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Abstrakt

Stieva obratlovct jsou obydlena taxonomicky i1 funk¢né€ raznorodym spolecenstvem bakterii a
jinych mikroorganismti. Pokroky v sekvenacnich technologiich odhalily vliv stievni
mikrobioty (dale jen SM) na fyziologii, imunitu i chovani hostitele. Nase soucasné védomosti
jsou vSak zaloZzené zejména na studiu modelovych organism, jejichz SM se od volné zijicich
obratlovct vyznamné lisi. Predlozend prace je proto zaméfena na studium SM pomoci
sekvenovani druhé generace u volné Zzijich pévct (Passeriformes) a srovnava jejich SM
s ostatnimi obratlovci, zejména s nejvice studovanymi savci. Na vnitrodruhové i mezidruhové
urovni se predlozend prace vénuje faktorim, které slozeni SM ovliviuji, mezi néz patii
napiiklad vnitini regulacni mechanismy hostitele (napfiklad genotyp, imunitni systém ci
fyziologie hostitele), socidlni kontakty ¢i environmentalni faktory (v€etné potravy). Déle se

tato prace zabyva stabilitou SM v ¢ase a zménami SM béhem ontogeneze.

Z vysledki této prace vyplyvd, Zze u pévci jsou v SM dominantni bakteridlni kmeny
Proteobacteria, Firmicutes, Actinobacteria, Tenericutes, Bacteroidetes a Chlamydia, coz
naznacuje sloZzeni SM odlisné od SM savci. Mezidruhova variabilita ve slozeni SM pévct je
ovlivnéna zejména fylogenezi hostitele, efekt geografické vzdalenosti mezi lokalitami sbéru
vzorkil je méné vyrazny. Zatimco u savcu jsou ekologické znaky hostitele v Cele s potravou
vyznamnym faktorem ovlivilujicim sloZzeni SM, u pévcii maji ekologické faktory spolecné
s potravou nesrovnatelné mensi vliv na mezidruhovou 1 vnitrodruhovou variabilitu ve sloZeni
SM. U vlastovky obecné (Hirundo rustica) data naznacuji vliv socialnich kontakt
u socidlnich parti ¢i velmi slaby transgenerac¢ni pfenos SM od socidlni matky na mlad’ata.
Zaroven jsme pozorovali rozdilnou SM mlad’at a dospélct, ale u mlad’at v hnizd¢ jsme
nepozorovali dramatické zmény SM s vékem, které jsou zndmé od savcii. Detekovali jsme
ovSem cast SM, ktera se zda byt stabilni v Case, a tedy vhodna pro dalsi podrobnéjsi studium.
Vysledky této prace ukazuji dilezitost studia SM u dalSich skupin obratloveili, nezli jsou
savci. Pévcl maji nejen jiné taxonomické slozeni SM, ale zda se, Ze 1 faktory ovliviujici

sloZzeni SM jsou jiné neZ u savc.



Abstract

Vertebrate intestines are inhabited by taxonomically and functionally diverse communities of
bacteria and other microorganisms. While recent advances in sequencing technology have
revealed the influence of gut microbiota (hereinafter GM) on the physiology, immunity and
behaviour of the host; our current knowledge is based mainly on the study of model
organisms that will have a different GM composition than that of wild vertebrates. The work
presented here focuses on the study of wild songbird (Passeriformes) GM using next
generation sequencing, and compares their GM with that of other vertebrates, including
mammals, which have been studied far more than birds. This work focuses mainly on factors
that affect GM composition at the inter- and intra-specific levels, including intrinsic
regulatory mechanisms of the host (such as genetic, immunological and/or physiological
mechanisms), social contacts and environmental factors (including diet). In addition, the

stability of GM over time and any changes during ontogeny were also assessed.

The results indicate that songbird GM is dominated by the bacterial phyla Proteobacteria,
Firmicutes, Actinobacteria, Tenericutes, Bacteroidetes and Chlamydia, a community that
differs from that of mammals. At the interspecies level, GM composition is mainly influenced
by phylogeny and less so by sampling site. While ecological factors, and especially diet, are
important GM predictors in mammals, the effect of ecological factors, including diet, have
a much smaller effect on inter- and intraspecific variability in songbird GM composition. Our
data from barn swallows (Hirundo rustica) suggest an effect of social GM transmission
among adults forming social pairs, as well as trans-generational transmission from a social
mother to her own nestlings. At the same time, we observed differing GM in adults and
nestlings, with no dramatic change in GM with nestling age, a process previously recognised
in mammals. Part of the GM detected appears to remain stable over time, and is therefore
suitable for further detailed study. To conclude, our studies demonstrate that songbird GM
differs from that of mammals and that the factors influencing GM composition appear to
differ from those in mammals, thereby highlighting the importance of studying multiple

vertebrate groups (not just mammals) when assessing the effects on GM composition.



Uvod

Spolecenstvo symbiotickych bakterii v travicim traktu, mize co do poctu bunck pfevysSovat
nebo byt srovnatelné s po¢tem bunék svého hostitele [1]. Zaroven vSak pocet gent, které toto
spoleCenstvo obsahuje, mlize byt az o dva fady vysSsi nez pocet genll v genomu hostitele [2].
Je dobfe znamo, Ze stfevni mikrobiota (ddle jen SM) a hostitel spolu vzdjemné interaguji
na mnoha urovnich a tyto interakce ptindsi hostiteli celou fadu dulezitych vyhod. SM pomaha
hostiteli travit pro n¢j jinak nestravitelné slozky potravy (review v [3]), syntetizovany nékteré
vitaminy (review v [4]), SM dale ovliviiuje spravny vyvoj a funkci traviciho traktu [5],
pomaha s ochranou proti patogeniim (review v [6]), stimuluje a podporuje vyvoj imunitniho
systému hostitele a ovliviiuje jeho specificitu (review v [7]) a podili se také na funkci mozku a
chovani [8]. Na druhou stranu, odchyleni SM od normélniho stavu milze byt pro hostitele
Skodlivé nebo dokonce fatdlni [9—11]. Neni proto ptekvapivé, Zze se v prubéhu evoluce
vyvinula cela fada genetickych, fyziologickych, morfologickych anebo behavioralnich znakd,
kterymi hostitel miize optimalizovat slozeni SM ke svému prospéchu [12—14]. Tyto interakce
mezi hostitelem a jeho SM mohou hrat rovnéZz dileZitou roli v mnoha mikroevolu¢nich
procesech, vcetné evoluce vybéru partnera [15, 16], evoluce socidlniho chovani [12, 17] a
speciace [9, 10, 18].

VétSina naSich poznatkh o SM je zaloZena na studiu laboratornich savell a lidi. SM
laboratornich zvitat i zvifat zijicich v zajeti je odliSna od volné zijicich zvifat [19, 20]. Proto
vyzkum zaloZeny na jedincich ze zajeti nemusi nutné odrazet ptirozené interakce mezi SM a
jejim hostitelem, které se formovaly béhem vzijemné koevoluce. V ramci skupiny obratlovci
jsou nejvice studovani volné Zijici savci, u kterych jsou Firmicutes a Bacteroidetes obvykle
dominantné se vyskytujici kmeny [21, 22], zatimco sloZzeni SM ostatnich obratlovcll se zda
byt daleko variabilngjsi [23-26], ale zarovenn méné prozkoumané. Vzhledem k omezenym
znalostem o SM volné zijicich ptakt (tfida Aves) jsem se rozhodla zaméfit na tuto skupinu

obratlovc, a to konkrétné na fad pevct (Passeriformes).

Vsichni ptéci jsou stejné jako savci teplokrevni Zivocichové. Na rozdil od vétSiny savet, ktefi
jsou zivorodi (krom podtfidy vejcorodych; Prototheria), jsou vSichni ptaci vejcorodi. Dalsi
podstatny rozdil, ktery muze ovliviiovat SM, je skuteCnost, ze vétSina savcli ma odd€lenou
travici, vyluCovaci a rozmnozovaci soustavu, ale u ptakti vS§echny tyto soustavy usti do kloaky
a jsou tedy propojeny. Podstatné rozdily ale existuji i na urovni fyziologie traveni potravy a

vstfebavani zivin [27, 28].



Pévci jsou monofyleticky a nejpocetnéjsi fad ptaki, ktery zahrnuje okolo 6000 druhti, coz je
priblizn¢ 60 % vsech ptacich druht. Pévci se od ostatnich ptakti oddélili priblizné pred 47
miliony let [29]. I pfes relativné neddvnou diverzifikaci jsou pévci rtiznorodou skupinou,
zejména co se tyce ekologie a zivotnich strategii. Z téchto divodii je lze povazovat za
dalezitou modelovou skupinu v evolu¢nich a ekologickych studiich. Oproti fad¢ jinych
ptacich taxonl se u pévcl nachdzi pouze rudimentarni slepa stieva. Vyvinuta slepé stieva
maji ditllezitou roli v bakteridlni fermentaci potravy. Vzhledem k tomu, Ze se tato prace vénuje
studiu volné zijicich pévcii, nebyl vétSinou mozny odbér vzorka riznych ¢asti stfev, a proto
jsem se prevazn€ zaméfila na mikrobiotu v trusu. Sbér trusu je bé€zn€ vyuzivan jako
neinvazivni metoda pro analyzy stievni mikrobioty zejména tlustého stfeva [30, 31]. Z mych
nepublikovanych dat navic vyplyva, ze u ptaki mikrobiota trusu pomérné vérné odrazi stievni

mikrobiotu (Schmiedova et al. nepublikované vysledky).

Tato prace je prevazné zaméfena na slozeni SM a faktory, které mohou sloZzeni SM ovlivnit
u volné zijicich pévc, a to jak na mezidruhové, tak i1 vnitrodruhové Grovni. Hlavnimi faktory,
které mohou mit vliv na SM, jsou vnitini regula¢ni mechanismy hostitele, zejména geneticky
podminénd variabilita v imunitnim systému [32, 33] a socidlni kontakty, kdy u ptaki se
mohou bakterie prenaset béhem kopulace, pti krmeni mlad’at rodi¢i nebo v ramci fyzického
kontaktu mezi jedinci ze stejné kolonie, populace nebo dokonce mezi riznymi druhy [34-37].
V neposledni fadé jsou zdrojem variability SM environmentalni faktory, které zahrnuji

zejména potravu a obyvané prostiedi [34, 38].
Metodika

Prvni publikace zahrnutd do této disertace je zalozena na 454 sekvenacni platformé, protozZe
vté dobé byla pro nas nejdostupnéjsi. VSechny ostatni publikace jsou zaloZeny na
sekvenovani pomoci Illumina Miseq platformy. Pomoci Illumina Miseq sekvenujeme predem
naamplifikovanou specifickou oblast genu pro 16S rRNA, kterd se beézné¢ pouziva

v obdobnych studiich zabyvajicich se SM [25, 39].
Cile

I.  Jaké je sloZzeni SM u pévcii a jak se liSi od ostatnich obratlovcii (zejména savcei)?

[Publikace A-I]

II.  Jaka je variabilita SM u pévct na mezidruhové trovni a jaké jsou hlavni faktory,

které tuto variabilitu ovliviiuji? VyuZila jsem velky komparacni datovy soubor (319
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vzorkl, 51 druhil), abych zjistila, do jaké miry ovliviiuje variabilitu SM fylogeneze
hostitele, ekologie (véetné zivotnich strategii) a lokalita sbéru vzorkii. [Publikace A]
Poté jsem tento datovy soubor nasbirany v mirmném pasu (CR) rozsifila o vzorky
z tropické oblasti (Kamerunu, 205 vzorka, 47 druhi), aby bylo mozno porovnat SM
mezi druhy z tropické a temperatni klimatické zony. U populace z mirného pasu jsem
si navic kladla otdzku, zda je SM ovlivnéna migraci. Navic u dvou druhti trans-
saharskych migrantti jsem pifimo srovnavala jejich SM v tropech béhem obdobi sucha
(zimoviste) a v temperdtu béhem hnizdni sezony (hnizdiste). [Publikace B] U slaviki
obecného a tmavého (Luscinia megarhynchos a L. luscinia) jsem testovala souvislost

mezi reprodukéni bariérou a mezidruhovou divergenci SM. [Publikace C]

Jaké jsou hlavni faktory ovliviiujici vnitrodruhovou variabilitu SM? U populace
vlastovky obecné (Hirundo rustica) jsem se zaméfila na srovnani SM mezi rliznymi
lokalitami a mezi hnizdnimi sezonami. [Publikace D] U tohoto druhu jsem také
studovala, jestli je SM ovlivnéna potravou jedince. [Publikace E] Dale jsem pomoci
stimulace zanétlivé reakce u mlad’at vlastovky testovala souvislost SM s imunitnim

systém. [Publikace F]

Jaky je potencionalni vliv socidlniho prenosu na podobnost SM mezi jedinci?
Studovala jsem podobnost kloakalni mikrobioty mezi hnizdnimi pary na
vnitroduhovém datovém souboru u vlaStovky obecné. [Publikace G] Navic jsem
u vlaStovky obecné také analyzovala podobnost mikrobioty v trusu mezi mlad’aty a
jejich socidlnimi rodi¢i a také mezi mlad’aty pochéazejicimi ze stejného hnizda.

[Publikace D]

Je SM stabilni v ¢ase a rezistentni viic¢i environmentilnim zménam? U vlaStovky
obecné jsem studovala zmény v ¢ase u opakované vzorkovanych mlad’at a dospélcil.
[Publikace D] Dale jsem studovala vliv hnizdniho prostiedi na slozeni SM u mlad’at
kukacek obecnych (Cuculus canorus) vychovavanych dvéma riznymi druhy
rakosnikli (rakosnika velkého Acrocephalus arundinaceus a obecného A. scirpaceus)

jako socialnimi rodici. [Publikace H]

Jak se méni SM béhem ontogeneze? U populace vlaStovky obecné jsem porovnavala

SM mezi dospélci a mladaty, jakoZ i zmény SM s vékem mlad’at. [Publikace D]

Jak se méni mikrobiota napfi¢ travicim traktem? U slavikd obecného a tmavého

jsem porovnavala mikrobiotu mezi tfemi ¢astmi tenkého stieva. [Publikace C]



U sykory konadry (Parus major) jsem srovnavala mikrobiotu proximalni (vytér
zobaku) a distalni (trus) ¢asti traviciho traktu. [Publikace I] U kukacky obecné jsme
srovnavali trus a zastrasujici sekret, ktery je pravdépodobné plivodem ze slepého

stteva. [Publikace H]
Publikace, které jsou soucasti disertacni prace

Publikace A: Kropackova, L., T¢Sicky, M., Albrecht, T., Kubov¢iak, J., Cizkova, D.,
Tomasek, O., Martin, F.-P.J., Bobek, L., Kralova, T., Prochazka, P. & Kreisinger, J. (2017)
Co-diversification of gastrointestinal microbiota and phylogeny in passerines is not explained
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Publikace B: Schmiedova, L., Kreisinger, J., Kubov¢iak, J., Téicky, M., Martin, F.-P.J.,
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Vysledky a Diskuze

U pévcl v SM dominuji bakteridlni kmeny Proteobacteria, Firmicutes, Actinobacteria,
Tenericutes, Bacteroidetes a Chlamydia [Publikace A]. Podobné vysledky byly ziskany ve
vétSin€ mych publikaci [Publikace A-I]. Nicméné u mlad’at kukacky obecné bylo slozeni SM
mirné odlisné zejména kvili vétSimu vyskytu kmene Bacteroidetes [Publikace H]. Obecné
jsou vysledky sloZzeni SM u pévcl a kukacky v souladu i s ostatnimi publikacemi, které
studovaly SM u ptaki [25, 40-42]. Potvrzuje se, ze pévéi SM je velmi odliSnad ve srovnani
s daleko vice studovanymi savci [21]. Bakteridlni kmeny Firmicutes, Proteobacteria a
Bacteroidetes jsou v rizné mife zastoupené i u ostatnich skupin obratlovci, napft. u plazt [43—

45], obojzivenikl [46—48] i u ryb [49-51].

Vliv klimatické zony na SM

vvvvv

ale [53]), v€etné parazitii a patogenil asociovanych se zvifecimi hostiteli [54]. Diverzita SM
byla dosud studovana pouze velmi malo, pfi¢emZ relevantni data jsou jenom z vyzkumu
lidské populace ([38, 55-57], ale [58]). Zatimco u lidi byla pozorovana vétsi alfa diverzita SM
v tropech [38, 56], tak u pévcl jsme nenasli podporu pro vétsi alfa diverzitu v tropech ve
srovnani s temperatem [Publikace B]. U pévctu v tropech byla pozorovana vysoka variabilita
ve slozeni SM mezi obdobim sucha a obdobim destd. Jedinci z temperatu se vice lisili ve
slozeni SM od jedinci odebiranych b&hem tropického obdobi desth nez od jedinct

odebiranych béhem tropického obdobi sucha [Publikace B].
Vliv migrace na slozeni SM

U pévci z mirného pasu jsme se zajimali o rozdil SM mezi druhy migrujicimi béhem zimniho

obdobi do tropickych oblasti Afriky (trans-saharsky migrant) a rezidentnimi druhy



(zGstavajicimi po cely rok na jednom misté) nebo témi, kteii migruji pouze na kratkou
vzdalenost (maximalné do Stfedomofti). Kvili vystaveni riznému prostiedi béhem migrace
jsem ocekavala vyssi alfa diverzitu u trans-saharskych migranti nez u ostatnich temperatnich
druht. Tato predikce se vSak nepotvrdila [Publikace B]. Vzhledem k pfedchozim studiim
[59-61] jsme ocekavali, ze béhem hnizdniho obdobi se trans-sahars§ti migranti nebudou ve
slozeni SM liSit od rezidentdi a nebo migranti na kratkou vzdalenost. Na ziskanych datech
jsme pozorovali rozdily ve slozeni SM mezi trans-saharskymi migranty a rezidenty spole¢né
s migranty do Stfedomofi. Zaroven se vSak slozeni SM trans-saharskych migrantt lisi i od
tropickych druhtt z obou sezon [Publikace B]. Navic u dvou druhil trans-saharskych
migrantd, pénice slavikové (Sylvia borin) a budnicka vétsSiho (Phylloscopus trochilus), se
slozeni SM signifikantné li§ilo mezi hnizdistém a zimovistém, pfi¢emz tyto zmény viceméné
odrazely zmény ve sloZzeni SM pozorované i mezi ostatnimi temperatnimi druhy pévcl a
tropickymi pévci z obdobi sucha [Publikace B]. Stejné jako nase vysledky 1 pfedchozi studie
detekovaly fluktuaci SM v souvislosti s migraci [59-62].

Vliv geografické vzdalenosti na SM

Nase vysledky na datovém souboru pévcl z mirného pasu ukazuji na jistou miru korelace
mezi rozdily ve sloZzeni SM a geografickou vzdalenosti mezi lokalitami [Publikace A].
Podobné 1 na wvnitrodruhové trovni mezi populacemi vlastovky obecné jsme zjistili
signifikantni, avSak slabé rozdily mezi vzorkovanymi lokalitami [Publikace D]. I na zakladé
dalSich studii se ukazuje, Ze prostorova segregace hraje u ptakl urcitou roli, nicméné jeji
vyznam se li§i mezi jednotlivymi studiemi. Zatimco naSe publikace zaznamenaly pouze mensi
vyznam prostorové segregace, coz je v souladu s vysledky dalSich studii [25, 63-65],
vysledky jinych publikaci pokladaji prostorovou segregaci za nejvyznamnéjsi testovany faktor
[42, 66, 67]. Podobné rozporuplné vysledky byly zaznamendny i u savci. Ve vétSiné
publikaci byla prostorova segregace dulezitym faktorem [68—70], ale v jiné publikaci nebyl
efekt prostorové segregace pozorovan [71]. Nase vysledky ukazuji, ze 1 pfi pomérné¢ velké
vzdalenosti mezi studovanymi populacemi z tropi a temperatu (okolo 5000 km) se mize SM

do urcité miry piekryvat [Publikace B], a proto pravdépodobné geograficka vzdalenost neni

vV

Vliv ekologickych faktori na SM

U pévct jsme na mezidruhové Grovni nepozorovali signifikantni vliv ekologickych znaki a

zivotnich strategii na slozeni SM, které zahrnovaly i slozeni potravy [Publikace A]. V jiné



studii provedené na ptacich pozorovali rovnéz pouze slaby efekt nékterych ekologickych
faktorti [25]. Zajimavé je, ze u tropickych pévca byla pozorovéana korelace mezi potravou a
SM, ktera ale nebyla pozorovana u temperatnich druhti [Publikace B]. Tento rozdil mezi
pévci z tropti a z temperatu by mohl byt disledkem vétsi potravni specializace tropickych
pévcl [72]. Na rozdil od ptacich studii je u savci ekologie hostitele, a zejména pak slozeni

potravy, naprosto kli¢ova [21, 73, 74].

Na vnitrodruhové trovni u vlastovky obecné jsme pozorovali signifikantni, i kdyz pouze
slabou korelaci mezi slozenim SM a potravou [Publikace E]. V souhrnu tyto vysledky
naznacuji, Ze potrava vysvétluje urCitou, 1 kdyz relativné omezenou c¢ast variability slozeni
SM u pévci. Na rozdil od ptakd byla u savcll potrava ¢asto hlavnim faktorem vysvétlujicim

variabilitu SM [21, 73, 75].
Vliv fylogenetické pribuznosti a prislusnosti k druhu na SM

Z nasich vysledki vyplyva, ze podstatné vétsi vliv nez ekologie a geografie ma na slozeni SM
u temperatnich pévct jejich fylogeneticka ptibuznost [Publikace A]. Efekt fylogeneze se
potvrdil i v datovém souboru rozsifenému o tropické pévce [Publikace B]. Pfi analyzach SM

napii¢ obratlovci je potrava dileZzita spole¢né s fylogenezi [74, 76].

Jako prvni jsme se také pokusili posoudit potencialni roli SM pii speciaci u ptakti. Konkrétné
jsme srovnavali SM ze sympatrie a alopatrie u dvou blizce pfibuznych druhti slavikl (slavika
tmavého a obecného), kteii ptilezitostné v sekundarni kontaktni zén¢ hybridizuji. Souvislost

SM pfi tvorbé reprodukéni bariéry zde nebyla prokézana [Publikace C].
Zmény SM béhem ontogeneze a stabilita SM v ¢ase

U lidi probihaji dynamické zmény SM béhem ontogeneze, které jsou spojené zejména
s kojenim a jeho ukoncenim [77, 78]. Piekvapivé jsme u vlastovky obecné nenalezli
vyznamné zmény SM asociované se stafim mlad’at [Publikace D]. Byl zde pozorovan slaby

narust alfa diverzity se stafim mlad’at, ale taxonomické sloZeni se signifikantn¢ neménilo.

Na druhou stranu jsme objevili signifikantné rozdilné sloZzeni SM mezi mlad’aty a dospélci
[Publikace D], kter¢ nemohou byt vysvétleny rozdily v potraveé, kterd je v nasi populaci
u mlad’at a rodicu stejna [Publikace E]. Rozdily u vlastovky obecné mezi mléd’aty v hnizdé a
dospélci byly pozorovany také v italské populaci [79], avSsak SM mlad’at vylétlych z hnizda se
jiz nelisila od SM dospélct [80]. Tyto vysledky naznacuji, ze SM mlad’at se pravdépodobné

meéni s vylétnutim mlad’at z hnizda a poté se vice podoba SM dospélcti.



Déle jsme u mlad’at 1 dosp€lct vlaStovky obecné objevili sice signifikantni, 1 kdyz s velmi
malym efektem, stabilitu slozeni SM v ¢ase vramci jedince [Publikace D]. V pfipadé
dospélct vlastovky obecné je sice celkové slozeni SM v Case malo stabilni, nicméné ¢ast SM
se vyznacuje znacnou stabilitou. Na rozdil od pévcu je SM u lidi v dospélosti stabilni i
v horizontu né¢kolika let [81]. Naproti tomu u volné zijicich savct je podobné jako u pévct
u dospélct obvykle pozorovano kolisani mikrobioty v ¢ase [71, 82, 83], i kdyz existuji i

vyjimky [84].
Zavér

V¢étSina variability SM u pévct zlstava stale nevysvétlend i pies celou fadu vySe popsanych a
testovanych parametri [Publikace A-I]. Stejné tak tomu je i v pfipadé ostatnich publikaci
uskute¢nénych na ptacich [42, 79, 85]. Podle komparativni studie, kterd zahrnuje savce i
ptaky, fylogeneze u ptakl vysvétluje méné variability nez fylogeneze u savci a zaroven je
variabilita slozeni SM u ptakd vyssi nez u savel [76]. Zajimavé je pozorovani konvergence
mezi ptaci a netopyii SM [76], ktera by mohla byt spojena s adaptacemi k letu. Létajici ptaci 1
savcei maji naptiklad redukovanou délku stfeva, krats$i retencni dobu, po kterou prochdzi
potrava travicim traktem a maji lepSi stfevni paracelularni absorpci (coz znamena, Ze vice
zivin je vstiebavano hostitelem, a tedy to mize snizovat dilezitost symbiotickych bakterii,
[27]). Toto je jen ¢ast z moznych vysvétleni této konvergence a dal§i vyzkum je Zadouci.
Velkd variabilita ve slozeni SM ptakii v porovnani se savci je pozorovatelnd i v naSich
publikacich, kde doslo ke stejnému nebo velmi podobnému laboratornimu zpracovani vzorkd
[Publikace A-I] (savci viz [31, 86-88]). Velké mnozstvi nevysvétlené variability spole¢né
s velkou variabilitou mezi jedinci a pomérné slabou stabilitou SM u ptaki by mohlo byt
zpisobeno vyraznou fluktuaci mikrobioty, kterd travicim traktem pouze prochazi
pravdépodobné spolecné s potravou, ale travici trakt trvale neosidluje, coz potvrzuje i
pritomnost symbiotickych bakterii hmyzu detekovanych ve SM rtiznych pévct [Publikace A-
I]. Zda bakterie travicim traktem pouze prochdzi nebo jsou-li vném aktivni, nelze
pouzivanymi metodami zatim odliSit. Z naSich dat se zda, Zze v travicim traktu je ¢ast SM
stabilni, a proto by se mél dal§i vyzkum zaméfit na studium souvislosti mezi fenotypem
hostitele a témito konkrétnimi bakteridlnimi taxony. Zarovei je tieba se zaméfit na stabilitu
SM 1 u dal$ich skupin ptakd, aby se potvrdilo, zda ndmi pozorované bakteridlni taxony jsou
stabilni napfi¢ ptaky/pévci. Kazdopadné lze konstatovat, Ze vysledky studii realizovanych na

savcich nejsou obecné aplikovatelné na ptaky a pravdépodobné ani ostatni obratlovce a je



tedy dulezité vénovat se také studiu slozeni SM u dalSich skupin obratlovcti. Navic by se
kromé studia bakterii mohl budouci vyzkum vénovat vice i jinym slozkam mikrobioty jako

jsou houby, viry a jejich vzajemnym interakcim.



Introduction

In terms of cell number, the community of symbiotic bacteria resident in a host’s
gastrointestinal tract may be comparable to, or even exceed, the total number of cells of the
host itself [1]. At the same time, the number of genes contained in this community may be up
to two orders of magnitude higher than that in the host’s genome [2]. It is now well known
that interactions between a host and its gut microbiota (GM) provide important benefits at
many levels. For example, a host’s GM helps it digest otherwise indigestible dietary
components [3], synthesise some vitamins (see review in [4]), ensures the proper development
and functioning of the digestive tract [5], helps protect against pathogens (see review in [6]),
stimulates and supports the development of the host’s immune system and influences its
specificity (see review in [7]) and contributes to the host’s brain functioning and behaviour
[8]. On the other hand, GMs that deviate from ‘normal’ can be detrimental, or even fatal, to
the host ([9, 10]; also see the review of [11]). It is not surprising, therefore, that genetic,
physiological, morphological and behavioural traits have evolved that allow the host to
optimise GM composition to its advantage [12—14]. Such interactions between the host and its
GM can also play an important role in many microevolutionary processes, including the

evolution of partner choice [15, 16], social behaviour [12, 17] and speciation [9, 10, 18].

Most of the knowledge gained on GM to date has been based on laboratory studies of
mammals (including humans); however, the GM of both laboratory and captive animals
differs from that of wild animals [19, 20]. As such, research based on captive animals will not
necessarily reflect natural interactions between a host and its GM that will have developed
through co-evolution. Within wild vertebrates, the most commonly studied hosts have been
mammals. Firmicutes and Bacteriodetes frequently represent the dominant GM bacterial
strains in mammals [21, 22]. GM composition in other, lesser studied, vertebrates, however,

appears to be more variable [23-26].

In this work, I focus on wild birds (class Aves), a little studied group regarding GM, and
specifically on the order Passeriformes (songbirds). Songbirds are the most numerous bird
order, comprising about 6,000 species, which is about 60% of all known bird species. They
are monophyletic and separated from other birds around 47 million years ago [29]. Despite
their relatively recent diversification, songbirds are a highly diverse group, especially in terms
of their ecology and life-histories. For these reasons, they are considered an important model

group in evolutionary and ecological studies.



While most mammals have separate digestive, excretory and reproductive systems, all these
systems flow into the cloaca in birds and thus are interconnected. Furthermore, birds show
significant differences regarding the physiology of food digestion and nutrient absorption [27,
28]. For example, developed caeca play an important role in the bacterial fermentation of
food; however, in contrast to many other bird taxa, songbirds have only rudimentary caeca.
As this work focuses on wild songbirds, it was rarely possible to obtain samples from
different parts of a bird’s intestine; hence, I focus mainly on microbiota in the faeces.
Collection of faeces is a commonly used, non-invasive method for analysing GM, particularly
in relation to the large intestine [30, 31]. Furthermore, my own unpublished data indicate that
bird faecal microbiota provide a faithful reflection of the bird’s GM (Schmiedova et al.

unpublished results).

I focus mainly on the composition of wild songbird GM and factors that may affect its
composition, both at the inter- and intraspecific level. The main factors affecting GM are
likely to be the host’s intrinsic regulatory mechanisms, especially genetically determined
variability in the immune system [32, 33], and social contact, with bacteria being transmitted
during copulation, during the feeding of young or during physical contact between individuals
from the same colony or population, or even between different species [34—37]. Last, but not
least, environmental factors, particularly diet and habitat, have also been shown to be

important sources of GM variability [34, 38].

Methods

The first publication included in this dissertation is based on the 454 sequencing platform, the
most accessible at that time, while all other publications are based on the Illumina Miseq
sequencing platform. Using Illumina Miseq, we sequence a pre-amplified region of the 16S

rRNA gene commonly used in similar GM studies [25, 39].
Aims

I. To identify GM composition in songbirds and assess how it differs from that of

other vertebrates, with particular emphasis on mammals [Publications A-I]

II.  To assess songbird GM variability at the interspecies level, and the main factors
that influence any such variability. [ used a large comparative dataset (319 samples,
51 species) of temperate zone (Czech Republic) songbirds to determine the extent to

which GM variability affects host phylogeny, ecology (including life-history traits)
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and geographic variation. [Publication A]. I then extended this dataset using samples
from the tropical zone (Cameroon; 205 samples, 47 species) to compare GM between
species from the two climatic zones. For the temperate population, I hypothesised that
GM may be affected by migration. In addition, I directly compared the GM of two
trans-Saharan migrant species in the tropical zone during the dry season (wintering
grounds) and in the temperate zone during the breeding season (breeding grounds)
[Publication B]. I also tested the relationship between reproductive barrier and
interspecific GM divergence in common nightingales (Luscinia megarhynchos) and

thrush nightingales (L. luscinia) [Publication C].

To assess the main factors influencing intraspecific GM variability. I compared
the GM of different barn swallow (Hirundo rustica) populations in different localities
and between different nesting seasons [Publication D]. Using the same species, I also
assessed whether GM is affected by an individual’s diet [Publication E|. By
stimulating the inflammatory response in nestlings, I also tested whether there was

a connection between GM and the immune system [Publication F].

To assess the potential effect of social transmission on GM similarity between
individuals. Using the barn swallow intraspecific dataset, 1 assessed cloacal
microbiota similarity between breeding pairs [Publication G] and the similarity of
faecal microbiota between nestlings and their social parents and between nestlings

coming from the same nest [Publication D].

To assess whether songbird GM is resistant to environmental change and/or
remains stable over time. I assessed whether songbird GM changed over time by
repeatedly sampling barn swallow nestlings and adults [Publication D]. I also studied
the influence of the nest environment on GM composition in common cuckoo
(Cuculus canorus) nestlings raised by two different species of reed warbler (the great
reed warbler Acrocephalus arundinaceus and the Eurasian reed warbler 4. scirpaceus)

as social parents [Publication H].

To assess whether songbird GM changes during ontogeny. Using the barn swallow
dataset, I compared adult and nestling GM and ascertained any changes in GM with

nestling age [Publication D].

To identify potential differences in GM across the digestive tract. I compared GM

in three different parts of the small intestine of common and thrush nightingales



[Publication C], the proximal (oral swab) and distal (faeces) parts of the great tit
(Parus major) digestive tract [Publication I], and the faeces and deterrent secretion

(which is putatively produced in caeca) in the common cuckoo [Publication H].
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by ecological divergence. Mol Ecol 26, 5292-5304. doi:10.1111/mec.14144

Publication B: Schmiedova, L., Kreisinger, J., Kubov¢iak, J., T¢Sicky, M., Martin, F.-P.J.,
Tomasek, O., Kauzalova, T. Sedlacek, O. & Albrecht, T. Gut microbiota differentiation
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Publication C: Sottas, C., Schmiedova, L., Kreisinger, J., Albrecht, T., Reif, J., Osiejuk, T.
S., & Reifova, R. (2021). Gut microbiota in two recently diverged passerine species:
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O., Martin, J.-F., Michalkova, R. & Albrecht, T. (2017). Temporal stability and the effect of
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Publication F: Kreisinger, J., Schmiedova, L., Petrzelkova, A., Michalkova, R., Tomasek,
O., Martin, J.-F., & Albrecht, T. (2018) Fecal microbiota associated with
phytohaemagglutinin-induced immune response in nestlings of a passerine bird. Ecology and

Evolution, 8(19), 9793-9802. doi: 10.1002/ece3.4454

Publication G: Kreisinger, J., Cizkova, D., Kropackova, L., & Albrecht, T. (2015). Cloacal
microbiome structure in a long-distance migratory bird assessed using deep 16sRNA
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Publication H: Schmiedova, L., Kreisinger, J., Pozgayova, M., Honza, M., Martin, J.-F. &
Prochéazka, P. (2020) Gut microbiota in a host-brood parasite system: insights from common
cuckoos raised by two warbler species. FEMS Microbiology Ecology, 96(9). doi:
10.1093/femsec/fiaal43

Publication I: Kropackova, L., Pechmanova, H., Vinkler, M., Svobodova, J., Velova, H.,
Tésicky, M., Martin, F.-P.J. & Kreisinger, J. (2017) Variation between the oral and faecal
microbiota in a free-living passerine bird, the great tit (Parus major). PLOS ONE 12,
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Results and Discussion

The bacterial phyla Proteobacteria, Firmicutes, Actinobacteria, Tenericutes, Bacteroidetes and
Chlamydia tend to predominate in songbird GM [Publication A], with similar results being
obtained in most of my studies [Publications A-I]. In cuckoo nestlings, however, GM
composition differed slightly, mainly due to a higher incidence of the phylum Bacteroidetes
[Publication H]. In general, the results for GM composition in songbirds and cuckoos were
consistent with previous studies of bird GM [25, 40—42]. Overall, we confirmed that songbird
GM differs greatly from that of the far more studied mammals [21]. The bacterial phyla
Firmicutes, Proteobacteria and Bacteroidetes are also found to a greater or lesser degree in

other vertebrate groups, such as reptiles [43—45], amphibians [46—48] and fish [49-51].
Influence of climatic zone on GM

Across a wide range of taxa, a decline in diversity has been described with increasing latitude
([52]; but see also [53]), including that of parasites and pathogens associated with animal
hosts [54]. Up until now, GM Diversity has been little studied, with almost all relevant data
coming from human populations ([38, 55-57], but see also [58]). While greater alpha
diversity has been observed in humans in the tropics [38, 56], we failed to find support for
greater alpha diversity in tropical songbirds when compared with temperate birds
[Publication B]. We observed high variability in GM composition between the dry and rainy
seasons in tropical songbirds. Temperate songbird GM showed greater divergence from GM
of individuals from the tropical rainy season than in comparison with GM of individuals from

the tropical dry season [Publication B].



Influence of migration on GM composition

For temperate songbirds, we were particularly interested in differences in GM composition
between species that migrated during winter to tropical Africa (trans-Saharan migrant) and
those characterised as resident (staying in one place all year round) or those that only
migrated over a short distance (maximum to the Mediterranean). As birds would be exposed
to different environments during migration, I hypothesised that there would be higher alpha
diversity in trans-Saharan migrants than in other temperate species; however, this prediction
was not confirmed [Publication B]. Based on the results of previous studies [59-61], we also
hypothesised that there would be no difference in GM composition between trans-Saharan
migrants and residents with short-distance migrants during the nesting season. Based on the
data obtained, however, we observed differences in GM composition between the two groups.
At the same time, trans-Saharan migrant GM composition also differed from that of tropical
species in both seasons [Publication B]. Furthermore, in two trans-Saharan migrant species,
the garden warbler (Sylvia borin) and willow warbler (Phylloscopus trochilus), GM
composition differed significantly between breeding and wintering grounds, more-or-less
reflecting changes in GM composition observed between other temperate songbirds and
tropical songbirds in the dry season [Publication B]. Previous studies have also detected

migration-related GM fluctuations [59-62].
Influence of geographical distance on GM

Our results for the temperate songbird dataset indicate a degree of correlation between
differences in GM composition and geographical distance between localities [Publication A].
Similarly, at the intraspecific level, we found weak but significant differences in GM between
barn swallow populations in different localities [Publication D]. Previous studies have also
indicated that spatial segregation plays a role in bird GM composition, though its significance
varies between studies. While some studies found that spatial segregation only plays a minor
role in GM composition (as in our own study) [25, 63—65], others consider spatial segregation
to be the most important factor tested [42, 66, 67]. Inconsistent results have also been reported
in mammals, with spatial segregation an important factor in most publications [e.g. 68—70]
but no effect of segregation observed in the study of Baxter et al. [71]. Our own results
indicate that, even with a relatively large distance between populations from the tropics and

the temperate zone (ca. 5000 km), GM may still overlap to some extent [Publication B],



suggesting that geographical distance is unlikely to be the most important factor affecting

GM.
Influence of ecological factors on GM

We found no significant effect of ecological traits or life-histories (including diet) on songbird
GM composition at the interspecies level [Publication A]. Hird et al. [25], however, observed
a weak effect of some ecological factors on GM. Interestingly, we observed a correlation
between diet and GM in tropical songbirds but not temperate species [Publication B]. This
difference between tropical and temperate songbirds could be due to greater dietary
specialisation in tropical songbirds [72]. In contrast to avian studies, host ecology, and

especially diet composition, has been found to be crucial in mammals [21, 73, 74].

In barn swallows, we observed a weak, though significant, correlation between the GM
composition and diet at the intraspecific level [Publication E]. Taken together, these results
suggest that, while diet is often a major factor explaining GM variability in mammals [21, 73,

75], it has a low impact on songbird GM composition.
Influence of phylogenetic relationships and species affiliation on GM

Our results indicated that phylogenetic relationships had a significantly greater influence on
the GM composition of temperate songbirds than ecology or geography [Publication A]. The
effect of phylogeny was also confirmed in the dataset that included tropical songbirds
[Publication B]. These results concur with previous studies that recognised phylogeny

(alongside diet) as an important factor affecting GM composition across vertebrates [74, 76].

Our study was the first to assess the potential role of GM in bird speciation. Specifically, we
compared the GM of two closely related species (common and thrush nightingales) from
sympatric and allopatric populations that occasionally hybridise in their secondary contact
zone. In doing so, we found no evidence that GM was connected with the formation of

a reproductive barrier [Publication C].
Changes in GM during ontogenesis and GM stability over time

Human GM undergo dynamic changes during ontogenesis, mainly associated with
breastfeeding and its termination [77, 78]. Surprisingly, however, we observed no significant
changes in GM associated with age in barn swallow nestlings [Publication D], with only
a slight increase in alpha diversity with age and no significant change in taxonomic

composition. There was, however, a significant difference in GM composition between



nestlings and adults [Publication D] that was not explained by any difference in diet, which
was the same in nestlings and adults in our population [Publication E]. Differences in barn
swallow nestling and adult GM were also observed in an Italian population [79], with the

differences no longer being observable once the birds reached the fledgling stage [80].

We observed significant stability (though with low effect size) in individual GM composition
over time in both adult and nestling barn swallows [Publication D]. Overall GM composition
in adults was relatively unstable over time, though part of the GM did show considerable
stability. With just a few exceptions [see 84], GM fluctuations over time are commonly
observed in adult wild mammals [71, 82, 83]. In adult humans, however, the GM usually

remains stable over several years [81].
Conclusions

While a relatively wide range of parameters have been tested in both these [Publications A-I]
and other bird studies [e.g. 42, 79, 85], most of the GM variability observed in songbirds
remains unexplained. In a comparative study involving both mammals and birds, GM
variability was higher in birds than mammals, yet phylogeny explained less of the variability
in birds than it did in mammals [76]. The same authors also noted an interesting convergence
between avian and bat GM [76], possibly associated with the adaptations for flight. For
example, both birds and bats have a reduced intestinal length, shorter retention time in the
digestive tract and better intestinal paracellular absorption, meaning that more nutrients are
absorbed by the host, thus reducing the importance of symbiotic bacteria [27]. However, this
only offers a partial explanation for the convergence and further research is desirable. In the
studies outlined here, we observed higher variability in bird GM than in mammals, despite the
same, or very similar, laboratory processing methods being used [Publications A-I] (for
mammals see [31, 86—88]). The high amount of unexplained variability, high inter-individual
variability and relatively poor GM stability could be caused by significant fluctuations in
microbiota that pass through the digestive tract together with the bird’s food without
permanently colonising the digestive tract. Indeed, strong evidence for this is provided by the
finding of symbiotic insect bacteria in the GM of various songbirds [Publications A-IJ.
Whether these bacteria pass straight through or play an active role while they are within the
digestive tract could not be confirmed by the methods used. Nevertheless, our data shows that
a portion of the observed GM does remain stable within the digestive tract, and we suggest

that future research should focus on the relationship between host phenotype and these



specific bacterial taxa. At the same time, there is a need for further studies on GM stability in
other bird groups to confirm whether the stable bacterial taxa we observed remain stable
across all birds/songbirds. In light of our results, it is clear that studies performed on
mammals are not generally applicable to birds (and probably other vertebrates), emphasising
the importance of further GM composition studies on other vertebrate groups. Furthermore,
additional studies are required on the roles and interactions of other microbiota components,

such as fungi and viruses.
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