdrojii mezi télesnou (soma)
a zarodec¢nou linii (germ line, Kirkwood, 1977). Pfenos genti do nasledujici
generace je pro evoluci organismi nezbytny, a proto investice do zarode¢né
linie ptrinasi vyssi dlouhodobé vyhody nez udrzovani téla (Kirkwood, 1977).

Senescence nabyva u mnohobunéfnych organismi riznych podob
(Jones et al., 2014). Pfedpoklada se, ze organismy s neukoncenym rtistem
v dospélosti se senescenci zcela vyhnou nebo u nich dochazi pouze k
"zanedbatelné senescenci" (Vaupel et al., 2004). To vychézi z ptedpokladu,
ze fitness (napf. plodnost, konkurenceschopnost, doziti) téchto organismut

pfimo mérmné souvisi s jejich télesnou velikosti, a pifirodni vybér tak



upfednostiiuje velké (a tedy staré) jedince pred malymi (Vaupel et al.,
2004). Tyto predpoklady jsou v ndpadném rozporu s tim, co je pozorovano
u obvykle pouzivanych modelovych organismt, jako jsou octomilky,
had’atka nebo mysi, které v dob& dospélosti zastavuji rist (Gerhard et al.,
2004; Reznick et al., 2002). Potencial organismi s neukon¢enym ristem
vyhnout se senescenci z nich ¢ini zajimavé modely pro zkoumani procesu
senescence a zpusobu, jak jej intervenovat.

Ryby (Teleostei/Actinopterygii) predstavuji obzvlasté rozmanitou
skupinu obratlovct s neukon¢enym rustem (Reznick et al., 2002). Znalosti o
tom, zda ryby prochazi senescenci ¢i nikoliv, jsou velmi omezené (Reznick
et al., 2002). Mimoradné kratkoveéky halancik tyrkysovy (Nothobranchius
furzeri) se vnedavné dobé zafadil mezi slibné organismy pro vyzkum
senescence (Cellerino et al., 2016).

Halanc¢ik tyrkysovy je obratlovec s nejkratsi délkou doziti (obvykle < 1
rok), kterého lze uspe€sné chovat v zajeti (Cellerino et al., 2016). Jeho
pfirozenym prostfedim jsou periodicky vysychajici tiné v jihoafrické
savané (Reichard & Polacik, 2019). Na toto prostfedi je adaptovan embryi
odolnymi proti vysychani, rapidnim dospivanim, rychlym rtstem a vysokou
plodnosti (ptehledné v Reichard & Polacik, 2019).

Rychla zivotni strategie a neukonceny ridst tohoto druhu poskytuji
jedinecnou prilezitost testovat, jak se tyto protikladné dispozice projevi na
senescenci organismu. Pfedpoklada se, ze rychlé Zivotni tempo je spojeno
To, jak se tyto protichtdné predpoklady projevuji na fenotypu starnuti
halanc¢ika tyrkysového, je pfedmétem intenzivniho zkoumani a také jadrem

této disertacni prace.

2. Cile prace



Cile této disertacni prace 1ze rozdélit do péti bodu:

1/ poskytnout hlubsi vhled do evolué¢ni ekologie ryb s prirozenou délkou
zivota kratsi nez jeden rok;
2/ identifikovat zakladni ekologické a biologické pozadavky halanéikd,
které souviseji se starnutim (z volné pfirody: denni aktivita, rychlost ristu,
vek v dobé dospélosti; z laboratofe teplotni naroky);
3/ popsat demografické starnuti prirodnich populaci N. furzeri;
4/ otestovat vliv prosttedi na pribéh senescence u N. furzeri
(a) reprodukeni starnuti u volné zijicich ryb vs. laboratornich ryb
(b) stabilni teplotni podminky vs. pfirozené teplotni fluktuace;
5/ ptijit s feSenim problematickych bodt laboratorniho chovu halanéikt
a) nahradit Zivou potravu (nyni standard) za peletované krmivo

b) ptfezkoumat histopatologii laboratornich halan¢ika

3. Material a metodika

K zodpovézeni cild bylo vyuzito kombinace laboratorniho a terénniho
vyzkumu. Data pro tuto disertacni praci byla shromazdéna v ramci
pétimési¢niho terénniho vyzkumu v Mosambiku, na ktery navazovala
30mésic¢ni laboratorni experimentdlni prace. Nové poznatky o biologii
divokych halan¢ikti (reprodukéni senescence u volné zijicich populaci,
denni vykyvy v pfirozeném prostiedi a chovani ryb) a v zajeti (teplotni
naroky) byly nasledné zkoumany z pohledu senescence v laboratornich
podminkéach (reprodukéni senescence v zajeti; vliv kolisani teploty na
senescenci N. furzeri). Béhem téchto laboratornich studii bylo zjiSténo
nekolik praktickych aspektt, které vyzadovaly dal$i rozpracovani. Ty se
tykaly nahrazeni zivé potravy, kterd je v soucasnosti uznavana jako

dieteticky "standard" pro halanciky rodu Nothobranchius (Polacik et al.,
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2016) navzdory nutricni variabilit¢ a riziku prenosu nakazy. DalSim
praktickym tématem byla revize histopatologie ryb rodu Nothobranchius,
kde mohlo v nékterych predchozich biogerontologickych studiich dochazet
k chybnym diagn6zam. Vyse nastinéné cile jsou feSeny 6 prvoautorskymi a

5 druhouatorskymi pracemi.

4. Vysledky a diskuze

Halangici rodu Nothobranchius nejsou jedinymi zastupci ryb s délkou
sivota kratdi nez jeden rok. Clamek 1 poskytuje systematicky prehled
diverzity kratkovékych ryb a popisuje jejich evolucni ekologii. Celkem bylo
identifikovano na 60 druht ryb s nejcastéjsimi zastupci v taxonomickych
fadech Gobiiformes a Clupeiformes. Takto kratkoveéké ryby obyvaji vysoce
produktivni prostiedi, které l1ze charakterizovat jako mélké teplé vody,
typicky koralové utesy nebo pelagické vody. Jejich kratky zivot je casto
omezen preda¢nim tlakem a jsou tak zasadni soucasti trofické kaskady.

Klicové principy starnuti je obtizné odhalit bez spravného pochopeni
zakladni biologie modelovych organismi (Alfred & Baldwin, 2015;
Reichard, 2016a). Rychlost dospivani a tempo télesného rlstu maji
vyznamné disledky pro prubéh senescence (Lee et al., 2013; Williams,
1957). Clanek 2 popisuje extrémné rychlé dospivani halangika tyrkysového
v ptirodg, jelikoz bézné dospiva do 14 dnti po vylihnuti. Halanc¢ik tyrkysovy
je tak nejrychleji dospivajicim obratlovcem. Rychlost ristu volné Zijicich
halanéiki rodu Nothobranchius popisuje €lanek 3 a poukazuje na mnohem
rychlejsi ruast halancikti v pfirodé nez v =zajeti. Pomalejsi rdst ryb
v podminkach zajeti je pro ryby netypicky. Tyto extrémné rychlé zivotni
strategie divokych N. furzeri naznacuji, Ze se mlze starnuti v zajeti a ve
volné pfirodé vyrazné liSit. Bylo tedy nutné propojit empirické udaje o
senescenci z volné ptirody a laboratore.
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Vyzkum senescence u volné zijicich organismil je nezbytny pro spravné
pochopeni evolu¢niho pivodu senescence a pro pochopeni vlivu prostredi
na senescenci (Monaghan et al., 2008; Reichard, 2016a). Clanek 4
poskytuje prvni demograficka data o délce doziti voln¢ Zijicich populaci N.
furzeri. PoCetnost divoké populace halancikt klesa vyS$im tempem nez
plocha tlni, které obyvaji. To je zcela v rozporu s obecnym predpokladem,
ze vysychani tini je hlavnim environmentalnim selekénim faktorem pro
délku Zivota halan¢ikia. Clanek 5 popisuje, Ze svekem nedochazi k
vyraznému poklesu investice do reprodukce u volné Zijicich samic a samct
N. furzeri.

Srovnani procesu starnuti v pfirodé a v zajeti mize poskytnout dulezité
poznatky pro mechanistické pochopeni tohoto fenoménu (Monaghan et al.,

2008; Reichard, 2016a). Proto jsme navazali na ptedchozi zjisténi z ptirody

laboratornim pokusem zaméfenym na reprodukéni senescenci N. furzeri



v laboratornich podminkach. Tato studie (Clanek 6) jasné prokazala, Ze
pokles reprodukénich funkei prichazi ve velmi pokrocilém véku, kdy v
divokych populacich obvykle zbyva jen nékolik poslednich piezivsich.
Rozpor v prubéhu reprodukéni senescence mezi divokymi a laboratornimi
N. furzeri jsou v souladu s Medawarovou teorii, ktera predpoklada, ze
senescence se muze projevit pouze v bezpeném prostiedi pii zamezeni
mortality vlivem vnéjSich podminek (Medawar, 1952), coz vysvétluje, proc¢
jsou senescentni jedinci v prirod¢ extrémné vzacni. Diky kombinaci
terénniho vyzkumu s laboratornimi vysledky nyni mame pomérné uceleny
prehled o reprodukéni senescenci u N. furzeri.

Nekolik laboratornich studii v poslednich dvou desetiletich zkoumalo,
jak teplota prostiedi ovliviiuje rizné markery senescence u halancikii. (napf.
Valenzano et al., 2006b). V té€ dobé se nevéde€lo nic o teplotnich narocich
tohoto druhu a experimenty byly provedeny za konstantnich teplot
ignorujici prirozené teplotni vykyvy v pribéhu 24 hodin (Reichard, 2016b).
Clanek 8 popsal teplotni naroky Nothobranchius spp. a €lanek 7 popisuje,
jak cirkadianni vykyvy prostfedi synchronizuji chovani v divokych
populacich halan¢ikt. Tyto nové poznatky byly vyuZzity pro navrzeni
zésadniho experimentu (Clanek 9), jehoz cilem bylo v laboratofi porovnat
pribéh senescence pii konstantni teploté a ekologicky relevantnim kolisani
teploty. Experiment prokdzal vyrazné delsi doziti a zlepSeni reprodukce pti
teplotnich vykyvech. Studie také ukazala, ze laboratorni vysledky ziskané
pfi konstantni teploté mohou byt zkreslené. Experiment zkoumajici vliv
tepelnych fluktuaci na senescenci pravdépodobné nebyl nikdy proveden u
jinych obratlovet a poukazal na novy zplisob modulace senescence.

V prubéhu laboratorniho vyzkumu halancikli vyvstala fada otdzek k
vyfeSeni tykajici se chovu tohoto druhu v laboratornich podminkach.

Standardizace potravy laboratornich halanciki je stale pomérné
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opomijenym tématem a to i pfes znalost jejiho vlivu na senescenci
(Valenzano et al., 2006a) nebo reprodukci (Vrtilek & Reichard, 2015).
Laboratorni halanc¢ici jsou v soucasnosti krmeni predevS§im larvami
pakomart (Polacik et al., 2016), coZ je nutriéné variabilni strava potencialné
obsahujici kontaminanty (Shari et al., 2014). Clanek 10 piedstavuje
protokol pro prevedeni halancikl z patentek na suché peletované krmivo.
Jedna se o prvni krok pfi vyvoji standardizovaného protokolu ke krmeni
laboratornich halanciku.

Rada histologickych studii laboratornich ryb je zatizena chybnymi
diagnozami (Wolf et al., 2018). Nothobranchius furzeri byl povaZzovan za
vyjimeéné nachylného ke spontannimu vzniku "tumord", coz je mezi
rybami spiSe vyjime¢né (Ackerman & Gerhard, 2018). Nicméné takto
vysoka incidence tumord je neobvykla (Hochberg & Noble, 2017). Clanek
11 nabizi piehled histopatologie halancikli a identifikuje mozné chybné
diagnozy objevujici se v literatufe. Tento posledni prispévek disertacni
prace zpochybnuje spontanni ptivod "tumort" a interpretuje je jako imunitni
reakci vici bakteridlnim pivodcim. V budoucnu by méla byt vénovana
vétsi pozornost zoohygiené chovil a spravné identifikaci histologickych a
histopatologickych nalezi. Podrobné&jsi informace o vySe uvedenych

tématech Ize nalézt v ptislusnych pracich.

5. Zavéry

Hlavni dopad této disertacni prace je troji. 1/ bezrozporné potvrzuje
reprodukéni senescenci u ryb - obratlovcl s neukoncenym ridstem; 2/
vyznamn¢ prispiva k poznani environmentélniho vlivu na senescenci - role
ekologicky relevantni teplotni fluktuace a vliv pfirodnich vs. laboratornich
podminek na reprodukéni senescenci; 3/ prispiva k rigoréznéjsimu vyuziti
halan¢ikd rodu Nothobranchius protokolem ke krmeni halanciki suchym
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krmivem a také identifikaci chybnych diagnéz v histopatologii tohoto
druhu. Dale popisuje nejrychlejsi dospivani, které kdy bylo zaznamenano u
jakéhokoliv obratlovce, a ptfedstavuje rozmanitost druhli ryb s pfirozenou
délkou doziti pod jeden rok. Vsechny vyse uvedené body zpochybnily diive
postulované hypotézy nebo béZnou praxi ve vyzkumu vyuzivajicim
halanéiky rodu Nothobranchius jako model. Prezentované poznatky mohou
mit ptimé dusledky pro dalsi vyzkum senescence.

Z obecného hlediska tato disertacni prace zdUraznuje, Ze prostiedi
vyznamn¢é moduluje senescenci, a Ze kombinace laboratorniho a terénniho
vyzkumu a znalost zakladni biologie modelového organismu jsou klicové
pro vyzkum a interpretaci senescence stejné¢ tak jako pro rigorozni

navrhovani experimentu.
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1. Introduction

Humankind have never experienced such a long lifespan as we do today.
Unprecedented medical and socially adverse consequences such as diabetes,
cancer, dementia and increased demand for care of the elderly are therefore
inevitable (Vaupel, 2010). Thus, the increased attention of scientists on
understanding the senescence process (i.e. aging in the narrowest biological
sense when an organism suffers from age-related physiological decline) and
how to intervene is inevitable.

Evolutionary theories of senescence provide us with (at least partial)
answers to why senescence occurs across the tree of life (Kirkwood, 1977,
Medawar, 1952; Williams, 1957). The mutation accumulation theory of
senescence is based on the assumption that the strength of natural selection
declines with age which consequently leads to an accumulation of late
acting negative mutations (Medawar, 1952). Antagonistic pleiotropy
considers the negative effects of late acting mutations as a by-product of
positively selected pleiotropic alleles acting positively early in life
(Williams, 1957). Disposable soma theory assumes that there is a trade-off
between resource allocation in soma and germ line cells (Kirkwood, 1977).
The transfer of genes to each successive generation is essential for evolution
of organisms and thus investment into the germline comes with higher long
term benefits than maintenance of the somatic cells (Kirkwood, 1977).

There is huge diversity in senescence across multicellular organisms
(Jones et al., 2014). Organisms with indeterminate growth are predicted to
completely avoid senescence or experience only “negligible senescence”
(Vaupel et al., 2004). This is based on the assumption that the fitness (e.g.
fecundity, competitive ability, survival) of these organisms is positively
related to their body size and thus natural selection would favour large (and

consequently old) individuals over small ones (Vaupel et al., 2004). These

13



assumptions are in striking contrast to what is observed in typically used
model organisms such as fruit flies, roundworms or mice which cease
growth at maturity (Gerhard et al., 2004; Reznick et al., 2002). Potential
escape from senescence in organisms with indeterminate growth makes
them exciting models for investigating the senescence process and how to
intervene.

Fishes (Teleostei/Actinopterygii) represent a particularly rich group of
vertebrates with indeterminate growth (Reznick et al., 2002). There is,
however, only limited knowledge on whether they suffer from senescence
(Reznick et al., 2002). Recently, an extremely short-lived killifish
Nothobranchius furzeri was introduced as a promising model for
senescence research (Cellerino ef al., 2016).

Nothobranchius furzeri has the shortest lifespan of any vertebrate
(typically living less than a year) that can be successfully bred in captivity
(Cellerino et al., 2016). It originates from shallow periodically desiccating
savanna pools in south-east Africa (Reichard & Polacik, 2019). The
adaptations to this environment entail desiccation-resistant embryos, fast
maturity, rapid growth and high fecundity (reviewed in Reichard & Polacik,
2019).

The fast pace of life in combination with a long period of indeterminate
post-maturity growth of N. furzeri provides a unique opportunity to test the
expression of senescence in an organism with these characteristics. A rapid
lifecycle is expected to come with the cost of early and fast senescence
(Jones et al., 2008). How these conflicting assumptions express on the
senescence phenotype of N. furzeri is being studied and is the core of this

dissertation.
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2. Aims of the study

The aims of this dissertation can be generally divided into five points:

1/ to provide insights into the wider evolutionary-ecological context of
fishes with a natural lifespan shorter than one year;
2/ to identify essential ecological and life history traits of N. furzeri which
are related to senescence in the wild (diurnal activity, growth rate, age at
maturity) and the laboratory (thermal requirements)
3/ to describe actuarial senescence of V. furzeri in their natural habitat
4/ to test how the environment affects senescence of Nothobranchius furzeri
(a) reproductive senescence in wild fish vs in laboratory fish
(b) stable temperature conditions vs thermal fluctuations
5/ to address outstanding challenges of Nothobranchius laboratory
husbandry and health indicators
a) establish a replacement for currently used live food with a
pelleted diet

b) review histopathology of Nothobranchius in laboratory colonies

3. Material and methods

All these aspects were studied using a combination of field and
laboratory research. Data for this dissertation were collected as part of a
five-moth fieldwork project in Mozambique that was followed by 30
months of laboratory experimental work. Novel insights on life histories in
the wild (reproductive senescence in wild populations, daily fluctuations in
natural environment and fish behaviour) and captivity (thermal
requirements) were then further investigated in laboratory experiments
(captive reproductive senescence; impact of temperature fluctuation on N.

furzeri senescence). During these laboratory studies, several practical
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aspects that required further elaboration were identified. These were related
to the replacement of live food which is currently recognized as the dietary
“standard” for Nothobranchius fish (Polacik et al., 2016) but has several
shortcomings for fish husbandry. Another topic was histopathology of
Nothobranchius fishes, where misdiagnoses may have occurred in some
previous studies on their senescence. The above outlined aims are addressed

and developed by 6 first-author papers and 5 second-authored papers.

4. Results and Discussion

Killifish from the genus Nothobranchius are not the only fish species
with a lifespan shorter than one year. Paper 1 provides a systematic review
of the diversity of short-lived fishes and synthetizes their common
ecological and evolutionary patterns. About 60 fish species were identified
with the most frequent occurrence in orders Gobiiformes and Clupeiformes.
They live in highly productive environments characterized as shallow warm
waters, typically coral reefs or pelagic waters. Their short lifespan is
frequently constrained by strong predation and thus they are a crucial part of
the trophic cascade.

The fundamental principles of senescence are difficult to reveal without
proper understanding of model organisms’ essential life history traits
(Alfred & Baldwin, 2015; Reichard, 2016a). Growth, and pace of
maturation have significant consequences for senescence progression (Lee
et al., 2013; Williams, 1957). Paper 2 describes the rapid maturation of
wild N. furzeri, they commonly mature within 14 days post hatching thus
they are the fastest maturing vertebrate. Paper 3 estimated growth patterns
in wild Nothobranchius species and shows that growth is much faster in the
wild than in the captivity. Slower growth in captivity is in contrast to the

majority of captive-bred fish species. The extremely rapid life cycles of
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wild N. furzeri suggest that senescence in captivity and the wild may differ
significantly. Thus, linking empirical data on senescence from wild and
laboratory populations is necessary.contrast to the majority of captive-bred
fish species. The extremely rapid life cycles of wild N. furzeri suggest that
senescence in captivity and the wild may differ significantly. Thus, linking
empirical data on senescence from wild and laboratory populations is

necessary.

Describing expression of senescence in the wild is the main condition
for proper understanding of its evolutionary origin and the environmental
conditions that modulate it (Monaghan et al, 2008; Reichard, 2016a).
Paper 4 provides the first demographic data on age-related survival
(actuarial senescence) in wild populations of N. furzeri. It describes how
fish abundance declined much faster than the pool area decreased. This
resulted in lower fish density at later stages of the pool’s existence, quite in
contrast to the general expectation of pool desiccation being the main

extrinsic selection driver for Nothobranchius lifespan. Paper 5 shows age-
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related allocation to reproduction in wild females and males of N. furzeri
without a strong decline with increasing age.

Comparing senescence patterns between wild and captive populations
may provide important insights for understanding the mechanisms of
senescence (Monaghan et al.,, 2008; Reichard, 2016a). We therefore
followed up with a laboratory project on age-dependent reproduction of
individually kept males and females of Nothobranchius furzeri. This study
(Paper 6) clearly demonstrated that a decline in reproductive function
comes at a very advanced age when only a few survivors remained in the
wild populations. The contrasting findings from wild and captive
Nothobranchius furzeri supports Medawar’s theory which predicts that
senescence may express only when extrinsic mortality is suddenly reduced
(Medawar, 1952). This explains why senescent individuals are extremely
rare in the wild. Thanks to the combination of field research with laboratory
outcomes, we now possess a relatively complete picture of the overall
pattern in reproductive senescence of N. furzeri.

Several laboratory studies in the past two decades investigated how
ambient temperature affects various senescence markers of Nothobranchius
spp. (e.g. Valenzano et al., 2006b). At that time, nothing was known about
the thermal requirements of this species and experiments were set at
constant temperatures ignoring the diurnal temperature fluctuations in the
natural habitat (Reichard, 2016b). Paper 8 assessed thermal requirements of
Nothobranchius spp. and Paper 7 described how the circadian rhythm of
environmental fluctuations synchronizes behaviour in wild populations.
These novel insights were used to design a crucial experiment that aimed to
compare senescence patterns under constant temperature with an
ecologically relevant fluctuating thermal environment in the laboratory

(Paper 9). The experiment demonstrated a significant improvement in
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survival and reproduction under the thermal fluctuation conditions. The
study also showed that laboratory findings under constant temperature may
be biased. An experiment examining the effect of thermal fluctuation on
senescence has probably never been conducted in another vertebrate and
points to potential environmental intervention of senescence in vertebrates.

Some questions pertaining to the husbandry of this species under
laboratory conditions remain. Standardization of diet is still a relatively
neglected topic in Nothobranchius spp husbandry, despite pioneering diet
experiments that aimed to modify senescence (Valenzano et al., 2006a) or
reproduction (Vrtilek & Reichard, 2015). Nothobranchius spp. in laboratory
colonies are currently mainly fed with chironomid larvae (Polacik et al.,
2016), a nutritionally variable source also potentially containing
contaminants (Shari et al., 2014). Paper 10 provides a protocol on how to
replace a chironomid larvae diet with pelleted food. This is the first step in
developing a standardized feeding protocol.

Many studies on the histology of laboratory fish are burdened by
misdiagnoses (Wolf et al., 2018). Nothobranchius furzeri was thought to be
exceptionally prone to develop “tumours” which is rather exceptional
among fishes (Ackerman & Gerhard, 2018). Nonetheless, the pattern was
conspicuous as tumour incidence was unnaturally high (Hochberg & Noble,
2017). Paper 11 offers an overview of Nothobranchius histopathology and
identifies potential misdiagnoses appearing in the literature using N. furzeri
as a model. This last paper of the dissertation questions the origin of
“tumours” as spontaneous and interprets them as the result of an immune
response towards bacterial infections. In the future, more attention should
be devoted to the proper identification of histological and histopathological
findings. More detailed information about the above-mentioned topics can

be found in the corresponding papers.
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5. Conclusion

The major impact of this dissertation is threefold. It 1/ indisputably
presents empirical data on reproductive senescence in fish — a vertebrate
with a long period of post-maturity growth; 2/ significantly increases our
understanding of how environment controls senescence - role of
ecologically relevant fluctuating temperature or influence of natural vs
captive conditions on reproductive senescence; 3/ introduces more rigorous
use of Nothobranchius fish in laboratory research by presenting a protocol
for replacing live food with pellets as well as identifying misdiagnoses in
histopathology of this species. In addition, it describes the earliest age at
maturation found in any vertebrate and presents the diversity of fish species
with an annual lifespan. All the above mentioned points challenged
previously postulated hypotheses or common practice in research using
Nothobranchius fishes as models and the presented findings may have
direct consequences for senescence research in general.

In conclusion, this dissertation emphasizes that environment can
significantly modulate senescence and that a combination of laboratory and
field research as well as essential knowledge of the biology of a model
organism is extremely important for designing experiments and interpreting

their outcomes.
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