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1 STRESZCZENIE

Czasteczki gtéwnego kompleksu zgodnosci tkankowej (ang. major histocompatibility complex,
MHC) biorg udziat w obronie przeciw patogenom wewnatrz- i zewngtrzkomérkowym (odpowiednio
MHC klasy I i Il). Geny MHC wykazujg wysoki polimorfizm, szczegdlnie w obrebie miejsca wigzacego
antygen (rowka), co umozliwia skuteczng obrone przed szerokim spektrum patogendw, zaréwno

na poziomie osobniczym jak i populacyjnym.

W niniejszej pracy, jako obiekt badan wykorzystano niemodelowy gatunek ptaka wodnego,
tyske Fulica atra (Rallidae, Gruifomes). Prébki krwi pobierano od ptakéw z czterech populacji, z ktorych
dwie zwigzane byty z krajobrazem silnie zurbanizowanym (tddz, Warszawa), a dwie z terenami
pozamiejskimi. W efekcie, badaniami objeto dwa rdézne typy siedlisk, w ktérych moze wystepowac
rozna presja patogenéw. Celem pracy byto zaréwno scharakteryzowanie regionu MHC tyski,

jak i okreslenie roli tych genéw w procesach synurbizacji ptakéw.

Przy pomocy sekwencjonowania catego genomu oraz celowanego genotypowania kluczowych
eksonéw (sekwencjonowanie wysokoprzepustowe) ustalono, ze region MHC wykazuje u tyski
nadzwyczaj wysoki poziom polimorfizmu i wysoka liczbe zduplikowanych gendéw. Jednoczesnie
wykazano, ze dobdr réznicujgcy i sygnat rekombinacji jest stabszy w przypadku genéw MHC klasy |

niz klasy Il, co moze wskazywac na rézne trajektorie ewolucyjne tych gendw.

Z kolei badania kondycji, ekspresji ornamentu oraz komponentéw dostosowania (sukces
reprodukcyjny) wykazaty negatywny zwigzek miedzy rdéznorodnoscia genéw MHC, a cechami
zwigzanymi z dostosowaniem. Wskazuje to na wysokie koszty ekspresji duzej liczby wariantéw
allelicznych MHC przez osobniki z populacji miejskich, gdzie fauna patogendw moze charakteryzowac

sie wzglednie niskg réznorodnoscia.

Przeprowadzone badania wykazaty réwniez istotne zréznicowanie miedzypopulacyjne gendéw
MHC klasy Il w zaleznosci od stopnia urbanizacji. Stwierdzono istotne zréznicowanie genéw MHC
miedzy populacjami miejskimi i pozamiejskimi, a populacje pozamiejskie charakteryzowaty sie
najwyzszg roznorodnoscig alleliczng MHC. Jednoczesnie, nie wykryto istotnego neutralnego
zrdéznicowania genetycznego miedzy populacjami, co sugeruje ze zréznicowanie MHC moze by¢

efektem adaptacji immunogenetycznych ptakéw do zycia w siedliskach miejskich.

Podsumowujac, wyniki niniejszej rozprawy dostarczajg nowych informacji o zréznicowaniu genéw
MHC u ptakéw i mechanizméw, ktdre to zrdznicowanie ksztattujg, ale réwniez zwiekszajg nasze
zrozumienie mikroewolucyjnych adaptacji zwierzat do zycia w silnie przeksztatconym krajobrazie

miejskim.



SUMMARY

Molecules of the major histocompatibility complex (MHC) are involved in the defense against
intra- and extracellular pathogens (MHC class | and Il, respectively). In general, MHC genes show
extreme polymorphism, especially within the antigen binding region (groove), which enables effective

recognition of diverse pathogens, both at the individual and population level.

In this study, a non-model species of waterbird, the Eurasian coot Fulica atra (Rallidae,
Gruifomes) was used as the research object. Blood samples were taken from birds from four
populations, two associated with a highly urbanized landscape (£6dz, Warsaw), and the other two from
non-urban areas. As a result, the study covered two different types of habitats that may be subject
to different pathogen pressure. The aim of the study was both to characterize the MHC region of the

coot and to determine the role of these genes in the processes of bird urbanization.

Using whole genome sequencing and targeted genotyping of key exons (high-throughput
sequencing), it was found that the MHC region in coots shows an exceptional level of polymorphism
and a high number of duplicated genes. At the same time, it was shown that diversifying selection
and recombination signal were weaker at MHC class | than class Il, which may indicate different

evolutionary trajectories of these genes.

On the other hand, the study of condition, ornament expression and components of fitness
(reproductive success) showed a negative relationship between the diversity of MHC genes
and the fitness-related traits. This indicates that expressing large number of MHC allelic variants may
impose high costs on individuals from urban populations, where pathogen fauna may have relatively

low diversity.

The research also showed a significant inter-population differentiation of MHC class Il genes
depending on the degree of urbanization. Significant differentiation of MHC genes was found between
urban and non-urban populations, and non-urban populations were characterized by the highest allelic
diversity of the MHC. At the same time, no significant neutral genetic variation between populations
was detected, suggesting that MHC variation may be the result of immunogenetic adaptation of birds

to urban life.

Taken together, the results of this dissertation not only provide a new insight into
the mechanisms that shape diversity of MHC genes in birds, but they also enhance our understanding

of the microevolutionary adaptations of animals to highly transformed urban landscape.



2 WSTEP TEORETYCZNY

W ciggu ostatnich dekad wptyw cztowieka na ekosystemy naturalne zasadniczo sie zmienit.
Do niedawna termin ,ekosystemy zdominowane przez cztowieka” przywotywat obrazy nie tylko
krajobrazéw miejskich, ale takze mozaiki matoobszarowych pél uprawnych oraz rozlegtych pastwisk.
Jednak wraz ze wzrostem populacji ludzkiej i postepem technologicznym zakres i charakter
antropogenicznej modyfikacji krajobrazu ulegt drastycznemu pogtebieniu (Vitousek et al. 1997).
W ciggu ostatnich 100 lat nastgpita ogromna zmiana w globalnej strukturze populacji ludzkiej, przy
czym wiekszo$¢ ludzi zyje obecnie w srodowiskach miejskich, a nie wiejskich (Cox et al. 2018). Wedtug
danych ONZ w 2030 roku na $wiecie bedzie zyto 8,55 mld ludzi (ONZ 2019). Szacuje sie, ze w 2016 roku
tereny miejskie zasiedlato 54,4 procent ludno$ci Swiata. Ze wzgledu na wzrost liczby ludnosci i migracje
do 2030 roku tereny miejskie majg pomiesci¢ 60 procent ludzi na catym Swiecie, a co trzeci mieszkaniec
bedzie mieszkat w miastach o powierzchni co najmniej pot miliona mieszkancéw (Camacho-Valdez

et al. 2019).

Upraszczajac, proces urbanizacji jest skrajg forma intensyfikacji uzytkowania ziemi,
powodujgcy redukcje i fragmentacje siedlisk przyrodniczych (Sol et al. 2020). Zmiany $rodowiskowe
zwigzane z procesem urbanizacji obejmujg wylesianie, ekspansje rolnictwa, eutrofizacje,
zanieczyszczenia powietrza i wody, hatas, izolacje i utrate naturalnych siedlisk (Croci et al. 2008;
Vitousek et al. 1997). Na niektére obszary zdominowane przez cztowieka zostaty wprowadzone
egzotyczne gatunki zwierzat badz roslin (Grimm et al. 2008; Fitzherbert et al. 2008), ktére mogg
wypiera¢ gatunki rodzime (Faeth et al. 2005; McConkey et al. 2012). Te czesto ekstremalne
przeksztatcenia ekosystemowe powodujg szybki spadek bogactwa i liczebnosci gatunkéw notowany
na catym swiecie, jako ze krajobraz miejski moze wyklucza¢ wiele gatunkéw zwierzat, szczegdlnie tych
mniej plastycznych i bardziej wyspecjalizowanych ekologicznie (Concepcidn et al. 2015; Luniak, 2004).
Urbanizacja wptywa wiec na negatywnie na stan naturalnych populacji wielu gatunkdw,
ale jednoczesnie ekosystemy miejskie tworzg nowe nisze ekologiczne (Aouissi et al. 2017; Green et al.
2016; Croci et al. 2008). W efekcie, z jednej strony urbanizacja powoduje spadek bioréznorodnosci
i lokalne wymieranie populacji, z drugiej niektdre gatunki dobrze prosperuja na terenach miejskich
(McKinney 2006; Lowry et al. 2013). Coraz wiecej gatunkéw przystosowuje sie do nowych
antropogenicznych warunkdéw srodowiskowych i kolonizuje miasta, pokonujac bariery ekologiczne,
demograficzne, pokarmowe i behawioralne (Luniak 2004). Stad, waznym jest, aby zrozumie¢ w jaki
sposob populacje wykorzystujg zasoby zaréwno w srodowiskach naturalnych, jak i zmodyfikowanych
przez cztowieka. Okazuje sie, ze obszary miejskie mogg by¢ alternatywnym, a czasem nawet

podstawowym miejscem Zzycia gatunkéw, ktore potrafiag wykorzysta¢c nowe warunki panujgce



w miastach, w tym dostep do antropogenicznego pokarmu, fagodniejszy mikroklimat zimg oraz nizszg
presje ze strony naturalnych drapieznikéw (Luniak 2004). Z drugiej strony wysoka presja drapieznicza
ze strony pséw i kotdw moze powodowaé problemy z eksploatacjg zasobédw miejskich przez dzikie
zwierzeta (Tryjanowski et al. 2016). Badania wykazaty, ze koty domowe zyjace na wolnosci stanowia
zagrozenie dla wielu populacji ptakéw, w tym gatunkow priorytetowych dla ochrony (Dauphiné
& Cooper 2009). Kolejnym wyzwaniem zwigzanym z procesem kolonizacji miast mogg by¢ miedzy-
siedliskowe rdznice w presji patogendéw wzdtuz gradientu urbanizacji. Na zmiany w presji patogenéw
moze mie¢ wptyw szereg cech srodowiska miejskiego, w tym zwiekszona obecno$é gatunkéw
egzotycznych (Boal et al. 1998), gorsza jakos¢ siedliska (Patz et al. 2004), potencjalna transmisja
horyzontalna ze strony gatunkéw udomowionych (Lehrer 2010) badz transmisja poprzez kontakt z ich
odchodami (Bradley & Altizer 2007; Frenkel et al. 1995) oraz zmiany klimatyczne zwigzane

z wystepowaniem wysp ciepta (Cumming & Van Vuuren 2006).

Urbanizacja moze wptywac negatywnie na wystepowanie naturalnych patogendw, ale z drugiej
strony tempo ich transmisji miedzy gospodarzami moze w niektérych przypadkach by¢ istotnie wyzsze
w krajobrazie miejskim (Los et al. 2020; Bradley & Altizer 2007). Podstawowag barierg dla infekcji jest
uktad odpornosciowy gospodarza, ktéory odgrywa kluczowa role w ksztattowaniu sie interakcji
gospodarz — patogen (Combes 2001). Zatem obecnos$¢ innego spektrum patogendw na terenach
miejskich (w stosunku do siedlisk naturalnych) moze wymagac niezbednych adaptacji uktadu
odpornosciowego gospodarzy (Alcaide et al. 2008; Watson et al. 2017). Dodatkowo populacje miejskie
moga cierpiec¢ z powodu dryfu genetycznego i chowu wsobnego (Lourencgo et al. 2017), co z kolei moze
skutkowa¢ niskim poziomem rdzinorodnosci genetycznej, w tym rdéznorodnosci receptoréow
odpornosciowych odpowiedzialnych za rozpoznawanie antygendw (Alcaide 2010; Strandet al. 2012;
Sutton et al. 2011). Dryf genetyczny moze utrwala¢ réwniez mutacje uposledzajace funkcje organizmu,
w tym odpowiedz immunologiczng (Radwan et al. 2010). Ma to znaczenie szczegdlnie w populacjach
o matej réznorodnosci genetycznej, ktére przeszty przez epizod tzw. waskiego gardta genetycznego
(Stervander et al. 2020). Z drugiej strony, przestrzennie niejednorodna presja selekcyjna ze strony
patogendéw moze skutkowacd lokalng adaptacjg (Loiseau et al. 2009). Poniewaz wielkoskalowe czynniki
antropogeniczne mogg wptywac¢ na funkcje odpornosciowe zwierzat, coraz wazniejsze staje sie
zrozumienie zrédet zmiennosci immunologicznej w kontekscie zmian srodowiskowych (Acevedo-

Whitehouse & Duffus 2009; Martin et al. 2010 ).

Komponenty uktadu odpornosciowego odpowiedzialne za identyfikacje obcych antygendw
sg kodowane przez dwie podstawowe rodziny gendw: receptory Toll-podobne (ang. toll-like receptors,

TLR) i gtowny uktad zgodnosci tkankowej (MHC) (Schenten & Medzhitov 2011). Ogdlnie rzecz biorac,


https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2656.13166#jane13166-bib-0002
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2656.13166#jane13166-bib-0080

TLR s3 zwigzane z wrodzonym ukfadem odpornosciowym i sg odpowiedzialne za identyfikacje
konserwatywnych antygendéw (wzorce molekularne zwigzane z patogenem, ang. pathogen-associated
molecular patterns, PAMP), ktére sg charakterystyczne dla szerokiego spektrum patogendw
i pasozytow (Barton & Miedzhitow 2020). Z kolei czasteczki MHC aktywujg nabytg odpowiedz
immunologiczng (Ekblom et al. 2007), prezentujgc komdrkom uktadu odpornosciowego specyficzne
antygeny pochodzace z procesowania patogendow wewngtrzkomorkowych (MHC klasy )
lub zewnatrzkomorkowych (MHC klasy 1) (Piertney & Oliver 2006). Antygeny zwigzane z MHC klasy |
pochodzg z biatek wewngtrzkomdrkowych patogendéw przetworzonych na drodze proteasomalnej
proteolizy i prezentowane sg limfocytom T CD8+, co moze skutkowaé bezposrednig destrukcjg
lub uruchomieniem proceséw apoptozy zakazonej komodrki. Czgsteczki MHC klasy Il prezentuja
limfocytom T CD4+ antygeny egzogenne pochodzace z biatek zewngtrzkomorkowych patogendw
przetworzonych na drodze endocytozy lub autofagii, co umozliwia indukcje odpowiedniego szlaku
odpowiedzi immunologicznej (Steimle et al. 1993; Minz 2012; Duraes et al. 2015). Antygeny zwigzane
z czasteczkami MHC klasy 1i 1l to niewielkie peptydy dtugosci 810 lub 15—-20 aminokwasow. Wigzane
sg one przez najbardziej polimorficzny region czgsteczek MHC, tzw. rowek wigzacy peptyd
(ang. peptide binding region, PBR) (Duraes et al. 2015). Rowek wigzacy peptyd o okreslonej sekwencji
aminokwasdéw moze wigzaé sie z ograniczong liczbg obcych peptyddéw, a zatem liczba réznych
czasteczek MHC w organizmie okresla spektrum patogendw, ktére moga zostaé rozpoznane poprzez

mechanizmy nabytej obrony immunologicznej (O'Connor et al. 2016).

Z perspektywy ewolucyjnej i populacyjnej, dominujgca cechg MHC jest ekstremalna
roznorodnos¢ nukleotydowa w obszarze rowka wigzacego peptyd. Nawet niewielkie zmiany
aminokwasowe w PBR mogg prowadzi¢ do duzych réznic w repertuarze identyfikowanych peptydow
i w konsekwencji diametralnie zmieni¢ spektrum patogendw, przeciwko ktérym organizm skutecznie
aktywuje nabytg odpowiedz immunologiczng (Dionne et al. 2007). W wyniku wyscigu zbrojen
gospodarz-patogen geny MHC wykazujg najwyziszy opisany u kregowcéw poziom funkcjonalnego
polimorfizmu (Gaudieri et al. 2000 ; Bernatchez & Landry 2003; Garrigan & Hedrick 2003)
utrzymywanemu w populacjach na drodze doboru rGwnowazgcego (ang. balancing selection; Spurgin
& Richardson 2010), a ich sktad alleliczny na poziomie populacji powinien szybko reagowac na zmiany
w sktadzie fauny patogendéw poprzez lokalng adaptacje (Ekblom, et al. 2007; Miller et al. 2010)

oraz warunkowac dostosowanie osobnikow.

Zaleznosci miedzy polimorfizmem MHC a dostosowaniem mogg powstawac na drodze kilku
alternatywnych mechanizmoéw. Po pierwsze, mechanizm przewagi rzadkich alleli zaktada (dobodr

negatywnie zalezny od czestosci), ze osobniki z allelami MHC o niskich czestosciach w populacji beda



posiadaty wyzsze dostosowanie, jako ze ich uktad odpornosciowy moze lepiej wykrywaé i zwalczaé
patogeny, ktore ewoluowaty aby unikngé¢ typowych (najbardziej rozpowszechnionych w populacji)
alleli MHC gospodarza (Brouwer et al. 2010; Slade et al. 1992). W takiej sytuacji powinnismy
obserwowac wptyw konkretnych alleli MHC na dostosowanie osobnikéw (tzw. allele odpornosciowe).
Alternatywnie, najkorzystniejsza pod wzgledem dostosowania moze by¢ maksymalna réznorodnosc
alleli na poziomie osobniczym — zgodnie z mechanizmem przewagi heterozygotycznej wieksza liczba
alleli ulegajaca ekspresji w organizmie zwieksza spektrum rozpoznawanych antygendw, a tym samym
zapewnia selektywng przewage w zwalczaniu infekcji i poprawia dostosowanie osobnika (Doherty
et al. 1975; McClelland et al. 2003). W takim wypadku mozna spodziewaé sie pozytywnej liniowej
zaleznosci miedzy heterozygotycznoscig MHC i dostosowaniem. Zgodnie z tg hipotezg, geny MHC
podlegaty na drodze ewolucji procesowi intensywnej duplikacji, ktéry umozliwit zwiekszenie
indywidualnej réznorodnosci allelicznej MHC. Z drugiej strony, wydaje sie, ze liczba loci MHC
u poszczegdlnych gatunkéw (a tym samym liczba alleli u poszczegdlnych osobnikéw) nie moga
zwieksza¢ sie w sposéb nieograniczony. Zbyt duza rézinorodnos¢ MHC moze by¢ niekorzystna
ze wzgledu na zwiekszone ryzyko choréb autoimmunologicznych oraz zmniejszenie repertuaru
antygenow rozpoznawanych przez receptory limfocytow T (ang. T-cell receptor, TCR) (Roved et al.
2018). Niedawne badania na nornicach rudych Myodes glareolus potwierdzity, ze obnizenie repertuaru
TCR wigze sie z wysoka osobniczg réznorodnoscia w obrebie genéw MHC klasy |, ale nie wykazano
podobnej zaleznosci dla genéw MHC klasy Il (Migalska et al. 2019). Mechanizm ten byt podstawa
sformutowania hipotezy optymalnosci (Wegner et al. 2003), méwigcy ze osobniki o optymalnej
(posredniej), a nie maksymalnej réznorodnosci alleli MHC bedg osiggaty najwyzsze dostosowanie
w populacjach (nieliniowa zaleznos$¢ miedzy heterozygotycznoscig MHC i dostosowanie). Interpretacja
mechanizmdédw warunkujgcych dziatanie doboru naturalnego na geny MHC jest szczegdlnym
wyzwaniem, poniewaz rdzne jego rodzaje mogg dziata¢ w synergii i nie wykluczajg sie wzajemnie

(Spurgin & Richardson 2010).

Kolejng charakterystyczng cechg genéw MHC, jest wysoki poziom duplikacji oraz wysoki
poziom podobienstwa miedzy zduplikowanymi genami zaréwno miedzy gatunkami, jak rowniez w ich
obrebie (Miller & Lambert 2004). Przyktadowo, liczba kopii gendw MHC u ptakow ksztattuje sie
w zakresie 1-33 dla klasy | i 1-23 dla klasy Il (Minias et al. 2019), cho¢ najnowsze badania wskazuja,
ze w niektérych ptasich liniach ewolucyjnych moze by¢ ona znacznie wyzsza (He et al. 2021).
Podobienstwo miedzy zduplikowanymi genami spowodowane jest giéwnie rozpowszechnionym
u ptakéw mechanizmem ewolucji zespotowej (ang. concerted evolution), w wyniku ktérego rézne loci
w obrebie gatunku ewoluujg w podobny sposdb, co powoduje ich homogenizacje (Goebel et al. 2017;

Reusch et al. 2004; Hess & Edwards 2002). Generuje to metodologiczne trudnosci w genotypowaniu



MHC u organizméw niemodelowych, szczegdlnie w projektowaniu starteréw specyficznych
dla pojedynczego locus. W efekcie, nie ma zwykle mozliwosci genotypowania MHC tradycyjnymi
metodami Sangera i dopiero rozwdj technik sekwencjonowania nastepnej generacji (ang. next
generation sequencing, NGS) zdecydowanie rozwingt badania nad MHC, umozliwiajgc genotypowanie
wielu zduplikowanych loci jednoczes$nie (Babik et al. 2010). Kolejnym krokiem milowym w badaniach
MHC byt rozwéj technik zwigzanych z sekwencjonowaniem catych genoméw, ktére nie skupiajg sie
genotypowaniu pojedynczych eksonéw (jak ma to zazwyczaj miejsce w przypadku populacyjnych
badan z wykorzystaniem metod NGS), ale dajg obraz catych gendw, a czesto nawet architektury catego

regionu MHC (He et al. 2021).

Celem niniejszej pracy byto:

1. Scharakteryzowanie regionu MHC u niemodelowego gatunku ptaka, tyski Fulica atra (Rallidae,
Gruifomes) przy pomocy sekwencjonowania catego genomu oraz celowanego genotypowania
kluczowych eksondéw z wykorzystaniem sekwencjonowania wysokoprzepustowego.

2. Przetestowanie zaleznosci miedzy rdézinorodnoscia gendw MHC, a cechami zwigzanymi
z dostosowaniem (kondycja, cechy reprodukcyjne, ekspresja ornamentéw) u tyski.

3. Analiza réznorodnosci oraz zréznicowania miedzy-populacyjnego gendw MHC tyski w gradiencie

urbanizacji.



3 OBIEKT BADAN | METODY

3.1 OPISGATUNKU

tyska Fulica atra to gatunek pospolitego ptaka wodnego z rodziny chruscieli Rallidae (rzad
zurawiowych Gruiformes), ktory dzieli sie na cztery podgatunki. W Polsce mozna spotka¢ podgatunek
nominatywny F. a. atra (Rycina 1), ktéry wystepuj niemal w cate Europie, Azji Srodkowej, Japonii
oraz w poétnocnej Afryce. S to ptaki szeroko rozpowszechnione i licznie wystepujgce w réznorodnych
siedliskach wodnych takich jak jeziora, zbiorniki retencyjne czy wolno ptynace rzeki, preferuja wody
stodkie, rzadko wystepujg na wodach zasolonych, na miejsca gniazdowe najczesciej wybierajg wody
ptytkie, z mulistym dnem i obfitg roslinnoscig szuwarowga. Chetnie nurkuja, zwykle zerujg zaréwno
na ladzie jak i w wodzie, dieta jest réznorodna, czesciowo roslinna, ale jej waznym komponentem
sg réwniez bezkregowce takie jak slimaki, matze i owady. tyska jest gatunkiem sredniej wielkosci,
dtugos¢ ciata wynosi 36-38 cm, rozpietosci skrzydet 70-80 cm, a waga miesci sie w zakresie 600 — 1265
g. Doroste osobniki charakteryzujg sie czarnym upierzeniem oraz biatym dziobem i biatg tarczg
czotows, brak jest wyraznego dymorfizmu ptciowego, choé¢ samce z reguty sg wieksze od samic.
W okresie legowym, ktéry trwa od marca do lipca, tyski tgcza sie w monogamiczne pary, sg agresywne
i terytorialne. Samica sktada zwykle 6-10 jaj, a niektdre pary mogg wyprowadzi¢ dwa legi w ciggu
jednego sezonu. W Europie Srodkowej czeéé ptakdw prowadzi osiadty tryb zycia, jednak wiekszo$¢
migruje na zime w strone zachodniej i potudniowej czesci kontynentu, w okresie nielegowym chetnie
taczy sie w stada mogace liczy¢ setki badz tysigce osobnikdow. Okres migracyjny trwa od marca
do kwietnia (przylot na tereny legowe) i od pazdziernika do listopada (odlot na tereny zimowiskowe).
tyska nalezy do gatunkéw, ktére w ostatnich dziesiecioleciach skutecznie skolonizowaty stale
rozrastajgce sie obszary miejskie na terenie catej Europy, co wigzato sie nie tylko z szeregiem adaptacji
behawioralnych, ale powinno takze sprowokowaé dostosowanie sie uktadu odpornosciowego do fauny

patogendw wystepujacych w miastach.



Rycina 1. tyska Fulica atra.

3.2 TEREN BADAN

Badania prowadzone byty na czterech naturalnych populacjach tyski potozonych w regionie
Polski Centralnej. Dwie wybrane do badan populacje zwigzane byty z terenami zurbanizowanymi (L6dz
i Warszawa), a dwie z terenéw pozamiejskimi (Sarnéw i Zeromin). Warszawa (52,259° N, 21.020° E)
jest najwiekszym miastem w Polsce pod wzgledem liczby ludnosci (1,79 min mieszkarncéow w 2020
roku, https://stat.gov.pl) i powierzchni (517,24 km?); charakteryzuje sie réwniez duzg gestoscig
zaludnienia (3462 os./km?). Miasto zostato skolonizowane przez tyski okoto potowy XX wieku lub nawet
wczesniej. Stabilng populacje legowa tysek w obrebie silnie zurbanizowanych czesci Warszawy
odnotowano w latach 1960-tych (Luniak et al. 1964), a w latach 1980-tych wielkos$¢ populacji zostata
oszacowana na 190-210 par legowych (Luniak et al. 2001). Stosunkowo wczesnemu skolonizowaniu
Warszawy przez tyski sprzyjata prawdopodobnie obecnos¢ duzej rzeki (Wista) w centrum miasta. Z kolei
£6dz(51.757° N, 19.493° E) jest trzecim co do wielkosci miastem w Polsce pod wzgledem liczby ludnosci
(677 tysiecy mieszkanncdw w 2020 roku, https://stat.gov.pl), jej obszar administracyjny obejmuje

293,25 km?, a gesto$¢ zaludnienia wynosita 2309 oséb/km? w 2020 roku. W przeciwieAstwie
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do Warszawy, obszar aglomeracji tddzkiej zostat skolonizowany przez tyski stosunkowo niedawno.
W latach 1994-2002 odnotowano okoto 20 miejsc gniazdowania tysek wytgcznie na obrzezach todzi
(Janiszewski et al. 2009). W czasie ostatnich dwdch dekad tyski skolonizowaty réwniez centrum miasta,
a w okresie niniejszych badan liczebnos$¢ populacji oszacowano na ok. 70 par legowych, w tym
ok 40 par legowych w centrum miasta. Ze wzgledu na rdznice w czasie kolonizacji, populacje Warszawy
i todzi zostaty zaklasyfikowane odpowiednio jako stara i nowa populacja miejska. Kolejne dwie
populacje tysek zlokalizowane byty na obszarze stawéw rybnych w Sarnowie (51,851° N, 19,109° E)
i Zerominie (51,617° N, 19,607° E), ktére zapewniaty rozlegte siedliska legowe z obfita roslinnoscia
szuwarowg, podobne w swojej strukturze do typowych siedlisk naturalnych tego gatunku. W obu
lokalizacjach wstep nieautoryzowanego personelu byt ograniczony, co skutkowato wzglednie niskim

stopniem antropopres;ji.

3.3 METODY TERENOWE

Prace terenowe wykonywane byty w latach 2010-2020. Ptaki tapano za pomoca putapek
nagniazdowych lub recznie, podczas inkubacji na gniezdzie lub podczas zerowania na brzegu. Kazdy
ptak zostat oznaczony metalowa obraczkg na lewym skoku oraz biatg plastikowa obrozg zatozong
na szyje. Kazda obroza posiadata indywidualny kod alfanumeryczny, co pozwalato na tatwg
identyfikacje ptakéw w terenie i unikniecie wielokrotnego chwytania tych samych osobnikéw. Podczas
chwytania pobierano ok. 50 pl krwi do analiz genetycznych. Prébki krwi pobrano w okresie rozrodczym
od 20-27 dorostych osobnikow z populacji warszawskiej oraz obu populacji pozamiejskich (w sumie
n =73 osobniki), natomiast populacja tédzka poddana zostata dtugoterminowemu monitoringowi

i pozyskano z niej préby krwi od ponad 200 osobnikéw.

W ramach monitoringu populacji tddzkiej badano dodatkowo kondycje, ekspresje ornamentu
oraz komponenty dostosowania (sukces reprodukcyjny) tyski. Podczas chwytania wykonywano
podstawowe pomiary biometryczne, w tym dtugos¢ skoku i catkowitg dtugosé gtowy (+ 0,1 mm),
mierzono takze mase ciata (+ 1 g). Mierzono rowniez rozmiar (szerokos¢ i dtugosé, + 0,1 mm)
przypuszczalnego ornamentu (biatej tarczki czotowej). W koricu, pobierano ok. 5 pl krwi do pomiaru
catkowitego stezenia hemoglobiny. Masa ciata zostata uzyta jako ogdlna miara kondycji, poniewaz
po odpowiedniej korekcie wzgledem strukturalnej wielkosci ciata moze by¢ wiarygodnym wskaznikiem
rezerw energetycznych (Peig & Green 2009). Catkowite stezenie hemoglobiny we krwi byto
wskaznikiem stanu fizjologicznego, gdyz odzwierciedla zdolno$¢ organizmu do zaspokojenia
zapotrzebowania na tlen, a jednoczesnie koreluje z ogélnym stanem kondycyjnym i zdrowotnym

osobnikéw (Minias 2015). Z kolei rozmiar blaszki czotowe]j zostat uzyty do wskaznik ekspresji tego
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ornamentu zaréwno dla samcow jak i samic. Mimo braku bezposrednich informacji dotyczgcych roli
blaszki czotowej w doborze ptciowym u tyski, wykazano ze ekspresja tego rodzaju struktur
morfologicznych u innych gatunkéw chruscieli jest warunkowana poziomem testosteronu
i wiarygodnie sygnalizuje status spoteczny, zdolnos¢ dominacji, agresywnosc i kondycje osobnikow
(Crowley & Magrath 2004; Alvarez et al. 2005; Dey et al. 2014). Wszystkie powyzsze pomiary wykonano

dla 114 schwytanych osobnikow.

W tdédzkiej populacji badano réwniez parametry reprodukcyjne tyski, w tym okre$lano date
zniesienia pierwszego jaja, wielkos¢ zniesienia, sukces klucia (0 — brak sukcesu, 1 — co najmniej jedno
piskle wyklute) i sukces legowy (liczba odchowanych pisklat). Dane te zebrano dla ponad 230 legéw
wyprowadzonych przez 106 oznakowanych osobnikdw, od ktérych pobrane zostaty prébki krwi

do analiz genetycznych.

3.4 METODY LABORATORYJNE

W pierwszej kolejnosci z prébek krwi wyizolowano genomowe DNA z wykorzystaniem zestawu
GenelET Genomic DNA Purification Kit (Fermentas, Thermo Fisher Scientific, Waltham, MA, USA).
Pte¢ wszystkich schwytanych ptakéw oznaczono molekularnie na drodze amplifikacji gendw
chromodomeny helikazy wigzacej DNA (CHD) zlokalizowanych na chromosomach ptciowych (Griffiths

et al. 1998).

3.4.1 GENY GtOWNEGO UKtADU ZGODNOSCI TKANKOWEJ (MHC)

Nastepnie zgenotypowano fragmenty gendw MHC klasy | i Il, ktére kodujg rowek wigzacy
peptyd (PBR), odpowiedzialny za wigzanie antygenu. W celu zgenotypowania MHC klasy | uzyto
starterow zaprojektowanych pierwotnie dla ptakéw szponiastych Accipitriformes (Alcaide et al. 2009)
wigzacych sie z regionem flankujgcym intronu 2 i konserwatywnym regionem eksonu 4, co pozwolito
na amplifikacje catego eksonu 3 kodujgcego domene a, PBR. Catkowita dtugos¢ amplikonu wynosita
411 pz, w tym sekwencja eksonu 3 miata dtugosc 276 pz. Z kolei w celu zgenotypowania MHC klasy I
uzyto starteréw zaprojektowanych w trakcie wczesniejszych badan nad tyskg (Alcaide et al. 2014),
ktdre wigzg sie z regionem flankujgcym intronu 1 i konserwatywnym regionem eksonu 3, co pozwolito
na amplifikacje catego eksonu 2 MHC klasy I, kodujgcego domene B PBR (270 pz). W celu wykrycia
pozytywnych amplifikacji wszystkie produkty PCR oceniano za pomocg elektroforezy na 2% zelu
agarozowym. Poniewaz spodziewaliSmy sie, ze nasze startery mogg amplifikowac wiecej niz jeden

locus MHC kazdej klasy, w celu genotypowania osobnikdw wykorzystaliimy metody
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sekwencjonowania nastepnej generacji (NGS). Wszystkie produkty PCR oczyszczono przy uzyciu kulek
magnetycznych AMPure XP (Beckman Coulter, Brea, CA, USA), a ich stezenia oceniono za pomocg
zestawu do znakowania dsDNA Quant-iT PicoGreen (Thermo FisherScientific, Waltham, MA, USA).
Biblioteki przygotowano oddzielnie dla MHC klasy | i klasy Il z réwnomolowych ilosci produktéw PCR
przy uzyciu zestawu NEB-Next DNA Library Prep Master Mix Set (New England Biolabs, Ipswich, MA,
USA) i zsekwencjonowano na 2 x 250 pz lllumina MiSeq Platforma. Procesowanie surowych danych
uzyskanych z sekwencjonowania lllumina (filtrowanie, grupowanie i walidacja wariantow allelicznych)
zostato wykonane z wykorzystaniem serwera AmpliSAS (Sebastian et al. 2016) i protokotéw

opracowanych przez Biedrzycka et al. (2017).

W celu doktadniejszej charakteryzacji architektury regionu MHC (okreslenie liczby kopii
zduplikowanych gendw) oraz polimorfizmu eksondw nie kodujgcych PBR, dla pojedynczego osobnika
z naszej populacji zsekwencjonowalismy oraz ztozyliSmy de novo caty genom. Biblioteki przygotowano
z wykorzystaniem zestawu Chromium Genome Library & Gel Bead Kit v2 (10x Genomics, Pleasanton,
CA, USA), natomiast sekwencjonowanie wykonano wykorzystujgc technike lllumina NovaSeq 6000
(lumina Inc., San Diego, CA, USA). W trakcie sekwencjonowania uzyskano niemal 900 milionéw
sparowanych odczytow, ktére zostaty przeprocesowane i ztozone w genom z wykorzystaniem
programu Supernova v2.1.1 (10x Genomics). Peten rozmiar uzyskanego genomu wynosit 1168 Mb,
a wartos$é N50 (dla contigdw) wynosita 0.25 Mb. Anotacja genomu zostata wykonana z wykorzystaniem
programu MAKER v3.01.1 (Holt & Yandell 2011) w oparciu o dostepne genomy innych gatunkéw
chruscieli i mewowcéw Lari. Sekwencjonowanie, ztozenie i anotacja genomu zostaty wykonane
w Carver Biotechnology Center na Uniwersytecie lllinois w Urbana-Champaign, USA. Petne sekwencje
gendw MHC klasy | i Il zostaty wyekstrahowane z genomu z wykorzystaniem algorytmoéw BLAST,
bazujagc na dostepnych w bazie GenBank sekwencjach pochodzacych od innych ptakéw

niewrdblowych.

3.4.2 NEUTRALNA ZMIENNOSC GENETYCZNA

Aby uzyska¢ punkt odniesienia dla zmiennosci genédw MHC, oszacowalismy réwniez poziom
neutralnej zmiennosci genetycznej w badanych przez nas populacjach. Po pierwsze, na poziomie
populacyjnym zmiennosé neutralng okreslalismy z wykorzystaniem dziesieciu wysoce polimorficznych
markeréw mikrosatelitarnych (Rozdziat 3, Tabela 1). Po drugie, aby oszacowac¢ heterozygotycznosc
osobnikow, dla ktorych mierzone byly cechy fenotypowe (kondycja, ekspresja ornamentu)
oraz rozrodcze (Rozdziat 2), wykorzystaliSmy sekwencjonowanie metodg ddRAD (ang. double digest

restriction-site association DNA sequencing). Heterozygotyczno$¢ kazdego osobnika zostata wyliczona
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w oparciu o panel 14525 polimorfizméw pojedynczego nukleotydu (ang. single nucleotide

polymorphism, SNP), szczegdty procesowania danych ddRAD podane sg w Rozdziale 2.

3.5 ANALIZY STATYSTYCZNE | BIOINFORMATYCZNE

3.5.1 REKOMBINACIA, POLIMORFIZM | DOBOR

W celu scharakteryzowania polimorfizmu MHC klasy | i Il (dane NGS i genomowe)
wykorzystano oprogramowanie DnaSP v.6.10.3 (Rozas et al. 2017). Polimorfizm sekwencji oceniono
jako liczbe miejsc segregujacych (polimorficznych), catkowitg liczbe mutacji, $rednig réznorodnosc
nukleotydéw i Srednig liczbe réznic nukleotydow. Aby okreslié mechanizmy odpowiedzialne
za utrzymywanie polimorfizmu MHC w populacji przeanalizowany zostat sygnat doboru
oraz rekombinacji (konwersji genédw) w obrebie eksonu 3 MHC klasy | oraz eksonu 2 MHC klasy Il (dane
NGS). Aby okresli¢ site natezenia doboru obliczono wskaznik dN/dS, odzwierciedlajgcy proporcje
niesynonimicznych (dN) do synonimicznych (dS) podstawienn nukleotydowych. Sygnature dobru
réznicujgcego (pozytywnego, dN/dS > 1) i oczyszczajgcego (negatywnego, dN/dS < 1) oceniono
za pomocg dwdch podejs¢, wnioskowania Bayesowskiego (ang. Fast Unconstrained Bayesian
AppRoximation, FUBAR) oraz metod maksymalnego prawdopodobienstwa (ang. Fixed Effects
Likelihood, FEL), dostepnych na serwerze Datamonkey (Weaver et al. 2018). W celu identyfikacji miejsc
podlegajgcych epizodycznemu doborowi réznicujgcemu (sygnat widoczny jedynie dla czesci wariantow
allelicznych) wykorzystany zostat model MEME (ang. Mixed Effect Model of Evolution). Sygnat
rekombinacji okreslono przy uzyciu oprogramowania RDP v.4.97, ktére taczy kilka podstawowych

algorytmow opracowanych do wykrywania sekwencji rekombinowanych (Martin et al. 2015).

3.5.2  ZWIAZEK POLIMORFIZMU MHC KLASY | i Il Z DOSTOSOWANIEM OSOBNIKOW

Zaleznos$¢ réznorodnosci gendw MHC klasy | i Il z cechami zwigzanymi z dostosowaniem
(fenotypowym i reprodukcyjnym) analizowano za pomocg uogdlnionych mieszanych modeli liniowych
(ang. generalized linear mixed models, GLMM) dostepnych w pakiecie g/mmADMB (Skaug et al. 2012)
dziatajgcym w Srodowisku statystycznym R (R Foundation for Statistical Computing, Wieden, Austria).

Szczegdtowa struktura modeli opisana zostata w Rozdziale 2.
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3.5.3  ZROZNICOWANIE GENETYCZNE POPULAC)I

Catkowitg liczbe alleli oraz liczbe alleli specyficznych dla poszczegélnych populacji (MHC klasy
Il i markery mikrosatelitarne) obliczono za pomocg oprogramowania GeneAlEx v.6.5. Dla markerow
mikrosatelitarnych obliczono réwniez srednig obserwowang heterozygotycznos¢ dla kazdej populacji,
podczas gdy dla MHC obliczono miary polimorfizmu (liczba miejsc segregujacych, liczba rdznic
nukleotydéw, réznorodnosé nukleotyddw) dla wariantow allelicznych stwierdzanych w obrebie kazdej
populacji przy wuzyciu DnaSP v6.10.03. Wszystkie obliczenia powtdérzono rdéwniez dla

wystandaryzowanej wielkosci préby (20 osobnikéw na populacje).

Aby oceni¢ zréznicowanie genetyczne miedzy populacjami, zastosowalismy dwa podejscia
metodyczne. Najpierw obliczyliSmy miary zréznicowania D Josta (Jost, 2008) zaréwno dla MHC
(program SpadeR; Chao et al. 2016), jak i dla markeréw mikrosatelitarnych (pakiet R diveRsity; Keenan
et al. 2013). Dodatkowo dla markeréw mikrosatelitarnych obliczone zostaty wystandaryzowane
wartosci G'st (surowe wartosci Gst podzielone przez maksymalng zanotowang wartos¢; Hedrick 2005).
Po drugie, zastosowano algorytm grupowania Bayesowskiego dostepny w programie STRUCTURE
(Pritchard et al. 2000) do okreslenia liczby klastrow genetycznych (K) i przypisania poszczegdlnych
genotypdéw (osobnikéw) do tych klastrow (analizy przeprowadzone oddzielnie dla MHC i markerow

mikrosatelitarnych).
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4 WYNIKIT WNIOSKI

Struktura regionu MHC jest wysoce ztozona, co przejawia sie przede wszystkim wysokg liczbg
zduplikowanych gendw. Aby lepiej zrozumie¢ skomplikowang architekture MHC u tyski potaczylismy
dwie metody badawcze, celowane genotypowanie kluczowych eksonéw PBR na poziomie
populacyjnym oraz sekwencjonowanie de novo catego genomu. Analiza uzyskanego genomu wykazata
wysoki wskaznik duplikacji genédw w obrebie MHC klasy | (21 wyekstrahowanych kontigéw
zawierajgcych sekwencje eksonéw 1-5), co sugeruje obecnosé ok. 10 loci MHC-1 u tyski. Z kolei analiza
danych uzyskanych z sekwencjonowania eksonéw na poziomie populacyjnym wskazata,
ze wykorzystywane przez nas startery amplifikowaty co najmniej roznych 5 loci (max. 10 wariantéw
allelicznych stwierdzonych u pojedynczego osobnika). Oba zastosowane podejscia metodyczne
wskazuja, ze region MHC tyski charakteryzuje sie wyjatkowo ztozong strukturg w poréwnaniu do innych
ptakdw niewrdblowych, gdzie liczba gendéw jest zwykle niewielka (ponizej trzech u wiekszosci
zbadanych gatunkéw). Nasze badania wykazaty réwniez wysoki polimorfizm genéw MHC klasy i ll,
zarowno na poziomie réznorodnosci nukleotydowej, jak i bogactwa allelicznego (ok. 140-170 alleli
wykrytych w obrebie kazdej klasy w badanej populacji). Jest to najwyzszy wykazany dotychczas poziom
polimorfizmu MHC wsréd ptakéw niewrdblowych. Mimo wzglednie podobnego poziomu zmiennosci,
nasze analizy wykazaty, ze zardwno dobdr rdznicujgcy jak i sygnat rekombinacji jest stabszy
w przypadku gendw MHC klasy I, niz klasy Il. W obrebie MHC klasy Il wykrylismy wieksza liczbe zdarzen
rekombinacyjnych i wiekszy odsetek sekwencji rekombinowanych, geny te wykazywaty sie réwniez
wyzszg proporcjg podstawien niesynonimicznych do synonimicznych (dN/dS) w obrebie regionu PBR,
a takze wyisza liczbg kodondéw z sygnatem doboru pozytywnego. Wyniki te sugerujg obecnosc¢
kontrastujgcych trajektorii ewolucyjnych oraz zréznicowanych mechanizméw utrzymujacych

polimorfizm w obu klasach MHC u tyski.

W tédzkiej populacji tysek przetestowano zaleznos$¢ miedzy réznorodnoscig gendw MHC klasy
I i I, a komponentami dostosowania (reprodukcja) oraz cechami fenotypowymi zwigzanymi
z dostosowaniem (kondycja i ekspresja ornamentu). Badania wykazaty, ze wysoka réznorodnosé
gendéw MHC klasy | i klasy Il byta zwigzana z gorszg kondycjg (nizsze stezenie hemoglobiny we krwi),
chociaz zaleznos$¢ ta byta specyficzna dla ptci i widoczna u samcéw w przypadku gendw MHC klasy |
oraz u samic w przypadku genéw MHC klasy Il. tyski z wysokg réznorodnosciag MHC klasy Il miaty
rowniez stabszg ekspresjg ornamentu (mniejsza blaszka czotowa) oraz pdiniej rozpoczynaty legi.
Termin sktadania jaj korelowat takze ze zréznicowaniem MHC klasy |, gdyz osobniki ze Srednig i wysoka

liczbg alleli MHC rozpoczety legi istotnie pdzniej niz osobniki z mniejszg liczbg alleli. W przypadku
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wielkosci zniesienia odnotowalismy odmienne wzorce zmiennosci dla MHC klasy | i I, gdzie ptaki
o wysokiej roznorodnosci MHC klasy | oraz niskiej réznorodnos¢ MHC klasy Il posiadaty najmniejsze
zniesienia. Nie wykazano jednak bezposredniego zwiazku liczby alleli MHC z sukcesem klucia
oraz z podstawowym komponentem dostosowania jakim jest sukces rozrodczy. Nie znaleziono
rowniez istotnego zwigzku miedzy réznorodnoscig MHC a masg ciata (po korekcie uwzgledniajgcej
wielko$¢ strukturalng osobnikow) oraz ogdlnym poziomem heterozygotycznosci badanych ptakow
(oszacowanym na podstawie sekwencjonowania ddRAD) W zdecydowanej wiekszosci, uzyskane wyniki
byty niezgodne z hipotezg optymalnosci (zgodnie z ktérg najwyzsze dostosowanie osiggajg osobniki
0 posrednim poziomie réznorodnosci MHC), gdyz nie zaobserwowano istotnego obnizenia cech
zwigzanych z dostosowaniem u osobnikéw z niska liczbg alleli MHC. Przeprowadzone badania nie
potwierdzity réwniez mechanizmu przewagi heterozygot u tyski, zgodnie z ktérym dostosowanie
osobnikéw powinno wzrastaé¢ wraz z réznorodnosciag MHC. Badania zdajg sie jednak potwierdzac
hipoteze zwigzang z mechanizmem uszczuplania repertuaru receptoréw TCR, ktéra zaktada, ze duza
réoznorodno$¢ MHC moze by¢ niekorzystna i nie musi prowadzi¢ do zwiekszenia dostosowania
osobnikdéw na drodze poszerzenia spektrum rozpoznawanych patogendw. Niniejsze wyniki sugerujg,
ze koszty ekspresji duzej liczby alleli MHC mogg w pewnych sytuacjach przewazaé¢ nad korzysciami
zwigzanymi ze zrdznicowanym repertuarem MHC. Niewykluczone, ze jest to zjawisko specyficznie
zwigzane z krajobrazem miejskim, gdzie rézinorodnos¢ fauny patogendw jest czesto zubozona
w poréwnaniu do naturalnych siedlisk, a co za tym idzie wysoka réznorodnos¢ MHC moze nie byc
konieczna do zapewnienia skutecznej ochrony immunologicznej. Bez wzgledu jednak na mechanizmy
lezgce u podstaw wykazanych zaleznosci, prezentowane wyniki po raz pierwszy dostarczajg spojnych
dowoddéw na negatywne korelacje réznorodnosci MHC z szeregiem wskaznikow zwigzanych

z dostosowaniem (np. kondycja, wielkos¢ ornamentu i wielko$¢ legdw) w naturalnej populacji ptakdw.

Celem prowadzonych badan byto rédwniez ustalenie, czy procesy synurbizacyjne u tyski
sg zwigzane ze zmianami w sktadzie allelicznym i réznorodnosci genéw MHC klasy 1l. W tym celu
przebadano ptaki z czterech populacji, z ktorych dwie miaty charakter miejski (Warszawa — stara
populacja miejska, £6dZz — nowa populacja miejska), a dwie zwigzane byly z terenami pozamiejskimi
(stawy hodowlane w Sarnowie i Zerominie). We wszystkich badanych populacjach wykazano obecno$¢
114 alleli MHC klasy 1l, co odpowiadato 113 unikalnym sekwencjom aminokwasowym.
Przeprowadzone analizy wykazaty istotne réznice w réznorodnosci MHC na poziomie osobniczym
(liczba alleli MHC na osobnika) miedzy populacjami. W szczegdlnosci, roznorodnos¢ MHC byta nizsza
w starej populacji miejskiej (Warszawa), niz w nowej populacji miejskiej (£L6dz) i jednej z populacji
pozamiejskich. Populacje z terenéw pozamiejskich charakteryzowaty sie takze wiekszg catkowitg liczbg

alleli MHC (réznice na poziomie 34-48% po standaryzacji wielkosci préby). Podobny wzorzec
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zauwazono w przypadku alleli MHC specyficznych dla populacji. Wyniki te wskazujg, ze kolonizacja
miast przez fyske zwigzana byta z utratg réznorodnosci MHC, by¢ moze na skutek efektu zatozyciela.
Analiza wskaznikéw D Josta oraz analiza klastréw genetycznych wykazaty najsilniejsze zréznicowanie
gendw MHC miedzy starg populacja miejskg (Warszawa) a pozostatymi trzema populacjami.
Jednoczesnie analiza loci mikrosatelitarnych nie potwierdzita neutralnego zréznicowania genetycznego
miedzy populacjami. Podsumowujac uzyskane wyniki wskazujg, ze sktad alleli MHC zalezat od poziomu
urbanizacji siedliska i czasu, jaki uptynat od kolonizacji danego osrodka miejskiego, a obserwowane
zréznicowanie miedzy populacjami miejskimi i pozamiejskimi mogto wynikac z procesdw sortowania
genotypdw i lokalnej adaptacji. Sugeruje to, ze procesy kolonizacji miast przez dzikie zwierzeta moga
wymagaé zmian adaptacyjnych w puli genowej MHC w odpowiedzi na zmiany w skfadzie fauny

patogendw i pasozytow charakterystycznych dla obszaréw zurbanizowanych.
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Abstract

Genes of the Major Histocompatibility Complex (MHC) form a key component of vertebrate adaptive
immunity, as they code for molecules which bind antigens of intra- and extra-cellular pathogens
(MHC class | and II, respectively) and present them to T cell receptors. In general, MHC genes
are hyper-polymorphic and high MHC diversity is often maintained within natural populations
(via balancing selection) and within individuals (via gene duplications). Because of its complex
architecture with tandems of duplicated genes, characterization of MHC region in non-model
vertebrate species still poses a major challenge. Here, we combined de novo genome assembly
and high-throughput sequencing to characterize MHC polymorphism in a rallid bird species,
the Eurasian coot Fulica atra. An analysis of genome assembly indicated high duplication rate
at MHC-I (21 contigs with exons 1-5), which was also supported by targeted sequencing of peptide-
binding exons (at least five MHC-I loci genotyped). We found high allelic richness at both MHC-I
and MHC-II, although signature of diversifying selection and recombination (gene conversion)
was much stronger at MHC-Il. Our results indicate that Eurasian coot retains extraordinary
polymorphism at both MHC classes (when compared to other non-passerine bird species),

although they may be subject to different evolutionary mechanism.



The Major Histocompatibility Complex (MHC) is a complex multi-gene family playing an essential role
in vertebrate adaptive immune response. The MHC genes code for key transmembrane molecules
recognizing and binding foreign peptides in order to present them to immune cells, which initiates
an immune response’?. Two major classes of MHC genes can be distinguished, including class | genes
(MHC-1) which are expressed on the surface of almost all nucleated somatic cells, and class Il genes
(MHC-11) which are expressed on the specialized cells of the immune system, such as B lymphocytes
and macrophages®. Antigens recognized by MHC-I molecules originate from intracellular pathogen
proteins processed via proteasomal proteolysis. They are presented to T CD8+ lymphocytes, resulting
in a direct destruction or the initiation of apoptotic processes within infected cells. In turn, exogenous
antigens derived from extracellular pathogen peptides processed by endocytosis or autophagy
are presented by MHC-Il molecules to T CD4+ lymphocytes. This allows for the trigger of a proper
immune response pathway *°. Antigens recognized by MHC-1 and MHC-II comprise small peptides
composed of 8-10 and 15-20 amino acid residues, respectively and they are bound by the most
polymorphic region of MHC molecules, the peptide-binding groove®. The peptide-binding region (PBR)
of any particular MHC allelic variant can bind a limited number of foreign peptides and, hence,
the number of different MHC molecules expressed in the body determines an array of pathogens

recognizable by the mechanisms of an adaptive immune defence®.

An extreme polymorphism within the area of the MHC peptide-binding groove
may be considered one of key evolutionary features of these genes. Due to host-pathogen arms race,
MHC-I and MHC-Il genes demonstrate the highest level of functional polymorphism known
in vertebrates®*”2, For example, thousands of different alleles were identified in the global human
population at some MHC loci®. As for birds, the sedge warbler Acrocephalus schoenobaenus with over
3500 MHC-I alleles'® and common yellowthroat Geothlypis trichas with almost 1000 MHC-II alleles
recorded within a single population!! may provide examples of species with exceptionally high MHC
polymorphism. It is possible to distinguish three basic mechanisms of the natural (balancing) selection
responsible for the maintenance of MHC polymorphism in vertebrate populations. First,
the mechanism of heterozygote advantage assumes that heterozygous individuals
are able to recognize a broader scope of antigens, which should provide them with fitness benefits

1213 Second, parasites

over homozygotes, especially when exposed to diverse pathogen faunas
or pathogens may evolve quickly to avoid host immune defences. In this scenario, a negative
frequency-dependent selection can maintain MHC polymorphism via favouring rare alleles (rare-allele
advantage hypothesis). Alleles that increase in frequency gradually lose their selective advantage,
as pathogens tend to evolve towards the avoidance of the most common immune barriers of their

hosts (including the most frequent MHC alleles)®®*, Third, high polymorphism of MHC genes



in populations may be generated and maintained in response to pathogen-driven selection that varies

)®. All these mechanisms are expected to produce an apparent

in space and time (fluctuating selection
excess of non-synonymous (amino acid altering) mutations (dN) over synonymous (silent) mutations
(dS) within the region of the peptide-binding groove. Thus, high values of dN/dS ratio (>1) provide
a molecular signature of balancing selection acting on the MHC®Y,

Extensive gene duplication constitutes the next characteristic feature of MHC genes in birds®.
For instance, the number of gene copies has been reported to vary between 1-33 for MHC-I and 1-23
for MHC-11'°. However, the latest genomic studies indicate that duplication rate in some avian
evolutionary lines may be even greater?. Duplicated genes may retain similar molecular features
or even share identical alleles, which is mainly due to the processes of concerted evolution, where
different loci evolve non-independently, leading to their homogenization within species??>%,
This triggers methodological difficulties in the MHC genotyping, pertaining particularly to difficulties
in designing locus-specific primers in non-model taxa. A common usage of conserved (multi-locus)
primers preclude application of traditional Sanger sequencing methods for MHC genotyping and only
after the development of new generation sequencing (NGS) methods a decisive breakthrough
in the MHC studies took place?*. Another milestone in the MHC research was reached via development
of techniques used for the sequencing and assembling high-quality genomes. Genomic approaches
are not restricted to sequencing single exons (as it frequently is with high-throughput MHC genotyping

at the population scale), but provide resolution of complete genes, or may even provide information

on the architecture of the entire MHC region®.

The aim of our paper was to characterize the MHC region in a non-model species of a wild bird,
the Eurasian coot Fulica atra. This is a medium-size nonpasserine waterbird from the rail family
(Rallidae), which has a broad geographical range (spanning from Europe through Asia to Australia)
and a large global population of ca. 5.3-6.5 million individuals®. We used both standard high-
throughput sequencing (NGS) to characterize polymorphism and selection at the key MHC exons
coding for PBR (within Central European population), as well as genomic techniques to characterize
the architecture of the MHC region. To date, polymorphism of MHC-II has already been examined
in the Iberian population of our study species?®, therefore our primary aim was to comprehensively
characterize the MHC-I genes and to compare the levels of polymorphism and signature of selection

between both MHC classes, as they may show distinct evolutionary trajectories in birds?’.



Material and Methods

Sample collection

Fieldwork took place in central Poland, mostly in the city of £édz (51° 45’ N, 19° 28’ E) and non-urban
areas located nearby. Blood samples were collected from adult birds (n = 283) captured mostly during
the reproductive season (March-July) between 2012 to 2019. We caught birds at nests or while feeding
on the shore using noose traps made from monofilament nylon. All birds were ringed with metal rings
(tarsus) and plastic collars (neck) to enhance identification of individuals in the field and avoid
recaptures. From each captured bird we took 100 pl of blood from a tarsal vein into 96% ethanol
and stored the samples in 5°C until DNA isolation. We extracted genomic DNA using GeneJET Genomic
DNA Purification Kit (Fermentas, Thermo Fisher Scientific, Waltham, 136 MA, USA) according
to the manufacturer’s protocol. Bird capturing and blood sampling was performed by the permissions
of the Local Bioethical Commission for Experiments on Animals in todZz (nos 40/tB 620/2012
and 15/tB/2016) and complied with current laws of Poland Act on Nature Conservation from 16 April
2004, Journal of Laws from 2004, No. 92, item 880).

Genome sequencing and assembly

To get an insight into the architecture of the MHC region (gene copy numbers) and polymorphism
of non-PBR exons in the Eurasian coot we generated de novo genome assembly for a single individual
from our study population. For this purpose, one Chromium linked-read library was constructed
with the Chromium Genome Library Kit & Gel Bead Kit v2 (10x Genomics, Pleasanton, CA, USA)
and sequenced on an SP lane on an lllumina NovaSeq 6000 instrument (lllumina Inc., San Diego, CA,
USA) at the Carver Biotechnology Center at the University of lllinois at Urbana-Champaign. A total
of 889,998,744 paired-end reads (2x150nt) were generated, demultiplexed, and assembled
with Supernova v2.1.1 (10x Genomics), setting maximum reads used to n = 600,000,000 and all other
parameters as default. Supernova output was converted to pseudohap FASTA format for downstream
processing. The genome assembly was filtered for duplicate contigs and scaffolds using the dedupe
script from BBMap v38.36 (Bushnell 2014 ). A custom vector-screening script was employed
to remove residual sequencing adapters and vector sequence. No contaminant non-bird sequences
were detected in the genome assembly as assessed by BlobTools v0.9.19.6 (Laetsch and Blaxter
2017 ?°). Contigs and scaffolds less than 1kb were filtered from the assembly prior to acceptance at

NCBI under BioProject PRINA633903 and GenBank accession GCA_013372525.1. Genome



completeness was estimated at 93.3% (1.3% duplicated), as assessed by BUSCO v3.0.1 (Seppey et al.
2019)3° using the Aves odb9 lineage of 4,915 orthologs. Total sequence length of the genome assembly
was 1,168 Mb, scaffold N50 was 6.4 Mb, while contig N50 was 0.25 Mb.

The genome assembly was annotated by employing three rounds of MAKER v3.01.1 (Holt
and Yandell 2011) 3%, In the first round of MAKER annotation, gene models were predicted using
homology searches from the following lines of evidence: transcriptome assembly sequences from NCBI
for Okinawa rail Gallirallus okinawae (ICPP01000000) and laughing gull Leucophaeus atricilla
(GFNV00000000), as well as proteins from available NCBI RefSeq sequences (Gruiformes) and the
SwissProt database. Two MAKER ab initio gene predictors, SNAP and Augustus, were trained using
gene models predicted from comparative evidence output from the first round. A second round
of MAKER utilized the trained models for Augustus and SNAP ab initio gene prediction. A final third
round of gene prediction used re-trained models for SNAP and Augustus from the second round

of output.

Retrieving MHC sequences from genomic data

To retrieve MHC class | and class Il from genome assembly we performed BLAST searches using
available non-passerine MHC sequences. First, to retrieve contigs with MHC we BLASTed concatenated
exonic sequences containing exons 1-5 for MHC-I and exons 1-4 for MHC-II. The remaining exons were
not included because of short length (<35 bp). For both MHC classes we used available GenBank
sequences from the Chinese egret Egretta eulophotes (KY511591 and KC282841). We also checked
blasting results using sequences from other non-passerine species (KC282841 from red knot Calidris
canutus and KC205115 from golden pheasant Chrysolophus pictus for MHC-1; HM070250 from Mallard
Anas platyrhynchos and AB872444 from crested ibis Nipponia nippon for MHC-II), but they produced
very consistent results. Second, we aimed to retrieve all available PBR sequences, which are coded
by exons 2 and 3 of the same gene at MHC-I and by exons 2a and 2B coded by separate genes at MHC-
Il (Bjorkman et al., 1987; Brown et al., 1988 323%), For this purpose, we first retrieved PBR exon
sequences from longer MHC contigs and used them to repeat blastn searches (a single exon per search)

within the genome assembly.

MHC genotyping (high-throughput sequencing)

To get a better resolution of MHC polymorphism and the mechanisms that may contribute

to its maintenance (recombination and selection) in the Eurasian coot, we genotyped key MHC regions



(selected PBR-coding exons) in all captured individuals (283 individuals genotyped at MHC-I,
230 genotyped at MHC-II). Population genotyping focused on a single exon per MHC class (exon
3 at MHC-I and exon 2B at MHC-Il), as these exons are traditionally targeted in avian MHC research
(allowing direct comparisons across species) and their polymorphism is expected to be well
representative for the entire PBR region (e.g. Minias et al. 2021 3*). To genotype MHC-I exon 3, we used
primers MHCI-int2F (5’- CATTTCCCTYGTGTTTCAGG-3’) and MHCl-ex4R (3’-GGGTAGAAGCCGTGAGCRC-
5’), which were originally designed for accipitrid birds (Alcaide et al., 2009 *). Primer MHCI-int2F binds
to the conserved flanking region of intron 2 and primer MHCI-ex4R binds to the conserved region
of exon 4. The length of the entire amplicon was 411 bp, including almost entire exon 3 (273 bp
out of 276 bp). Species-specific primers Fuat-Ex2Fw (5-CTGACCRGCCTCCCTGCA-3’) and Fuat-Ex2Rv
(5'-TTGTGCCAYACACCCACC-3') were used to amplify MHC-Il. These two primers were originally
designed for the Eurasian coot (Alcaide et al., 2014 2°) and they successfully amplify the entire MHC-II
exon 2 (270 bp), binding to the flanking regions of intron 1 and 2. In each PCR reaction we used fusion
primers with Illlumina Nextera Transposase adapter sequences (lllumina Corp., San Diego, CA, USA)
and 7-bp barcodes to identify the samples. PCR amplifications were carried out in a final volume
of 20 pl containing 20-80 ng genomic DNA (1 pl of DNA isolate), 10 pl of 2X HotStarTaq Plus MasterMix
Kit (Qiagen, Venlo, The Netherlands), 8 ul of deionized water and 0.5 pl of each primer. PCR protocols
followed Alcaide et al. (2009) % for MHC-l and Alcaide et al. (2014) % for MHC-II, although in both cases
the number of PCR cycles was reduced to 25 to suppress the formation of artificial chimeras,
which could confound the correct interpretation of Illumina sequencing results. The effects of PCR
reactions were confirmed for each sample by visual examination of band intensities on 2% agarose gel
electrophoresis. To purify PCR products we used AMPure XP magnetic beads (Beckman Coulter, Brea,
CA, USA) and concentration estimates were quantified using Quant-iT PicoGreen dsDNA marking kit
(Thermo FisherScientific, Waltham, MA, USA). Separate libraries for MHC class | and Il were prepared
using equimolar concentrations of purified PCR products and NEB-Next DNA Library Prep Master Mix
Set for lllumina (New England Biolabs, Ipswich, MA, USA). Both libraries were sequenced on the 2 x

250bp lllumina MiSeq platform.

In the processing of raw Illumina data we used an online webserver, the Amplicon Sequencing
Analysis Tools (AmIpiSAT) (Sebastian et al., 2016 3°), and followed recommendations by Biedrzycka
et al. (2017b) ¥’. In the first step we used the Amplicon Sequencing MERGing (AmpliMERGE) tool,
which merges paired-end reads, optimizing their overlapping lengths according to amplicon data
(Magoc and Salzberg, 2011 38). Next, we used the Amplicon Sequencing Assighment (AmpliSAS) tool,
which performs read demultplexing, variant clustering and putative allele filtering based on user-

specified criteria. For the clustering step (identification of reads resulting from genotyping errors



and clustering them with reads identified as true alleles) we used default AmpliSAS settings for Illumina
data, including a substitution error rate of 1%, an indel error rate of 0.001% and the minimum
dominant frequency of 25%. Finally, we used AmpliSAS to filter for clusters that are likely
to be artefacts, including chimeras and other low-frequency artefacts (>3%) that were retained
through the clustering step. Samples with amplicon depth of less than 300 reads were excluded from
the analyses and the maximum amplicon depth was, by default, set to 5000 reads because of AmpliSAS
performance reasons. The average amplicon depth prior to the processing was 4453 + 66 [SE] reads
for MHC-I and 2616 + 97 [SE] reads for MHC-Il. We obtained validated MHC-I and MHC-II genotypes
for 270 and 220 individuals, respectively. Technical reproducibility of validated sequences was 93.7%,
as estimated using 36 technical replicates (i.e. samples for which two amplicons were obtained
in independent PCR reactions and sequenced). To align all unique MHC class | and Il sequences we
used Geneious v10.0.5 (Biomatters Ltd., Auckland, New Zealand). We removed intron regions from

the alighments and we inferred alleles based on the exon fragments only.

Recombination

Recombination signal at the MHC-1 exon 3 and MHC-Il exon 2 (NGS data) was searched for using RDP
v.4.97 software, which implements different algorithms developed specifically to detect recombinant
sequences (Martin et al. 2015) 3°. We used seven basic algorithms (Maxchi, BootScan, Genconv, SiScan,
RDP, Chimaera, and 3Seq) and ran all the analyses using default settings with statistical significance
threshold of P = 0.05 and Bonferroni correction for multiple comparisons. To quantify recombination
signal we calculated the number of different recombination events, number of recombinant
sequences, and number of breakpoints within 100 nucleotide window. A recombination event
was recognized when supported by two or more algorithms, while events recognized by a single
algorithm were discarded. Presence of recombination hot and cold spots was tested with the local

hot/cold-spot test (1000 permutations), as implemented in RDP software.

Sequence polymorphism and selection

We used DnaSP v.6.10.3 software (Rozas et al. 2017)* to characterize MHC class | and Il polymorphism
(NGS and genome assembly data). We assessed sequence polymorphism as the number
of polymorphic sites, total number of mutations, average nucleotide diversity, and average number
of nucleotide differences. To quantify the signature of selection at the MHC-I exon 3 and MHC-Il exon

2 (NGS data) we calculated the dN/dS ratios, which reflect the relative rate of nonsynonymous (amino



acid altering) to synonymous (silent) nucleotide substitutions (per non-synonymous and synonymous
site, respectively). Positive (diversifying) selection is detected when new allelic variants are promoted,
which means that nonsynonymous substitutions accumulate faster than synonymous substitutions
(dN/dS > 1) and similar pattern is expected under pathogen-driven balancing selection, when multiple
alleles are maintained within populations. In contrast, negative (purifying) selection removes most
nonsynonymous substitutions, which thus accumulate slower than synonymous ones (dN/dS<1).
Finally, similar rates of nonsynonymous and synonymous substitutions (dN/dS = 1) indicate neutral
evolution and no detectable signature of selection. We measured codon-specific signature of positive
(diversifying) and negative (purifying) selection using two approaches, Bayesian inference (Fast
Unconstrained Bayesian AppRoximation, FUBAR) and maximum likelihood (Fixed Effects Likelihood,
FEL), implemented in HyPhy software available at the Datamonkey webserver (Weaver et al. 2018) *.
We used 0.95 posterior probability (FUBAR) and 0.05 P value (FEL) thresholds to identify sites that may
have experienced pervasive (apparent across all alleles) diversifying or purifying selection. We also
used Mixed Effect Model of Evolution (MEME) to identify sites subject to episodic (apparent across
a subset of alleles) diversifying selection. We used default settings and input trees inferred from
the alignments in all the analyses. Selection analyses were performed on alignments lacking
recombinant sequences, because recombination can mask true phylogenetic relationships between
allelic variants (allele tree topology) and, thus, lead to erroneous estimates of the nucleotide
substitution rates (Anisimova et al. 2003)*2. Positions of positively selected sites were compared
with putative PBR sites in non-passerine birds (as identified based on the global analysis of selection
at the avian MHC; Minias et al. 2018)%” and humans (based on the crystallographic structure of MHC
molecules by Saper et al. 1991 and Brown et al. 1993)**, Positions of positively selected sites
at MHC-Il exon 2 were also compared with previous data from Iberian coot population (Alcaide et al.
2014)%. To quantitatively assess an agreement between these positions we calculated intra-class

correlation (ICC) coefficients in the irr R package (Gamer et al. 2012)%.



Results

Genome assembly

Our BLAST searches of MHC-I exons 1-5 retrieved 32 contigs containing all five exons and another
12 searches containing four exons (either 1-4 or 2-5). Visual inspection of these sequences retained
27 functional haplotypes, out of which 21 contained exons 1-5 (Fig. S1 in the Electronic Supplementary
Material). All five exons showed similar level of polymorphism, although exon 4 had noticeably lower
nucleotide diversity from the remaining exons (Table 1). Also, the number of retrieved haplotypes
(n =27) suggested the presence of over ten duplicated MHC-I loci in the Eurasian coot. However,
when we BLASTed only exon 2 or exon 3 against genome assembly, we retrieved 76 and 82 unique
functional alleles, respectively. Although it is likely that some of these sequences may represent
genotyping artefacts, overall they provide support for high duplication rate at MHC-I in our study
species. BLAST searches for MHC-Il exons 1-4 retrieved only one contig containing a single sequence
of a and B chain (Fig. S1). Using PBR exons for blast searches yielded similar results (one sequence

of each exon retrieved).

Polymorphism of PBR exons

High-throughput sequencing of PBR exons revealed high level of allelic richness in our study coot
population, as in total we detected 165 allelic variants of MHC-I exon 3 (n = 270 individuals genotyped)
and 147 allelic variants of MHC-Il exon 2 (n = 220 individuals) (Table 1). All allelic variants were
functional (no stop codons or frameshift mutations), providing no evidence of pseudogenization.
We recorded a relatively minor frequency (14.3%) of variants with an indel mutation at MHC-II exon 2
(one-codon deletion at position 84 as marked at Fig. 1), but they all retained functionality.
The maximum number of allelic variants recorded per individual was ten at MHC-I and six at MHC-II,
indicating that we genotyped at least five MHC-I and three MHC-II loci. Most frequently we recorded
two MHC-1 and three MHC-II variants per individual (21.5% and 44.4%, respectively) (Fig. 2). The total
number of segregating sites and total number of mutations were higher at MHC-I exon 3, but MHC-II
exon 2 had slightly higher nucleotide diversity, suggesting similar levels of polymorphism at MHC class

land Il.



Recombination

We found evidence for much stronger recombination signal at the MHC class Il than class I. At MHC-I
we identified three recombination events and the total number of recombinant sequences was 31
(18.8 % of all sequences). In contrast, there were 17 recombination events recognized at MHC-II
and the number of recombinant was over twice higher (n = 68, 45.9 % of all sequences). The mean
number of breakpoints per 100 nucleotide window ranged from 1 to 4 for the MHC-I, and from 4 to 21
for the MHC-II (Fig. 3). Consistently, three recombination hotspots were detected at MHC-II,

while none was detected at MHC-I (Fig. 3).

Selection

Our analyses provided evidence for a much stronger positive (diversifying) selection at MHC-II
than MHC-I in the Eurasian coot. Bayesian methods (FUBAR) identified 15 sites under pervasive
diversifying selection within MHC-II exon 2, whereas only 7 sites were recognized as under pervasive
diversifying selection within MHC-I exon 3 (Table 2, Fig. 1). Maximum-likelihood approach (FEL)
provided similar results (17 and 8 sites pervasive diversifying selection at MHC class Il and class |,
respectively). The number of sites under episodic diversifying selection (MEME) was also higher
at MHC-II (n = 22) than MHC-I (n = 13) (Table 2, Fig. 1). At the same time, the number of sites under
negative (purifying) selection was much lower at MHC-Il when compared with MHC-I (5 vs. 16 sites,
Table 2). Stronger diversifying selection at MHC-II than MHC-I was also inferred from the analysis
of nucleotide substitution rates (dN/dS), as measured across putative PBR sites recognized in non-
passerine birds (2.83 vs. 1.73) or humans (3.37 vs. 1.64) (Table 2). Positions of positively selected sites
at MHC-Il showed a moderately high agreement with positions of putative PBR sites in non-passerines
(ICC=0.55) and humans (ICC = 0.47), and with positions of sites previously identified as under positive
selection in the Iberian coot population (ICC =0.59) (all P < 0.001). Agreement rate at MHC-l was much
lower (ICC = 0.28, P = 0.003 for putative non-passerine PBR) or non-significant (P = 0.90 for human
PBR).



Discussion

In order to characterize the MHC in a non-model bird species, the Eurasian coot, we have combined
two molecular approaches, i.e. genome assembly and high-throughput sequencing at the population
level. The analysis of genome sequences revealed the presence of an unexpectedly large number
of MHC-I loci, as contrasted to the other nonpasserine bird species. This finding confirmed previous
genomic analyses of MHC architecture in birds, indicating that the genome assembly approach may
produce a better resolution of the MHC region compared to the population-wide genotyping of single
exons®. On the other hand, our screening of MHC polymorphism at the population level provided
support for contrasting evolutionary trajectories at both MHC classes in the Eurasian coot. Although
we found a similar allelic and nucleotide diversity at MHC-I and MHC Il genes, the mechanisms
responsible for maintenance of this variation clearly differed, as MHC-Il showed stronger signal

of positive (diversifying) selection and recombination (gene conversion).

In general, MHC studies in birds demonstrated that most species of nonpasserines seem
to have a smaller number of both MHC-I and MHC-II loci compared to passerines, in which the rate
of MHC gene duplication is considerably greater®. Our study indicates that coot genome may contain
more MHC-I loci (ca. 10 loci suggested by the analysis genome assembly, at least 5 loci indicated
by targeted exon sequencing) than genomes of most nonpasserine bird species studied thus far.
For example, birds from the Galliformes order (landfowl), such as the domestic chicken Gallus gallus,
common quail Coturnix coturnix, wild turkey Meleagris gallopavo and golden pheasant Chrysolophus
pictus, have long been recognized to have a compact MHC containing between one and three MHC-
genes?®448 |n fact, the domestic chicken is known to have the most compact MHC region
ever reported (the minimal essential MHC), containing only one dominantly-expressed locus at each
class*~% A recent broad-scale comparative analysis confirmed that the vast majority (90%)
of nonpasserine species have only three or fewer MHC loci of a given class'®. Higher numbers of MHC
loci were recorded in nonpasserines only exceptionally, e.g. eight gene copies of MHC-I or MHC-Il were
found in blue petrel Halobaena caerulea®® and blakiston’s fish owl Ketupa blakistoni®?,
and the maximum level of MHC expansion among nonpasserines was recorded in tufted duck Aythya
fuligula and carmine bee-eater Merops nubicus (up to 11-12 functional MHC-I loci)?°. Contrasted with
general patterns of MHC architecture in non-passerine birds, the number of MHC-I loci (5-10)
in the Eurasian coot seems to be exceptional and further research is needed to examine

whether this is a conserved feature of the MHC across rail family.



In contrast to nonpasserine birds, passerines often demonstrate considerably larger numbers
of MHC genes, with the average numbers of 7.5 MHC-I and 5 MHC-II loci per species®. To date,
population-wide genotyping of PBR exons in birds has revealed the presence of up to 33 MHC-I loci
in the sedge warbler®® and 22 MHC-II loci in the common yellowthroat®®. However, this approach
is expected to underestimate the total number of MHC loci, as it assumes heterozygosity at each locus,
and reliable information on MHC copy number variation has been obtained for only a handful of model
species with relatively simple architecture of the MHC region*:5#%, This issues have been largely
alleviated by advancements in third-generation sequencing (TGS) techniques, which allow much more
reliable reconstruction of complex MHC regions, even in passerines. For example, recent analyses
of TGS-based genomes provided support for rapid MHC expansion in manakins (Pipridae)

with up to 180 MHC-II loci recorded in the golden-collared manakin Manacus vitellinus®.

A relatively large number of MHC loci in the Eurasian coot may suggest that the species has
been exposed to a greater pathogen-driven selection over its evolutionary history, when compared
to other nonpasserines. However, the processes of adaptive MHC gene duplications in response
to pathogen and parasite pressure may have a complex nature. On one hand, a comparative study
conducted across 54 divergent avian species showed that blood parasite diversity negatively covaried
with the number of MHC-I loci, suggesting their effective eradication from hosts with broader
spectrum of MHC allelic variants®®. On the other hand, a positive correlation between the MHC-1I gene
copy number and helminth richness has been reported in nonpasserines, which may reflect
an evolutionary (historical) pressure of parasitic faunas on the MHC expansion®’. It is possible that
an apparent discrepancy between these studies is due to different evolutionary trajectories of MHC-I
and MHC-II or due to distinct evolutionary processes shaping MHC architecture in major avian lineages
(the first study was based mainly on passerines®). Irrespective of these differences, pathogens
and parasites seem to constitute a leading force that govern the evolution of MHC architecture
and duplication processes within this region. At the same time, there are scarcely any studies testing
for evolutionary associations between pathogen diversity and MHC copy numbers in vertebrate
taxa other than birds. Also, most of this research focused on associations of pathogens or parasites
with MHC polymorphism and allelic diversity, rather than with gene copy numbers. For instance, high
parasite diversity was associated with greater diversity of MHC-II alleles in some mammalian clades,

%859 Despite empirical evidence supporting associations

including rodents, bats and ungulates
of duplication processes at the MHC with pathogen-driven selection, we acknowledge that pathogen
pressure per se seems insufficient to fully explain a huge MHC gene copy number variation, which

is observed among divergent vertebrate lineages. Simulation studies indicate that the evolution



of MHC numbers may also be driven by the inherent costs of expressing multiple allelic variants®, such

as the risk of autoimmune diseases or the depletion of T lymphocyte receptor (TLR) reservoir®62,

Despite extensive duplications at the MHC-I in the Eurasian coot, our analyses failed to find
any convincing evidence for pseudogenization processes. All MHC-1 and MHC-II PBR exon sequences
retrieved in our study were functional and we found no allelic variants with stop codons or frameshift
mutations. Although some haplotypes retrieved from our genome assembly showed the signs of non-
functionality, they could be most likely attributed to errors in genotyping or assembly procedures.
In accordance with our findings, the previous study on the MHC-II in another (lberian) population
of the Eurasian did not reveal the presence of pseudogenes®. In general, the “birth and death”
evolution model assumes that over evolutionary times some copies of MHC genes should preserve
their primary functions, some others my get duplicated and gain novel functions, while some others
turn into pseudogenes via non-functional mutations (e.g. indels)%%*, Here, we found a relatively minor
frequency of variants with a one-codon deletion at MHC-II exon 2, but they all retained functionality.
In general, passerines have a much more complex MHC architecture, with many extremely
polymorphic and duplicated genes, but also with long introns and pseudogenes. In the great reed
warbler Acrocephalus arundinaceus 25% MHC-I allelic variants presumably originated
from pseudogenes, as they contained a 5-bp deletion in exon 3, which leads to the shift of the reading
frame®. Similarly, 20% MHC-II sequences were identified as pseudogenic in the red-winged blackbird
Agelaius phoenicus®, while in the house finch Carpodacus mexicanus frameshift mutations were
recorded in both MHC-Il exon 2 and 3%”. In nonpasserines, occurrence of pseudogenes have rarely been

reported and non-functional allelic variants, if present, usually showed minor frequencies®>95°,

Our study showed that MHC expansion in the Eurasian coot was accompanied with high levels
of allelic diversity and, in total, we retrieved 165 MHC-I and 147 MHC-II alleles within the Central
European population. Even a greater level of the MHC-II allelic polymorphism was previously revealed
in the lberian population of this species (265 alleles), yet these analyses were based on the sample
several times greater than ours (902 vs. 283 individuals)?. Our findings in combination with previous
research?® indicate that European coots show the highest degree of MHC-I and MHC-II allelic
polymorphism ever reported in nonpasserines. Within non-Passeriformes, a relatively high level
of MHC polymorphism (though markedly lower than in coots) was found primarily at class Il genes.
For example, 109 MHC-Il alleles were detected in the Mediterranean population of the great flamingo
Phoenicopterus roseus’, and 103 allelic variants were described in a population of lesser kestrels Falco
naumanni’*. Yet, most of nonpasserine species demonstrate a considerably smaller allelic

polymorphism at the MHC (particularly MHC-1) genes. For instance, the MHC-I allelic richness



was estimated at 47 alleles in black-tailed godwit Limosa limosa’®, 38 alleles in red-billed gull
Chroicocephalus novaehollandiae scopulinus ®® and 36 alleles in red knot Calidris canutus”. Compared
to the Eurasian coot, the higher levels of MHC polymorphism have been demonstrated only
in passerine birds, reaching hundreds or thousands alleles in some populations'®*74 A comparison
of MHC allelic richness between different coot populations showed that most MHC-II allelic variants
(86%) found in our (Central-European) population were previously described in the Iberian
population?®, despite the fact that both populations are spatially separated (the vast majority of our
birds do not reach the Iberian Peninsula even during winter’®). This indicates a strong homogenization
of the MHC pool at a relatively large geographical scale and a minor significance of local adaptation
processes in shaping MHC polymorphism in coots. This, in turn, may suggest a relatively strong spatial

homogeneity in the pressure of extracellular pathogens on this species.

Population-wide genotyping of key PBR exons in the Eurasian coot indicated that an overall
level of polymorphism was similar between MHC-I and MHC-II genes. Although the number of alleles
and segregation sites, as well as the total number of mutations were slightly greater for MHC-I,
we observed slightly higher nucleotide diversity at the MHC-II. Despite this similarity, our analyses
revealed a considerably stronger signature of positive selection and recombination at the MHC-II
than MHC-I. At MHC-I we detected only 8 sites under pervasive positive selection, which was half
the number of positively selected sites at the MHC-Il (n=17). The rate of non-synonymous
to synonymous nucleotide substitutions within the putative PBR sites was also greater within MHC-I,
indicating a stronger pathogen-driven diversifying selection. Finally, we found a greater number
of recombination events and a greater percentage of recombinant sequences at the MHC-Il and,
in general, recombination mechanisms are known to effectively generate MHC variation under strong
pathogen pressure’®. All these results seem to suggest that, in an evolutionary context, extracellular
parasites might have exerted a stronger selective pressure on the MHC-Il genes in coots,
when compared with the intracellular pathogens, whose antigens are recognized by the MHC-I.
A similar pattern (i.e. stronger diversifying selection at MHC-Il than MHC-1) was previously described
in other nonpasserine lineages, e.g. Procellariformes® and Phoenicopteriformes, as well as in a large-
scale analysis of selection at the nonpasserine MHC?. An opposite pattern was recorded in passerines,
where diversifying selection is usually stronger at the MHC-1?’. In general, the evolutionary trajectories
of MHC-I and MHC-II genes in passerine and nonpasserine birds may differ, suggesting a contrasting
pressure by extra- and intracellular pathogens?’. As the diversity of ecological niches for extracellular
parasites should increase along with the structural size of their hosts”’, these differences could possibly
be linked to greater body sizes of nonpasserines, which are thus likely to interact with more diverse

faunas of extracellular parasites.



To sum up, the combination of complementary molecular approaches, i.e. targeted exon
genotyping via high-throughput sequencing and de novo genome assembly, allowed us to obtain
a high-quality resolution of MHC polymorphism in a non-model bird species from rail family. Our study
provided novel insights into the evolution of key pathogen-recognition genes of the adaptive immunity
in a poorly researched lineage of birds and revealed some unique features of the MHC in our study
species (extraordinary duplication rate and allelic richness). Finally, our comparisons of selection
and recombination processes clearly indicated that the polymorphism of MHC-I and MHC-II genes
in birds may be governed by distinct mechanisms, thereby providing evidence for variation

in the evolutionary trajectories of both MHC classes.
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Table 1. Polymorphism of MHC class | and MHC class Il in the Eurasian coot, as inferred from genome

assembly and high-throughput (lllumina sequencing).

No.

MHC Method Exon Length No. segregating Total .no. Nu.cleo'gde
(bp) sequences . mutations  diversity
sites

1 64 25 38 56 0.158
2 264 27 130 160 0.107
Genome 3 276 27 131 166 0.122

assembly
Class | 4 273 27 90 103 0.051
5 105 23 43 54 0.116
lllumina 273 165 181 251 0.103

sequencing

Class Il lllumina 2 270 147 103 143 0.118

sequencing




Table 2. Selection signature at the MHC class | exon 3 and MHC class Il exon 2.

No. of sites

Nucleotide substitution rates

(dN/dS)
MHC Exon Pervasive Pervasive Episodic
negat!ve p05|t|ye p05|t|ye All sites Non-passerines Human PBR
selection selection selection PBR
(FUBAR/FEL) (FUBAR/FEL) (MEME)
Class | 3 13/16 7/8 13 1.702 1.73 1.64
Class Il 2 4/5 15/17 22 0.932 2.83 3.37




Figure 1. Alignments of amino acid sequences of MHC class | exon 3 (A) and MHC class Il exon 2 (B)
in the Eurasian coot. Five most frequent variants of each exon are shown. Dots indicate amino acids
identical with the reference consensus sequence. Sites under pervasive and episodic positive selection
are marked with dark and light red, sites under pervasive negative selection are marked with blue.
Pervasive and episodic selection was assessed with FEL/FUBAR and MEME, respectively, using non-
recombinant sequences only. Variation in selection parameter (dN - dS) is shown
above the alignments. Putative peptide-binding residues (PBR) of non-passerine birds (based
on the global analysis of selection at the avian MHC by Minias et al. 2018) and humans (based
on the crystallographic structure of MHC molecules by Saper et al. 1991 and Brown et al. 1993)
are indicated with crosses (+) and large dots (®) at the top of each panel. Positively selected sites

previously recognized at MHC class Il exon 2 by Alcaide et al. (2014) are indicated with asterisks (*).
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Figure 2. The number of MHC class | (A) and MHC class Il (B) allelic variants recorded per individual

in the Eurasian coot.
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Figure 3. Recombination signal at the MHC class | exon 3 (A) and class Il exon 2 (B). Black line indicates
the number of breakpoints detectable within a 100 nucleotide (nt) window. Dark and light grey areas
indicate the 95% and 99% confidence intervals for the expected degrees of breakpoint clustering
in the absence of recombination hot- and cold-spots (as assessed with the local hot/cold spot test).
Positions in alignment where black line emerges above the grey areas indicate a recombination

hot-spot, while positions where it drops below the grey areas indicate a recombination cold-spot.
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Figure S1. Alignments of amino acid MHC-I (A), MHC-IIA (B), and MHC-IIB (C) sequences of the Eurasian coot Fulica atra, as retrieved from de novo genome
assembly. Four randomly selected MHC-I haplotypes were shown. Sequences from the mallard Anas platyrhynchos (MH218846 for MHC-I, HM070250 for
MHC-IIA), chicken Gallus gallus (AF459830 for MHC-), crested ibis Nipponia nippon (AB872444 for MHC-1IA and MHC-IIB), and Chinese egret Egretta
eulophotes (KC282841 for MHC-IIB) were added for reference.
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Abstract

1. Genes of the major histocompatibility complex (MHC) encode the antigen binding molecules and
are an integral part of the acquired immune response of vertebrates. In general, high individual MHC
diversity is expected to increase fitness by broadening the spectrum of pathogens recognized by the
immune system, in accordance with the heterozygote advantage mechanism. On the other hand, the
optimality hypothesis assumes that individuals with optimal (intermediate), rather than maximum
diversity of the MHC will achieve the highest fitness because of inherent costs associated with

expressing diverse MHC alleles.

2. Here, we tested for associations between individual diversity of the MHC class | and class Il genes
(binding antigens of intra- and extra-cellular pathogens, respectively) and a range of fitness-related
traits (condition, ornament expression and reproduction) in an urban population of the Eurasian coot

Fulica atra.

3. Contrary to our expectation, we found that high allelic diversity of MHC genes (both class | and )
was associated with poorer condition (lower blood haemoglobin concentrations), weaker expression
of the putative ornament (smaller frontal shield), later onset of breeding and smaller clutches in the
same individuals. An analysis of functional MHC allele clusters (supertypes) provided further support
for negative associations of MHC diversity with fitness-related traits and we identified several specific
MHC class | and Il supertypes that were associated with lower phenotypic quality or reproduction.
Little empirical support was found for optimality hypothesis and clutch size was the only trait

showing non-liner association with MHC class Il diversity.

4. Our results suggest that the costs of expressing high number of MHC alleles outweighed any
benefits associated with diverse MHC repertoire, which could be driven by depauperate pathogen
diversity in an urban landscape. To the best of our knowledge, this is one of the first studies
providing consistent evidence for negative associations of MHC diversity with a range of fitness-

related traits in a natural avian population.

Keywords: birds, fitness, heterozygote advantage, major histocompatibility complex, optimality

hypothesis.



1. Introduction

The family of major histocompatibility complex (MHC) genes forms the most polymorphic region
within vertebrate genome and it plays a critical role in the response of the acquired immune system
(Geraghty et al., 2002). MHC molecules bind fragments of peptides derived from the processing of
intracellular (MHC class 1) or extracellular (MHC class Il) pathogens and display them for recognition
by the appropriate T lymphocytes, which initiates the production of antibodies or the destruction of
pathogen-infected cells (Janeway et al., 2001). As a result of the co-evolutionary arms race between
pathogens and their hosts, the antigen-binding domains of MHC molecules are subjected to strong
balancing (diversifying) selection, which leads to the maintenance of high diversity of these genes in

natural populations (Spurgin & Richardson, 2010).

There are several non-exclusive mechanisms of balancing selection that promote
maintenance of high MHC diversity within natural populations, and these processes can be further
reinforced by sexual selection (Spurgin & Richardson, 2010, Ejsmond et al., 2014). In general, females
may prefer to mate with males that have “good genes”, i.e. alleles that can directly improve the
genetic quality of their offspring (Brouwer et al., 2010; Dunn et al., 2013). This kind of mating
mechanism may be linked to the rare allele hypothesis (negative frequency-dependent selection),
where individuals with low frequency MHC alleles gain a fitness advantage, as their immune system
may better detect and counteract novel pathogens with mutations that avoid the most common
MHC alleles of the host (Brouwer et al., 2010; Gillingham et al., 2017). Another hypothesis proposes
that the maximum diversity of alleles at the individual level may be the most favourable in terms of
fitness. According to the heterozygote advantage mechanism (overdominant selection), a greater
number of alleles expressed within an individual increases the spectrum of antigens recognized and,
thus, provides a selective advantage in pathogen recognition, thereby improving fitness (Doherty &
Zinkernagel, 1975; McClelland et al., 2003). Consistently, MHC genes of various vertebrate lineages
have been subject to extensive duplication processes throughout their evolution, which enhanced an
increased individual allelic MHC repertoire (Axtner & Sommer 2007). Although it is usually difficult to
separate the mechanisms responsible for maintaining high MHC diversity at the population level
(Spurgin & Richardson 2010), the mechanism of heterozygote advantage predicts a positive
relationship between MHC diversity and fitness-related traits across individuals (henceforth referred

to as MHC diversity hypothesis).

The mechanisms of heterozygote advantage do not necessarily consider any upper limits on

the individual MHC allele richness. However, high MHC diversity at individual level may be



unfavourable due to an increased risk of autoimmune diseases and a reduction in the repertoire of
antigens recognized by T lymphocyte receptors (TCR) (Roved et al., 2018). Recent studies on bank
voles Myodes glareolus confirmed that the reduction of TCR repertoire is associated with high
individual variability within MHC class | genes, but no similar relationship has been demonstrated for
MHC class Il genes (Migalska et al., 2019). These mechanisms are directly associated with the
hypothesis of optimality (Wegner et al., 2003), assuming that intermediate rather than maximum

diversity of MHC alleles is optimal and associated with the highest fitness within populations.

So far, research on the association between individual MHC diversity and fitness components
in birds have yielded mixed results. On the one hand, positive linear relationships between MHC
diversity and reproduction or survival have been demonstrated in species such as the Egyptian
vulture Neophron percnopterus (Agudo et al., 2012), Magellanic penguin Spheniscus magellanicus
(Knafler et al., 2012), and common yellowthroat Geothlypis trichas (Dunn et al., 2013). Individual
MHC diversity was also reported to be positively correlated with the expression of sexual ornaments
(Hale et al., 2009; Whittingham et al., 2015), and negatively associated with the prevalence or
intensity of infection by different types of parasites (Radwan et al., 2012; Slade et al. 2017). On the
other hand, many studies demonstrated lack of significant relationships (e.g., Ekblom et al., 2004;
Karlsson et al., 2015; Bateson et al., 2016), suggesting that the link between the MHC and fitness is
not a common phenomenon in natural bird populations. However, most research has tested for
linear relationships between MHC diversity and fitness-related traits, while the attempts to test the
assumptions of the optimality hypothesis in birds have been fewer and mostly inconclusive or
negative (e.g., Radwan et al., 2012; Sepil et al., 2013b; Biedrzycka et al., 2018). Limited support for
MHC optimality in birds clearly contrasted with the results of similar studies in fish, especially three-
spined stickleback Gasterosteus aculeatus, which provided one of the most convincing empirical

evidence for optimal MHC diversity so far (Wegner et al., 2003; Kurtz et al., 2004; Kalbe et al., 2009).

The aim of this study was to test the associations between the diversity of MHC genes and
fitness-related traits (condition, reproduction, and ornament expression) in the Eurasian coot Fulica
atra, a common waterbird. For this purpose, we genotyped MHC class | and class Il in over 100
individuals from a recently established (possibly bottlenecked) urban population in central Poland
and, at the same time, collected information about almost 200 reproductive episodes of genotyped
individuals. We tested for both positive linear and non-linear associations between MHC diversity
and fitness-related traits, as predicted by the MHC diversity and optimality hypotheses, respectively.

We also expected that the patterns of associations between the MHC and fithess may differ between



classes | and class Il genes, as the costs of expressing a large number of MHC alleles may vary

between the both classes (Migalska et al., 2019).

2. Materials and Methods

(a) Study site and general methodology

The fieldwork took place in an urban area of todz (51° 45’ N, 19° 27’ E), one of the largest cities in
Poland (680 000 inhabitants; 293.25 km?). In 2010-2020 we monitored the entire coot population
within the administrative borders of the city (ca. 30-60 breeding pairs). During this period we
captured and sampled blood from 114 adult individuals. All birds were captured with noose traps
made from monofilament nylon or by hand, while incubating on the nest or while feeding on the
shore (at the pre-laying stage or in the chick rearing period). Each bird was marked with a metal ring
(left tarsus) and a plastic neck collar with individual alphanumeric code that allowed easy
identification of individuals in the field. At capture, we took basic measurements, including tarsus
length and total head length, both measured with callipers (+ 0.1 mm). Body mass was measured
with an electronic balance (+ 1 g). We also measured the size of the putative non-plumage ornament,
the frontal shield (see below for details). Finally, we collected ca. 5 ul of blood for the measurement
of the total blood haemoglobin concentration (as an indicator of physiological condition, see below),
while 50 ul of blood was collected into 96% ethanol for genetic analyses: molecular sexing, MHC
genotyping, and double digest restriction-site association DNA (ddRAD) sequencing. Genomic DNA
was extracted from all blood samples using GeneJET Genomic DNA Purification Kit (Fermentas,
Thermo Fisher Scientific, Waltham, MA, USA) and Bio-Trace DNA Purification Kit (EURx, Gdansk,
Poland), following manufacturers’ protocols. Molecular sexing followed methodology developed by
Griffiths et al. (1998), according to the protocol described in Minias et al. (2015a). Sex ratio of our

sample was roughly equal (58 females and 56 males).



(b) Phenotypic traits

In the analyses we used three traits that were expected to be associated with phenotypic quality of

birds:

i) Body mass was used as a general measure of condition, as it may be a reliable indicator of energy
reserves, when appropriately corrected for structural body size (Peig & Green, 2009). To estimate
structural body size, we calculated the first principal component (PC1) from two size measurements,

tarsus and total head length, and included it as a covariate in the modelling.

ii) Total blood haemoglobin concentration was used as a measure of physiological condition.
Haemoglobin concentration is a key indicator of blood oxygen-carrying capacity and it reflects the
potential of an organism to satisfy its oxygen demands. In birds, it has been reported to correlate
with other measures of condition, diet quality, parasite prevalence and survival across a wide range
of taxa (reviewed in Minias 2015b). To measure total blood haemoglobin concentration we used a
portable HemoCue Hb 201+ photometer (HemoCue, Angeholm, Sweden), which was previously
shown to reliably measure this trait in avian blood (Velguth et al., 2010). Absorbance of blood
(directly proportional to haemoglobin concentration) was measured using disposable HemoCue

microcuvettes.

iii) Frontal shield size was used as a measure of a putative ornament expression. Eurasian coots are
sexually monochromatic in plumage, but both sexes have a conspicuous and sexually dimorphic
(larger in males; Minias, 2015a) white fleshy frontal shield that extends from the bill onto the head
crown. This kind of morphological structure is typical for many rallid species and it increases in size
prior to the breeding season in a testosterone-dependent manner (Eens et al., 2000). Frontal shield
size has been reported to signal dominance, social status, fighting ability and condition in other
rallids (Crowley & Magrath 2004; Alvarez et al., 2005; Dey et al., 2014), although similar information
is lacking for the Eurasian coot (but see Minias et al., 2020 for the correlation between female frontal
shield size and the quality of eggshell pigmentation). We used callipers to measure length and width
of the frontal shield (+ 0.1 mm) and calculated the first principal component (PC1) from these two

measurements, which was used as an indicator of ornament size.



(c) Reproductive traits

During the study period we recorded 232 reproductive events (clutches) by 106 marked individuals.
We recorded up to seven reproductive events per individual, but 67% of individuals had only <2
reproductive events recorded. Most of the events represented first clutches (82.8%), but there were
also renest clutches after brood failure (12.9%) and second clutches (4.3%) included in the dataset.
For each reproductive event, laying of the first egg (laying date) was assigned to the successive five-
day periods beginning from 20 March (earliest laying date recorded within our study population). For
most of the events, we also recorded clutch size (n = 171), hatching success (coded as hatched versus
non-hatched clutches, n = 225) and breeding success (number of fully grown offspring recorded ca.

1.5 month from hatching; n = 204).

(d) MHC genotyping

We genotyped the MHC class | and class Il gene fragments coding for the peptide-binding region of
the molecule, which is directly involved in antigen binding. To genotype MHC class | we used two
degenerate primers MHCl-int2F (5'- CATTTCCCTYGTGTTTCAGG-3’) and MHCl-ex4R (3'-
GGGTAGAAGCCGTGAGCRC-5’) originally designed for accipitrid birds (Alcaide et al., 2009). These two
primers bind to the flanking region of intron 2 and the conserved region of exon 4, and successfully
amplify the entire MHC class | exon 3. For MHC class |l genotyping we used two primers Fuat-Ex2Fw
(5'-CTGACCRGCCTCCCTGCA-3') and Fuat-Ex2Rv (5'-TTGTGCCAYACACCCACC-3’) originally designed for
the Eurasian coot (Alcaide et al., 2014). The primers bind to the flanking region of intron 1 and the
conserved region of exon 3 and successfully amplify the entire MHC class Il exon 2 (270 bp). All PCR
amplifications followed original protocols (Alcaide et al. 2009; 2014). Each PCR sample contained 1 pl
of template DNA corresponding to approximately 20-80 ng of DNA, 10 ul of 2X HotStarTaq Plus
MasterMix Kit (Qiagen, Venlo, The Netherlands), 8 pl of deionized water and 0.5 ul of each primer
(total volume of 20 pl). In all PCRs we used fusion primers, with [llumina Nextera Transposase
adapter sequences (lllumina Corp., San Diego, CA, USA), and 7-bp barcodes for sample identification.
We used a relatively low number of amplification cycles (n = 25) to reduce the risk of chimera
formation. To detect positive amplifications all PCR products were evaluated by electrophoresis on
2% agarose gel. All PCR products were purified using AMPure XP magnetic beads (Beckman Coulter,
Brea, CA, USA) and their concentrations were assessed with Quant-iT PicoGreen dsDNA marking kit
(Thermo FisherScientific, Waltham, MA, USA). The libraries were prepared separately for MHC class |

and class Il from equimolar quantities of PCR products using NEB-Next DNA Library Prep Master Mix



Set for Illumina (New England Biolabs, Ipswich, MA, USA) and sequenced on the 2 x 250bp Illumina
MiSeq platform.

(e) Processing of lllumina data and MHC allele validation

Raw data from Illumina MiSeq sequencing were analysed and processed using the Amplicon
Sequencing Analysis Tools (AmlpiSAT) webserver (Sebastian et al., 2016), following recommendations
for Illumina data processing developed by Biedrzycka et al. (2017). First, paired-end sequences were
merged using the Amplicon Sequencing MERGing tool (AmpliMERGE), which operates based on the
FLASH algorithm with optimum overlapping parameters (Magoc & Salzberg, 2011). The stages of de-
multiplexing, clustering, and filtering of merged reads were conducted in the Amplicon Sequencing
Assignment (AmpliSAS) tool. At the clustering stage we used default parameters for Illumina data,
including 1% substitution errors, 0.001% indel errors, and 25% minimum dominant frequency. During
the filtering stage, chimeras and low frequency sequences (>3%) were discarded, as recommended
for the general processing of lllumina data (Kircher et al., 2011). The processing was conducted for
amplicons with the minimum depth of 300 reads and the maximum amplicon depth was set to 5000
reads because of AmpliSAS performance reasons (by default excluding additional reads from
analyses). The average amplicon depth was 1706 * 73 [SE] (prior to processing) and the average
number of reads for validated sequences was 1398 + 64 [SE] reads per sample. To determine the
reproducibility of our genotyping and processing approaches, a total of 36 technical replicates
(samples from the same individuals amplified in independent PCR reactions) were genotyped. The
technical reproducibility of validated sequences was high (93.7 %). All unique MHC class | and class Il
sequences were aligned using Geneious v10.0.0.5 (Biomatters Ltd., Auckland, New Zealand). Intron
regions were removed from the alignments and alleles were inferred based on the exon fragments
only. We retrieved 1-10 MHC class | and 1-6 MHC class Il alleles per individual, indicating that our
primers targeted at least five and three MHC class | and class Il loci, respectively. Although the total
number of MHC genes is not known in our study species (as in most non-model avian taxa), it has
been reported to be generally low in non-passerine birds (compared to passerines) and only
exceptionally exceeds five genes per class (Minias et al., 2019). Individual MHC allelic diversity was
calculated as the number of MHC class | or class Il alleles recorded per individual and categorized into
three groups of low (1-2 class | or class Il alleles), intermediate (3-5 class | alleles or 3 class Il alleles)
and high (6-10 class | alleles or 4-6 class Il alleles) diversity. This categorization allowed us to deal
with non-normal distribution of allele numbers and to effectively test for non-linear associations of

MHC diversity with fitness-related traits (according to the key assumptions of the optimality



hypothesis). We found the traditional approach to test the optimality hypothesis (adding a quadratic
term of MHC diversity to the models) ineffective, as significant quadratic terms could indicate one-
directional (positive or negative) non-linear associations and may not necessarily provide support for

local trait maxima or minima under intermediate MHC diversity.

(f) MHC supertype clustering

As different MHC alleles may have similar peptide-binding properties and focusing on functional MHC
allele clusters (supertypes) may be more biologically relevant (Biedrzycka et al., 2018), we have
performed allele clustering for MHC class | and |l sequences detected in our study population. For
this purpose we used k-means clustering and discriminant function analysis of principal components
(DAPC) implemented in adegenet package (Jombart, 2008) developed for the R statistical
environment (R Foundation for Statistical Computing, Vienna, Austria). In the analyses we followed a
protocol described by Biedrzycka et al. (2018) and details of allele clustering are presented in the
Electronic Supplementary Material (ESM). The MHC supertype diversity was calculated as the
number of supertypes detected within an individual. Since analyses of MHC allelic diversity provided
little support for non-linear associations with fitness-related traits (see results for details), we

avoided categorization of these data and tested for linear associations only.

(g) ddRAD sequencing

Allelic diversity at the MHC may not only be governed by evolutionary or population processes that
specifically target these genes, but may also be affected by the mechanisms operating at the level of
the entire genome (e.g. inbreeding). To test whether any possible associations of MHC diversity with
fitness were actually driven by genome-wide diversity, we used ddRAD sequencing to estimate
genome-wide heterozygosity of all captured individuals. The ddRAD libraries were prepared at the
Texas A&M Agrilife Genomics Facility (USA), which followed a protocol recommended by Peterson et
al. (2012). Briefly, we used Pstl (5’-CTGCA/G-3’) and Mbol (5’-/GATC-3’) restriction enzymes for DNA
digestion and selected 300-600 bp fragments for lllumina HiSeq 2500v4 sequencing. Approximately
2.3 million reads per sample were generated and processed with Stacks 2.0 software (Catchen et al.,
2013). The processing included the following steps: i) trimming and demultiplexing raw reads; ii)

removing low quality reads (based onPhred33 quality score) and reads with uncalled sites; iii) calling



single nucleotide polymorphism (SNP) with de novo approach (a minimum coverage depth of 3 reads
per stack and a maximum of 3 mismatches between any two alleles in the population and within
individuals). The processing stage produced 868 297 loci with an effective sample coverage of 9x (SD
= 1.8x, range: 5.0 — 14.7x), which were then exported into a variant call format (VCF) file. Genome-
wide heterozygosity was calculated across 14 525 SNPs that were called in at least 80% of individuals
(on average 12 831 + 98 [SE] SNPs per sample) using VCFtools (Danecek et al., 2011). Observed
heterozygosity values ranged from 0.168 to 0.223 (on average 0.203 + 0.001 [SE]).

(h) Statistical analyses

Associations of MHC class | and class Il diversity with fitness-related (phenotypic and reproductive)
traits were analysed using the generalized linear mixed models (GLMMs), as implemented in the
glmmADMB R package (Skaug et al., 2012). First, we conducted analyses at the level of MHC allelic
diversity (number of alleles). All phenotypic (blood haemoglobin concentration, body mass, and
frontal shield size) and reproductive (laying date, clutch size, hatching success, breeding success)
traits were entered as response variables in separate models. Measures of MHC class | and class Il
allelic diversity were entered as three-level (low, intermediate, high) fixed factors in each model,
while sex was entered as an additional fixed factor and genome-wide heterozygosity as a covariate.
In the analyses of phenotypic traits we also entered capture date and body size (PC1) as covariates.
Hour of measurement was entered as an additional covariate only in the analysis of blood
haemoglobin concentration to control for diurnal variation in this trait. In the analyses of clutch size
and hatching/breeding success we entered laying date (covariate) and brood status (fixed factor) to
control for variation in reproductive performance between first, renest, and second clutches. The
analysis of laying dates was conducted for first clutches only. We also tested for the effects of
interactions between MHC diversity (class | and class 1l) and sex on each phenotypic and reproductive
trait, to assess whether these associations are not sex-specific. All interactions were non-significant
and removed from the models, except for the analysis of blood haemoglobin concentration (Tables
S1 and S2 in the ESM). Thus, the final models for blood haemoglobin concentration were run
separately for each sex. Second, we ran the analyses at the level of MHC supertype diversity (number
of supertypes). The models had similar structure, except for the fact that MHC class | and class I
supertype diversity were included as a covariates. We also tested for the effects of specific MHC
supertypes on each fitness-related trait (not possible for alleles because of their lower frequencies),
and these models were run separately for MHC class | and Il. Because of numerous predictors (12

MHC class | and 14 MHC class Il supertypes, see results for details), we reduced these models by



removing highly non-significant (p > 0.15) supertype effects and corrected p values for multiple
comparisons (false discovery rate; Benjamini & Hochberg, 1995). Finally, we tested whether
associations of MHC supertype diversity with fitness-related traits were not primarily driven by the
occurrence of specific supertypes and for this purpose we combined both types of predictors
(supertype diversity and presence of specific supertypes) within the same models. The effects of
individual identity and year were entered as random factors in each GLMM to avoid
pseudoreplication resulting from repeated measurements of the same individuals (e.g. across years)
and to control for inter-annual variation in all the traits. Hatching success (binary trait) was analysed
with a binomial distribution, while breeding success was analysed with a zero-inflated Poisson
distribution. All other analyses were run with Gaussian distributions for the response variables. All

values are reported as means + SE.

3. Results

We found that MHC diversity was associated with physiological condition and ornament expression
in the Eurasian coot, but in the opposite direction of our predictions. Birds with a high number of
MHC class | and class Il alleles were in poorer condition (had significantly lower blood haemoglobin
concentrations) when compared with birds that had a low number of MHC alleles, although these
associations were sex-specific (see Table S1 for significant MHC-sex interaction) and apparent either
in males (MHC class 1) or females (MHC class Il) (Table 2; Fig. 1A,2A). Also, coots with high MHC class
Il diversity had smaller ornaments, the frontal shield (Table 3; Fig. 2B). No significant association was
found between MHC diversity and body mass (after correction for structural size of individuals)
(Table S3). Analysis of reproductive traits revealed significant relationships of MHC diversity with
laying date and clutch size. Laying date was associated with MHC class | diversity, as individuals with
intermediate and high number of MHC alleles started breeding significantly later (on average 5.47 +
2.59 and 7.34 + 3.18 days later, respectively) than individuals with low number of alleles (Table 4; Fig.
1B). Also, coots with high MHC class | diversity had smaller clutches than birds with low MHC
diversity, even after controlling for variation in laying date (Table 4, Fig. 1C). In contrast, individuals
with intermediate MHC class |l diversity had clutch size significantly higher than individuals with low
diversity (Table 4; Fig. 2C), whereas no significant differences in clutch size were recorded between
birds that had low and high MHC class Il diversity (Table 4). Associations of MHC diversity with both
laying and clutch size were apparent in both sexes, as indicated by non-significant MHC-sex

interactions (Table S2). In contrast to laying date and clutch size, we found no evidence for significant



associations between MHC diversity and hatching or breeding success (Table S4). Also, we found no
statistical support for associations of genome-wide heterozygosity with either phenotypic traits
(condition, ornament expression) or reproductive traits (laying date, clutch size, hatching and

breeding success) of coots (Tables 2-4, S3, S4).

Allele clustering indicted the presence of 12 MHC class | and 14 MHC class |l supertypes (18.2
+ 4.8 and 10.6 + 1.1 alleles per supertype, respectively) in our study population. After controlling for
the false discovery rate we found that nearly half of all MHC supertypes (46.2%) showed significant
associations with different phenotypic or reproductive traits. In particular, we identified five MHC
class | supertypes that were associated with reduced body mass and haemoglobin concentration,
delayed laying and smaller clutches, while seven MHC class Il supertypes were associated with
reduced condition (body mass and blood haemoglobin) and lower breeding success (Tables S5-518).
None of the supertypes was associated with stronger expression of fitness-related traits (Tables S5-
$18). An analysis of linear associations between the number of MHC supertypes and fitness-related
traits indicated that high supertype diversity was linked with weaker expression of several
phenotypic and reproductive traits. Specifically, the number of MHC class | supertypes was negatively
associated with male haemoglobin concentration and positively associated with laying date
(indicating delayed breeding), while the number of MHC class Il supertypes showed negative
associations with male body mass and female haemoglobin concentration (Tables S19, S20). Most of
these associations remained significant after controlling for the effects of particular supertypes

(Tables S21-524).

4. Discussion

This study examined the relationship between the diversity of MHC genes and fitness-related traits
(condition, ornament expression, reproduction) in a recently established urban population of the
Eurasian coot. Contrary to expectation, we showed that high allelic diversity of MHC class | or class Il
genes was associated with poorer condition (lower blood haemoglobin concentrations), weaker
expression of the putative ornament (smaller frontal shield), later onset of breeding, and smaller
clutches. An analysis of functional allele clusters (supertypes) provided further support for negative
associations between MHC diversity and fitness-related traits and we showed that most of these
relationships could not be explained by the presence of specific maladaptive supertypes. Finally, we
found little support for the optimality hypothesis, as only clutch size showed non-linear associations

with MHC class Il diversity (smaller clutches recorded in individuals with low than intermediate level



of MHC diversity). Overall, our results indicate that high MHC allelic diversity is not favourable for

fitness in our study coot population.

So far, a positive relationship between individual MHC diversity and fitness has been
empirically supported in several bird species, as high allelic diversity of the MHC was associated with
lower pathogen or parasite prevalence (Radwan et al., 2012), increased survival (Westerdahl et al.,
2005; Worley et al., 2010) or high reproductive success (Brouwer et al., 2010). On the other hand,
many bird species showed no significant correlation between MHC diversity and infection rate
(Loiseau et al., 2008, Sutton et al. 2016) or fitness (Ekblom et al., 2004; Radwan et al., 2012; Karlsson
et al., 2015; Bateson et al., 2016). The relative scarcity of linear associations may be due to the
inherent costs of MHC alleles expression, including an increased risk of autoimmune diseases or
depleted repertoire of TCRs that recognize MHC-peptide complexes (Roved et al., 2018). In the three-
spined stickleback Gasterosteus aculeatus individuals with a small and large diversity of MHC class Il
alleles had lower resistance to parasites such as Schistocephalus solidus tapeworms and
microsporidia Glugea anomala, compared to individuals with an intermediate number of MHC alleles
(consistent with the optimality hypothesis; Kurtz et al., 2004). This non-linear pattern may arise from
the contradictory mechanisms of heterozygote advantage (a low ability to bind diverse antigens by
individuals with low MHC diversity) and TCR repertoire depletion (a low ability to recognize MHC-
peptide complexes by TCRs of individuals with high MHC diversity). Our results were not consistent
with the optimality hypothesis, as we did not observe a considerable reduction in fitness-related
traits of individuals with the lowest MHC diversity (except for the relationship between MHC class Il
diversity and clutch size). At the same time, we found virtually no support for the diversity hypothesis
at the MHC genes in our study coot population, as individuals with high number of MHC alleles or
supertypes were characterized by lower phenotypic quality or reproduction. Our analyses showed
that this pattern was not primarily driven by the presence of specific resistance/susceptibility
supertypes, which could be non-randomly associated with haplotypes carrying different numbers of
MHC variants. Alternatively, it is possible that the negative associations of MHC diversity with fitness-
related traits could reflect depauperate pathogen diversity in an urban landscape, as urbanization is
known to reduce the abundance of many wildlife parasites (Bradley & Altizer, 2007). Under such
scenario, large number of MHC variants expressed within individuals may not bring the usual benefits
in terms of pathogen recognition, while incurring standard costs, e.g. in terms of autoimmunity or
TCR depletion. Although we lacked any empirical data on pathogen and parasite communities of
coots from our urban study site and from adjacent wildland, our results clearly show that high
diversity of the MHC can under certain conditions be unfavourable and may not necessarily lead to

increased fitness in natural animal populations.



The TCR depletion hypothesis was recently tested in the bank vole Myodes glareolus
(Migalska et al., 2019) and it was shown that the higher diversity of MHC class | genes was associated
with a reduced TCR repertoire, although similar relationship was not observed at the MHC class Il
genes (Migalska et al., 2019). As far as we are aware, the mechanism of TCR depletion has not been
unequivocally demonstrated in birds so far, but the assumptions of the optimality hypothesis have
been tested in several avian species, leading to mixed conclusions. For example, the mechanism of
optimal MHC diversity has not been supported in female collared flycatchers Ficedula albicollis, as
the prevalence of malaria infections showed a negative linear relationship with functional diversity of
the MHC class Il and there was no evidence for associations between MHC diversity and female
survival or reproductive success (Radwan et al., 2012). Research conducted on the black-legged
kittiwake Rissa tridactyla chicks showed a positive correlation between the diversity of MHC class Il
genes and chick growth rate and survival, as well as tick clearance in females but not in males
(Pineaux et al., 2020). Despite the differences between the sexes that may have arisen from sex-
specific intensity of parasite infections, the results were not consistent with the assumptions of the
optimality hypothesis (Pineaux et al., 2020). Similarly, no support for non-linear relationships
between MHC diversity and individual fitness or intensity of malaria infections was found in a
population of the great tit Parus major (Sepil et al., 2013a). In contrast, empirical evidence for the
optimality hypothesis in birds is scarce. A study on the Swedish population of the great reed warbler
Acrocephalus arundinaceus showed a non-linear (consistent with the optimality hypothesis)
relationship between the number of MHC alleles and the occurrence of infection with certain strains
of malaria (Westerhald et al., 2005). Other studies on the great reed warbler also seem to partially
support the optimality hypothesis, as there was a non-linear relationship between female
reproductive success and the diversity of MHC genes, although no such relationship was found in
males (Roved et al., 2018). Taking all this into account, any robust conclusions on the generality of
linear and non-linear relationships between individual MHC diversity and fitness are currently

difficult to draw without further studies in a broader phylogenetic context.

In our study, individual MHC diversity correlated with various characteristics that are
expected be related to fitness (condition, ornament expression, reproductive phenology and clutch
size), but we did not find any direct relationship between the number of MHC alleles and the key
fitness component, i.e. the reproductive success. Phenotypic traits such as condition or expression of
ornaments can be directly associated with individual immunocompetence (Koch et al., 2017), and
therefore they may show relatively strong associations with the MHC. So far, some of the strongest
evidence for associations between ornament expression and MHC diversity comes from studies on

the common yellowthroat, in which MHC class |l diversity correlated positively with the expression of



both carotenoid (yellow bib brightness) and melanin-based (black facial mask size) ornaments (Dunn
et al. 2013; Whittingham et al., 2015). Initial phases of the reproductive cycle (e.g., the date of egg
laying or the number of eggs laid) should also be more directly dependent on individual health status
and condition (and thus indirectly on the abilities of the immune system) than reproductive success,
which is more environmentally dependent (e.g., on the intensity of predation pressure or weather
conditions) (e.g. Hasselquist et al., 2001; Descamps et al., 2011). Hence, the influence of MHC
diversity on reproductive success may be much more effectively masked by the impact of external
conditions not directly linked to the phenotypic characteristics of individuals or their genetic
constitution. In the case of our urban coot population, this impact may be even greater than for
populations nesting in natural habitats. Availability of traditional breeding habitat (patches of reed
vegetation) is highly limited in urban landscape, thus the nests are often poorly sheltered and more
exposed to urban predators (mainly corvids, but also domestic animals such as dogs) and
unfavourable weather conditions. As a result, effect sizes of the association between MHC diversity
and reproductive output are expected to be low and possibly difficult to detect under limited sample
sizes. So far, the relationship between MHC and bird reproduction has mainly been reported for
reproductive traits associated with the early stages of breeding cycle, e.g., egg mass (Hale et al.,
2009), clutch size (Bonneaud et al., 2004), or hatching success (Knafler et al., 2012, Hoover et al.,
2018), while correlations with fledging success were reported only sporadically (e.g., Agudo et al.,

2012).

In conclusion, high individual diversity of the MHC genes is traditionally expected to increase
fitness by broadening the spectrum of pathogens recognized by the immune system (e.g. due to the
heterozygote advantage mechanism). That said, our results suggest that in some populations any
advantages of high MHC diversity may be effectively masked by the costs of MHC allele expression
(e.g. the depletion of TCR repertoire). The relative balance between these two contrasting
mechanisms should produce a scenario where optimal (intermediate) MHC diversity is associated
with the highest fitness. However, our results suggest that the costs of expressing high number of
MHC alleles may, under certain conditions, outweigh the benefits which broad repertoire of MHC
alleles should confer in terms of pathogen recognition, resulting in a negative relationship between
MHC diversity and fitness-related traits. To the best of our knowledge, this is one of the first studies
providing consistent evidence for a negative association between MHC diversity and a range of

phenotypic and reproductive traits in a natural population.
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Table 1. Characteristics of fitness-related (phenotypic and reproductive) traits in the study

population of the Eurasian coot.

Sample size Range
Trait category  Trait (no. measurements  Mean SE (min —gmax)
/ no. individuals)
Blood haemoglobin 129 /108 150.0 1.6  104-201
concentration (g/l)
Phenotypic Body mass (g) 129 /108 767.7 9.4 559 - 1017
Frontal shield size (mm) 117 /98 20.0 0.3 15.2-31.4
Laying date 191/105 1108 1.2 80-170
(day of year)
Clutch size (n eggs) 171 /99 7.95 0.13 4-14
Reproductive
Hatching success 225/103 0.77 0.03 0-1
Breeding success 204 /96 3.50 0.18 0-9




Table 2. Associations between haemoglobin concentration and the number of MHC class | and class |l
alleles in male and female Eurasian coots. Both models included haemoglobin concentration as the

response and the number of both class | and Il alleles (included separately, each coded with three

levels), genome-wide heterozygosity, body size, capture date, and time of sampling (hour) as

predictors. Bird identity and year were included as random factors in each model. Significant

predictors are marked in bold.

Trait Predictors Estimate + SE z value P
Haemoglobin Intercept 128.66 + 42.28 3.04 0.002
concentration MHC cl | allel
(males) MHC class | alleles -7.37+4.50 164  0.10
(intermediate vs. low)
MHC class | alleles 1857+4.85 383  <0.001
(high vs. low)
MHC class Il alleles 2.40+4.91 049 062
(intermediate vs. low)
MHC class Il alleles 11,77 +7.73 152 013
(high vs. low)
Genome-wide heterozygosity 274.74 + 180.61 1.52 0.13
Body size 1.12+2.31 0.48 0.63
Capture date -0.20 £ 0.05 3.92 <0.001
Hour 0.38+0.86 0.45 0.65
Haemoglobin Intercept 152.01 +44.34 3.43 0.001
concentration | el
(females) MHC class | alleles 7.23+5.27 1.37 0.17
(intermediate vs. low)
MHC class | alleles 3.70 + 6.45 057 057
(high vs. low)
MHC class Il alleles 10674501 213  0.033
(intermediate vs. low)
MHC class Il alleles 17.41:730 239  0.017
(high vs. low)
Genome-wide heterozygosity 177.36 + 208.72 0.85 0.40
Body size -5.04 £3.26 1.55 0.12
Capture date -0.31+£0.08 3.80 <0.001
Hour -0.39+1.01 0.39 0.70




Table 3. Associations between frontal shield size and the number of MHC class | and class Il alleles in
the Eurasian coot. The model frontal shield size as the response and the number of both class | and Il
alleles (included separately, each coded with three levels), genome-wide heterozygosity, sex, body
size, and capture date. Bird identity and year were included as random factors in each model.

Significant predictors are marked in bold.

Trait Predictors Estimate + SE z value P
Frontal shiel
Sirzoe” al shield Intercept 3.15 +2.00 1.58 0.11
MHC class | alleles -0.16 +0.23 069  0.49
(intermediate vs. low)
MHC class | alleles -0.01 +0.28 002  0.99
(high vs. low)
MHC class Il alleles .0.24+0.23 1.06 0.9
(intermediate vs. low)
MHC class Il alleles -0.86 +0.38 225  0.024
(high vs. low)
Genome-wide heterozygosity -7.53+9.61 0.78 0.43
Sex 1.17 £ 0.35 334  0.001
(male vs. female)
Bodly size 0.20+0.13 1.51 0.13

Capture date -0.014 + 0.003 4.36 <0.001




Table 4. Associations between two reproductive traits (laying date and clutch size) and the number
of MHC class | and class Il alleles in the Eurasian coot. The first model included laying date as the
response and the number of both class | and Il alleles (included separately, each coded with three
levels), sex and genome-wide heterozygosity as predictors. The second model included clutch size as
the response and the same predictors with brood status (three levels) and laying date added. Bird
identity and year were included as random factors in each model. Significant predictors are marked

in bold.

Trait Predictors Estimate + SE z value P
Laying date Intercept 118.29 £ 22.71 5.21 <0.001
MHC class | alleles 5.51+2.59 213 0.033
(intermediate vs. low)
MHC class | alleles 7.39+3.18 233 0.020
(high vs. low)
MHC class Il alleles 1.31+2.63 050  0.62
(intermediate vs. low)
MHC class Il alleles 3.09+4.57 0.67 0.50

(high vs. low)

Genome-wide heterozygosity -61.75 % 114.60 0.54 0.59

Sex 0.54 +2.39 0.23 0.82
(male vs. female)

Clutch size Intercept 13.15+2.51 5.23 <0.001
MHC class | alleles 0.16 +0.25 065  0.52
(intermediate vs. low)
MHC class | alleles -0.88+0.31 281  0.005
(high vs. low)
MHC class Il alleles 0.60 + 0.26 234  0.019
(intermediate vs. low)
MHC class Il alleles 0.33 + 043 0.76 0.45

(high vs. low)

Genome-wide heterozygosity -2.46 +10.62 0.23 0.82

Sex -0.03+0.23 0.13 0.90
(male vs. female)
B'rood status 0.02 +1.01 0.02 0.98
(first vs. second)
Brood status 0.58 + 1.02 0.57 0.57

(renest vs. second)

Laying date -0.04 £ 0.01 6.22 <0.001




Figure 1. Associations of MHC class | allele numbers with male blood haemoglobin (Hb)
concentration (A), laying date (B), and clutch size (C) in the Eurasian coot. Data presented as residuals
from general linear mixed models (Tables 1 and 2). Central point — mean, box — SE, whiskers — 95%

confidence intervals.
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Figure 2. Associations of MHC class Il allele numbers with female blood haemoglobin (Hb)
concentration (A), frontal shield size (B), and clutch size (C) in the Eurasian coot. Data presented as
residuals from general linear mixed models (Tables 1 and 2). Central point — mean, box — SE,
whiskers —95% confidence intervals.
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Supplementary methods

Supertype clustering

Supertype inference was performed separately for MHC class | and class Il alleles using k-means
clustering and discriminant function analysis of principal components (DAPC) implemented in
adegenet R package (Jombart, 2008), following methodology by Biedrzycka et al. (2018). The analysis
was limited to the positively selected sites (as identified for the Eurasian coot by Pikus and Minias
2021), which are likely corresponding to the peptide-binding region of the MHC molecules. Since the
number of sites under pervasive positive selection was much lower at class | (n = 8) than class Il (n =
18), we used sites under both episodic and pervasive selection for MHC class | (n = 15) (Pikus and
Minias, 2021). To infer supertypes, we first identified the most probable number of clusters based on
Bayesian information criterion (BIC), choosing the minimal number of clusters that preceded any
increase in BIC values. This approach indicated the presence of 12 clusters for MHC class | and 14
clusters for MHC class Il (Fig. S1). The number of principal components (PCs) in DAPC analysis was
selected based on the maximum a-score (identified with the optim.a.score function), resulting in
seven PCs in each analysis (Fig. S2). We used all available discriminant functions (n = 7) and re-run the
entire procedure ten times to assess repeatability of supertype clustering. Repeatability was high for
both MHC class | (R =0.813, P <0.001) and MHC class Il (R =0.827, P < 0.001), as assessed with kappa
value (Fleiss, 1971) implemented in the irr R package (Gamer et al., 2012). The mean assignment
probabilities (across all runs) were high for MHC class | (0.992 + 0.001 [SE]) and MHC class 1l (0.983 +
0.002 [SE]).
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Table S1. Models assessing the effects of interactions between the number of MHC alleles (class |
and class 1) and sex on three phenotypic traits (body mass, haemoglobin concentration and frontal
shield size) in the Eurasian coot. Bird identity and year were included as random factors in each
model. Wald ¥? statistics were used to assess statistical significance and significant predictors are

marked in bold.

Trait Predictors w P
Body mass Intercept 295.12 <0.001
MHC class | alleles 2.80 0.25
MHC class Il alleles 0.79 0.67
Genome-wide heterozygosity 3.33 0.068
Sex 9.13 0.003
Body size 18.90 <0.001
Capture date 2.93 0.087
MHC class | alleles * Sex 3.78 0.15
MHC class Il alleles * Sex 0.96 0.62
Haemoglobin concentration  Intercept 24.37 <0.001
MHC class | alleles 2.94 0.23
MHC class Il alleles 9.29 0.010
Genome-wide heterozygosity 1.73 0.19
Sex 5.61 0.018
Body size 0.84 0.36
Capture date 32.73 <0.001
Hour 0.10 0.76
MHC class | alleles * Sex 12.92 0.002
MHC class Il alleles * Sex 2.74 0.25
Frontal shield size Intercept 2.71 0.10
MHC class | alleles 1.52 0.47
MHC class Il alleles 4.96 0.084
Genome-wide heterozygosity 0.54 0.46
Sex 3.73 0.053
Body size 1.55 0.21
Capture date 22.80 <0.001
MHC class | alleles * Sex 2.35 0.31

MHC class Il alleles * Sex 2.25 0.33




Table S2. Models assessing the effects of interactions between the number of MHC alleles (class |
and class 1) and sex on four reproductive traits (laying date, clutch size, hatching and breeding
success) in the Eurasian coot. Bird identity and year were included as random factors in each model.
Wald y? statistics were used to assess statistical significance and significant predictors are marked in

bold.

Trait Predictors w P
Laying date Intercept 23.27 <0.001
MHC class | alleles 1.94 0.38
MHC class Il alleles 3.46 0.18
Genome-wide heterozygosity 0.21 0.64
Sex 0.37 0.54
MHC class | alleles * Sex 0.93 0.63
MHC class Il alleles * Sex 3.11 0.21
Clutch size Intercept 25.79 <0.001
MHC class | alleles 3.96 0.14
MHC class Il alleles 1.29 0.52
Genome-wide heterozygosity 0.07 0.79
Sex 0.01 0.91
Brood status 231 0.31
Laying date 35.67 <0.001
MHC class | alleles * Sex 0.36 0.83
MHC class Il alleles * Sex 0.45 0.80
Hatching success  Intercept 1.02 0.31
MHC class | alleles 0.09 0.96
MHC class Il alleles 0.75 0.69
Genome-wide heterozygosity 0.63 0.43
Sex 0.50 0.48
Brood status 1.69 0.43
Laying date 0.36 0.55
MHC class | alleles * Sex 0.64 0.72
MHC class Il alleles * Sex 0.09 0.96
Breeding success Intercept 0.35 0.55
MHC class | alleles 2.06 0.36
MHC class Il alleles 0.03 0.99
Genome-wide heterozygosity 2.49 0.11
Sex 1.02 0.31
Brood status 0.98 0.61
Laying date 7.72 0.005
MHC class | alleles * Sex 0.90 0.64

MHC class Il alleles * Sex 0.56 0.76




Table S3. Associations between body mass and the number of MHC class | and class Il alleles in the
Eurasian coot. The model included body mass as the response and the number of both class | and Il
alleles (included separately, each coded with three levels), genome-wide heterozygosity, sex, body
size, and capture date as predictors. Bird identity and year were included as random factors.

Significant predictors are marked in bold.

Predictors Estimate + SE z value P

Intercept 30.47 +1.83 16.64 <0.001

MHC class | alleles
(intermediate vs. low)

MHC class | alleles

(high vs. low)

MHC class Il alleles
(intermediate vs. low)

MHC class Il alleles
(high vs. low)

-0.04 £ 0.21 0.18 0.86
-0.07 £ 0.26 0.28 0.78
-0.14 £0.22 0.63 0.53
-0.10+0.33 0.32 0.75

Genome-wide heterozygosity -14.54 £+ 8.91 1.63 0.10

Sex 2.03 +0.33 6.07  <0.001
(male vs. female)
Body size 0.551+0.13 4.22 <0.001

Capture date -0.006 + 0.003 1.76 0.078




Table S4. Associations between two reproductive traits (hatching and breeding success) and the
number of MHC class | and class Il alleles in the Eurasian coot. The first model included hatching
success as the response and the number of both class | and Il alleles (included separately, each coded
with three levels), genome-wide heterozygosity, sex, brood status (three levels), and laying date as
predictors. The second model included breeding success as the response and the same predictors.
Bird identity and year were included as random factors in each model. Significant predictors are

marked in bold.

Trait Predictors Estimate + SE z value P

Hatching success Intercept 4.61 £4.17 1.11 0.27

MHC class | alleles

\ : -0.19 +0.39 0.47 0.64
(intermediate vs. low)

MHC class | alleles 014046 029 077
(high vs. low)

MHC class Il alleles -0.52 +0.41 126 021
(intermediate vs. low)

MHC class Il alleles 0.62 +0.84 0.74 0.46

(high vs. low)
Genome-wide heterozygosity  -15.69 + 18.36 0.85 0.39

Sex

0.16 £ 0.36 0.44 0.66

(male vs. female)

Brood status 0.67+1.19 057 057

(first vs. second)

Brood status 0.08+1.22 006 095

(renest vs. second)

Laying date 0.006 £ 0.010 0.61 0.55
Breeding success Intercept 0.93+1.20 0.77 0.44

MHC class | alleles 0.03+0.12 028  0.78

(intermediate vs. low)

MHC class | alleles 0.22+0.14 155  0.12

(high vs. low)

MHC class Il alleles 010£013 082 041

(intermediate vs. low)

MHC class Il alleles -0.06+0.18 035 073

(high vs. low)

Genome-wide heterozygosity 7.37 £4.98 1.48 0.14

Sex 0.05+0.11 046  0.65

(male vs. female)

Brood status 0.11+0.34 032 075

(first vs. second)

Brood status 0.28+0.32 088 038

(renest vs. second)

Laying date -0.011 £ 0.004 2.73 0.006




Table S5. Associations between body mass and presence of specific MHC class | supertypes in the

Eurasian coot. Bird identity and year were included as random factors in each model. The results of

full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or with

asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 31.47 £1.93 16.27 <0.001*
Supertype MHC1_1 0.15+0.22 0.67 0.51
Supertype MHC1_2 0.12+£0.28 0.44 0.66
Supertype MHC1_3 -0.79 £ 0.26 -3.03  <0.001*
Supertype MHC1_4 0.27 £0.24 1.13 0.26
Supertype MHC1_5 0.28 £0.32 0.86 0.39
Supertype MHC1_6 0.06 £0.33 0.18 0.86
Supertype MHC1_7 -0.39+£0.27 -1.47 0.14
Supertype MHC1_8 -0.26 £ 0.25 -1.04 0.30
Supertype MHC1_9 0.18£0.19 0.95 0.34
Supertype MHC1_10 0.22+£0.29 0.76 0.45
Supertype MHC1_11 -0.02+0.34 -0.05 0.96
Supertype MHC1_12 0.10+£0.28 0.37 0.71
Genome-wide heterozygosity -19.35+9.29 -2.08 0.037
Sex (male vs. female) 2.07 £0.36 5.82  <0.001*
Body size 0.50+0.14 3.66 <0.001*
Capture date -0.008 + 0.003 -2.39 0.020

Reduced model
Intercept 31.51+1.83 17.25 <0.001*
Supertype MHC1_3 -0.66 £ 0.25 -2.67 0.008*
Supertype MHC1_7 -0.20+0.24 -0.82 0.41
Genome-wide heterozygosity -18.95 + 8.76 -2.16 0.031*
Sex (male vs. female) 1.99 +0.33 6.04  <0.001*
Body size 0.53+0.13 416  <0.001*
Capture date -0.007 £ 0.003 -2.06 0.039*




Table S6. Associations between body mass and presence of specific MHC class Il supertypes in the

Eurasian coot. Bird identity and year were included as random factors in each model. The results of

full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or with

asterisks (after correction for the false discovery rate).

Predictors Estimate £t SE  zvalue P

Full model
Intercept 28.82 +1.79 16.13 <0.001*
Supertype MHC2_1 -0.6 £ 0.27 -2.25 0.024
Supertype MHC2_2 -0.33+£0.26 -1.27 0.20
Supertype MHC2_3 -0.94 +0.39 -2.43 0.015
Supertype MHC2_4 -0.24 +0.31 -0.77 0.44
Supertype MHC2_5 0.15+0.52 0.29 0.77
Supertype MHC2_6 0.14 £0.26 0.54 0.59
Supertype MHC2_7 -0.39+£0.23 -1.70 0.088
Supertype MHC2_8 -0.59+£0.33 -1.78 0.075
Supertype MHC2_9 0.25+0.31 0.83 0.41
Supertype MHC2_10 0.40+0.26 1.52 0.13
Supertype MHC2_11 0.02£0.22 0.07 0.94
Supertype MHC2_12 -0.25+0.30 -0.82 0.41
Supertype MHC2_13 0.19+£0.30 0.63 0.53
Supertype MHC2_14 0.09+0.21 0.42 0.67
Genome-wide heterozygosity -4.85+8.79 -0.55 0.58
Sex (male vs. female) 1.80+0.31 5.81 <0.001*
Body size 0.52+0.12 4.24 <0.001*
Capture date -0.005 £ 0.003 -1.71 0.086

Reduced model
Intercept 28.96 + 1.80 16.09 <0.001*
Supertype MHC2_1 -0.66 + 0.19 -3.44 0.001*
Supertype MHC2_3 -0.93 +0.37 -2.51 0.012*
Supertype MHC2_7 -0.40 +0.19 -2.12 0.034
Supertype MHC2_8 -0.56 £ 0.28 -2.02 0.043
Supertype MHC2_10 0.33+0.24 1.33 0.18
Genome-wide heterozygosity -5.97+8.74 -0.68 0.49
Sex (male vs. female) 1.89+0.31 6.03  <0.001*
Body size 0.48 +0.12 3.81 <0.001*
Capture date -0.005 £ 0.003 -1.48 0.14




Table S7. Associations between blood haemoglobin concentration and presence of specific MHC
class | supertypes in the Eurasian coot. Bird identity and year were included as random factors in
each model. The results of full and reduced model are shown. Significant predictors are marked in

bold (at P < 0.05) or with asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 143.23 +30.81 4.65 <0.001*
Supertype MHC1_1 2.26+3.51 0.65 0.52
Supertype MHC1_2 1.45+4.43 0.33 0.74
Supertype MHC1_3 -1.78£4.29 -0.41 0.68
Supertype MHC1_4 -0.57 £3.97 -0.14 0.89
Supertype MHC1_5 -5.65+5.12 -1.10 0.27
Supertype MHC1_6 -4.87 £5.09 -0.96 0.34
Supertype MHC1_7 -8.16 £4.35 -1.88 0.060
Supertype MHC1_8 -0.92+4.03 -0.23 0.82
Supertype MHC1_9 -4.66 £ 3.04 -1.53 0.13
Supertype MHC1_10 -7.74+£4.70 -1.65 0.10
Supertype MHC1_11 -8.63+5.42 -1.59 0.11
Supertype MHC1_12 6.15+4.38 1.40 0.16
Genome-wide heterozygosity 175.91 £ 148.85 1.18 0.24
Sex (male vs. female) 16.82 +5.55 3.03 0.002*
Body size -1.49+2.10 -0.71 0.48
Capture date -0.25 £ 0.05 -5.49 <0.001*

Reduced model
Intercept 139.65 + 30.04 4.65 <0.001*
Supertype MHC1_7 -9.40+4.17 -2.26 0.024*
Supertype MHC1_9 -3.33+2.94 -1.13 0.26
Supertype MHC1_10 -7.37 £4.65 -1.58 0.11
Supertype MHC1_11 -8.39+5.45 -1.54 0.12
Genome-wide heterozygosity 197.96 £ 143.43 1.38 0.17
Sex (male vs. female) 16.62 +5.29 3.14  <0.001*
Body size -1.45+0.48 -0.71 0.020*
Capture date -0.25 + 0.04 -5.66  <0.001*




Table S8. Associations between blood haemoglobin concentration and presence of specific MHC
class Il supertypes in the Eurasian coot. Bird identity and year were included as random factors in
each model. The results of full and reduced model are shown. Significant predictors are marked in

bold (at P < 0.05) or with asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 125.55 +29.53 4.25 <0.001*
Supertype MHC1_1 -0.40+4.29 -0.09 0.93
Supertype MHC1_2 -2.99+4.15 -0.72 0.47
Supertype MHC1_3 -13.52 £ 6.33 -2.14 0.033
Supertype MHC1_4 -8.12 £ 5.07 -1.60 0.11
Supertype MHC1_5 2.93+8.26 0.35 0.72
Supertype MHC1_6 -5.94 +4.09 -1.45 0.15
Supertype MHC1_7 -8.01+3.75 -2.13 0.033
Supertype MHC1_8 -16.27 £5.14 -3.16 0.002*
Supertype MHC1_9 -9.92 +4.98 -1.99 0.046
Supertype MHC1_10 -5.48 +4.37 -1.26 0.21
Supertype MHC1_11 -5.95+3.61 -1.65 0.10
Supertype MHC1_12 -13.62 £4.75 -2.87 0.004*
Genome-wide heterozygosity -1.16 £ 4.95 -0.23 0.82
Sex (male vs. female) -1.49+3.54 -0.42 0.67
Body size 336.46 + 142.62 2.36 0.018
Capture date 15.35+4.93 3.12 0.002*

Reduced model
Intercept 119.71 + 28.68 4.17 <0.001*
Supertype MHC2_3 -11.70 £5.83 -2.00 0.045
Supertype MHC2_4 -6.75+4.70 -1.44 0.15
Supertype MHC2_6 -4.80+3.76 -1.28 0.20
Supertype MHC2_7 -7.48 +3.10 -2.41 0.016*
Supertype MHC2_8 -14.62 + 4.45 -3.28 0.001*
Supertype MHC2_9 -9.25 +3.97 -2.33 0.020*
Supertype MHC2_11 -4.89+3.14 -1.56 0.12
Supertype MHC2_12 -13.86 £ 3.86 -3.59 <0.001*
Genome-wide heterozygosity 345.81 + 140.84 2.46 0.01*
Sex (male vs. female) 15.38 £ 4.96 3.10 0.002*
Body size -1.67+1.91 -0.87 0.38

Capture date -0.26 £ 0.04 -5.98 <0.001*




Table S9. Associations between frontal shield size and presence of specific MHC class | supertypes in
the Eurasian coot. Bird identity and year were included as random factors in each model. The results
of full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or with

asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 3.90+2.17 1.79 0.073
Supertype MHC1_1 -0.13+0.24 -0.53 0.59
Supertype MHC1_2 -0.38£0.34 -1.14 0.26
Supertype MHC1_3 -0.37+£0.31 -1.18 0.24
Supertype MHC1_4 -0.27 £0.26 -1.02 0.31
Supertype MHC1_5 0.11+0.36 0.31 0.76
Supertype MHC1_6 0.20+0.34 0.60 0.55
Supertype MHC1_7 -0.09+£0.29 -0.29 0.77
Supertype MHC1_8 -0.14£0.26 -0.54 0.59
Supertype MHC1_9 0.16 £0.21 0.77 0.44
Supertype MHC1_10 0.31+0.33 0.96 0.34
Supertype MHC1_11 -0.36+0.39 -0.92 0.36
Supertype MHC1_12 0.22+0.31 0.71 0.48
Genome-wide heterozygosity -11.62 £ 10.32 -1.13 0.26
Sex (male vs. female) 1.53+0.39 3.96 <0.001*
Body size 0.10+0.14 0.66 0.51

Capture date -0.014 + 0.004 -4.09 <0.001*




Table S10. Associations between frontal shield size and presence of specific MHC class Il supertypes
in the Eurasian coot. Bird identity and year were included as random factors in each model. The
results of full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or

with asterisks (after correction for the false discovery rate).

Predictors Estimate £t SE  zvalue P

Full model
Intercept 3.02+2.03 1.49 0.14
Supertype MHC2_1 -0.09£0.30 -0.29 0.77
Supertype MHC2_2 -0.23+£0.29 -0.79 0.43
Supertype MHC2_3 -0.32+0.40 -0.81 0.42
Supertype MHC2_4 0.06 £0.35 0.17 0.86
Supertype MHC2_5 -0.58 £ 0.63 -0.92 0.36
Supertype MHC2_6 -0.13+0.31 -0.44 0.66
Supertype MHC2_7 -0.22£0.26 -0.85 0.40
Supertype MHC2_8 -0.24 £0.38 -0.63 0.53
Supertype MHC2_9 -0.24£0.35 -0.68 0.50
Supertype MHC2_10 -0.15+£0.28 -0.52 0.60
Supertype MHC2_11 -0.40+£0.26 -1.57 0.12
Supertype MHC2_12 -0.68 + 0.34 -1.99 0.046
Supertype MHC2_13 -0.35+0.36 -0.98 0.32
Supertype MHC2_14 0.16 £0.26 0.64 0.52
Genome-wide heterozygosity -5.99+9.95 -0.6 0.55
Sex (male vs. female) 1.20+0.35 3.43 0.001*
Body size 0.20+0.14 1.45 0.15
Capture date -0.014 £ 0.003 -4.18 <0.001*

Reduced model
Intercept 2.81+1.96 1.44 0.15
Supertype MHC2_11 -0.34+0.21 -1.63 0.10
Supertype MHC2_12 -0.57 £ 0.27 -2.11 0.034
Genome-wide heterozygosity -6.16 +£9.43 -0.65 0.51
Sex (male vs. female) 1.16 +0.34 3.42 0.001*
Body size 0.20+0.13 1.52 0.13
Capture date -0.015 + 0.003 -4.51 <0.001*




Table S11. Associations between laying date and presence of specific MHC class | supertypes in the

Eurasian coot. Bird identity and year were included as random factors in each model. The results of

full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or with

asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 109.3 £ 24.76 441 <0.001*
Supertype MHC1_1 -0.54+2.74 -0.20 0.84
Supertype MHC1_2 458 +3.64 1.26 0.21
Supertype MHC1_3 -0.79+3.54 -0.22 0.82
Supertype MHC1_4 0.8+3.28 0.24 0.81
Supertype MHC1_5 -0.43+3.91 -0.11 0.91
Supertype MHC1_6 12.62 +4.89 2.58 0.010
Supertype MHC1_7 4,17 £3.50 1.19 0.23
Supertype MHC1_8 -1.67£3.11 -0.54 0.59
Supertype MHC1_9 -2.53+2.44 -1.04 0.30
Supertype MHC1_10 8.33+3.97 2.10 0.036
Supertype MHC1_11 -3.46+4.11 -0.84 0.40
Supertype MHC1_12 3.05+3.77 0.81 0.42
Genome-wide heterozygosity -15.22 + 125.61 -0.12 0.90
Sex (male vs. female) -0.64+2.44 -0.26 0.79

Reduced model
Intercept 110.06 + 22.88 481 <0.001*
Supertype MHC1_6 12.43 +£4.88 2.55 0.011*
Supertype MHC1_10 9.85+3.84 2.56 0.010%*
Genome-wide heterozygosity -5.25+113.59 -0.05 0.96
Sex (male vs. female) 0.19 £2.37 0.08 0.94




Table S12. Associations between laying date and presence of specific MHC class Il supertypes in the
Eurasian coot. Bird identity and year were included as random factors in each model. The results of
full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or with

asterisks (after correction for the false discovery rate).

Predictors Estimate £ SE  zvalue P

Full model
Intercept 116.75 £ 24.54 4.76 <0.001*
Supertype MHC2_1 -2.4+3.58 -0.67 0.50
Supertype MHC2_2 -0.32£3.38 -0.1 0.92
Supertype MHC2_3 2.69 £ 4.65 0.58 0.56
Supertype MHC2_4 -4.01+4.17 -0.96 0.34
Supertype MHC2_5 -0.27 £8.19 -0.03 0.97
Supertype MHC2_6 -0.15+3.42 -0.05 0.96
Supertype MHC2_7 2.59+£3.16 0.82 0.41
Supertype MHC2_8 2.3614.16 0.57 0.57
Supertype MHC2_9 3.64+4.32 0.84 0.40
Supertype MHC2_10 -3.92 +3.69 -1.06 0.29
Supertype MHC2_11 0.05 +£3.09 0.02 0.99
Supertype MHC2_12 -5.5+£4.09 -1.34 0.18
Supertype MHC2_13 0.69£4.01 0.17 0.86
Supertype MHC2_14 -5.17 +3.01 -1.72 0.086
Genome-wide heterozygosity -21.9+121.37 -0.18 0.86
Sex (male vs. female) 0.57£2.61 0.22 0.83

Reduced model
Intercept 110.84 + 23.38 4.74 <0.001*
Supertype MHC2_14 -3.28 £ 2.68 -1.22 0.22
Genome-wide heterozygosity 2.57 £116.53 0.02 0.98
Sex (male vs. female) 0.49+2.42 0.20 0.84




Table S13. Associations between clutch size and presence of specific MHC class | supertypes in the

Eurasian coot. Bird identity and year were included as random factors in each model. The results of

full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or with

asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 13.06 £ 2.66 4,91 <0.001*
Supertype MHC1_1 0.23+£0.25 0.89 0.37
Supertype MHC1_2 0.3+0.36 0.84 04
Supertype MHC1_3 -0.42+0.33 -1.27 0.2
Supertype MHC1_4 0.33+0.31 1.07 0.29
Supertype MHC1_5 0.11+0.37 0.29 0.77
Supertype MHC1_6 0.12+0.48 0.25 0.81
Supertype MHC1_7 0.48 £0.35 1.38 0.17
Supertype MHC1_8 -1.18+0.3 -3.96 <0.001*
Supertype MHC1_9 -0.06£0.24 -0.24 0.81
Supertype MHC1_10 -0.16£0.41 -0.37 0.71
Supertype MHC1_11 -0.7+£0.40 -1.75 0.08
Supertype MHC1_12 0.12 £0.37 0.32 0.75
Genome-wide heterozygosity 2,27 £11.54 0.20 0.84
Sex (male vs. female) -0.01+0.23 -0.05 0.96
Brood status (first vs. second) -0.49 + 0.98 -0.5 0.62
Brood status (renest vs. second) 0.3+0.99 0.30 0.76
Laying date -0.05 + 0.01 -6.47 <0.001*

Reduced model
Intercept 11.64 +2.49 4.67 <0.001*
Supertype MHC1_8 -1.11+0.30 -3.75 <0.001*
Supertype MHC1_11 -0.64 £0.38 -1.66 0.10
Genome-wide heterozygosity 8.86 £ 10.53 0.84 0.40
Sex (male vs. female) 0.11+£0.22 0.50 0.62
Brood status (first vs. second) -0.25 +0.98 -0.25 0.80
Brood status (renest vs. second) 0.46 £ 1.00 0.46 0.65
Laying date -0.04 £ 0.01 -6.48 <0.001*




Table S14. Associations between clutch size and presence of specific MHC class Il supertypes in the
Eurasian coot. Bird identity and year were included as random factors in each model. The results of
full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or with

asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 14.33 £ 2.65 5.40 <0.001*
Supertype MHC2_1 0.07 £0.37 0.20 0.84
Supertype MHC2_2 0.52+0.33 1.57 0.12
Supertype MHC2_3 -0.48 £ 0.46 -1.03 0.30
Supertype MHC2_4 -0.53+0.45 -1.18 0.24
Supertype MHC2_5 -1.94 + 0.85 -2.27 0.023
Supertype MHC2_6 0.58 £0.32 1.82 0.070
Supertype MHC2_7 -0.31+£0.30 -1.03 0.30
Supertype MHC2_8 0.50+0.40 1.26 0.21
Supertype MHC2_9 -0.14+£0.42 -0.33 0.74
Supertype MHC2_10 -0.08 £ 0.36 -0.23 0.82
Supertype MHC2_11 -0.05+0.31 -0.15 0.88
Supertype MHC2_12 0.47 £0.41 1.15 0.25
Supertype MHC2_13 0.19 £0.37 0.53 0.60
Supertype MHC2_14 0.24 £0.29 0.84 0.40
Genome-wide heterozygosity -6.04+£11.28 -0.54 0.59
Sex (male vs. female) -0.03+0.25 -0.13 0.90
Brood status (first vs. second) -0.40+1.01 -0.40 0.69
Brood status (renest vs. second) 0.37+£1.05 0.36 0.72
Laying date -0.04 £ 0.01 -6.27  <0.001*

Reduced model
Intercept 13.05 £ 2.52 5.17 <0.001*
Supertype MHC2_2 0.44 £0.27 1.64 0.10
Supertype MHC2_5 -1.57+£0.81 -1.94 0.052
Supertype MHC2_6 0.49+£0.28 1.76 0.078
Genome-wide heterozygosity -1.11 £ 10.59 -0.10 0.92
Sex (male vs. female) -0.13+0.24 -0.52 0.60
Brood status (first vs. second) 0.01+1.00 0.01 0.99
Brood status (renest vs. second) 0.80+1.03 0.77 0.44
Laying date -0.04 £ 0.01 -6.30 <0.001*




Table S15. Associations between hatching success and presence of specific MHC class | supertypes in

the Eurasian coot. Bird identity and year were included as random factors in each model. The results

of full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or with

asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 0.67 £4.42 0.15 0.90
Supertype MHC1_1 0.17£0.42 0.41 0.68
Supertype MHC1_2 -0.24 £ 0.60 -0.41 0.68
Supertype MHC1_3 1.43+0.81 1.76 0.078
Supertype MHC1_4 0.18 £0.55 0.33 0.75
Supertype MHC1_5 0.43+0.63 0.69 0.49
Supertype MHC1_6 0.05+0.91 0.06 0.96
Supertype MHC1_7 -0.07 £ 0.57 -0.13 0.90
Supertype MHC1_8 -1.01 £ 0.46 -2.21 0.027
Supertype MHC1_9 -0.39+£0.38 -1.02 0.31
Supertype MHC1_10 0.03+£0.62 0.05 0.96
Supertype MHC1_11 0.44 £ 0.68 0.65 0.52
Supertype MHC1_12 0.31+£0.65 0.48 0.63
Genome-wide heterozygosity 5.00£19.93 0.25 0.80
Sex (male vs. female) 0.12+£0.38 0.32 0.75
Brood status (first vs. second) -0.80+1.25 -0.64 0.52
Brood status (renest vs. second) 0.04 +1.26 0.03 0.98
Laying date 0.004 £ 0.011 0.33 0.74

Reduced model
Intercept 0.51+4.31 0.12 0.91
Supertype MHC1_3 1.45+0.78 1.87 0.062
Supertype MHC1_8 -1.02+0.44 -2.32 0.021
Genome-wide heterozygosity 4.14 +18.61 0.22 0.82
Sex (male vs. female) 0.14£0.36 0.40 0.69
Brood status (first vs. second) -0.90+1.22 -0.74 0.46
Brood status (renest vs. second) -0.17+1.24 -0.13 0.89
Laying date 0.01+0.01 0.49 0.62




Table S16. Associations between hatching success and presence of specific MHC class Il supertypes in
the Eurasian coot. Bird identity and year were included as random factors in each model. The results
of full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or with

asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 7.91+4.68 1.69 0.091
Supertype MHC2_1 -0.31£0.55 -0.56 0.57
Supertype MHC2_2 0.43+£0.53 0.82 0.41
Supertype MHC2_3 0.42+0.74 0.57 0.57
Supertype MHC2_4 -0.24 £ 0.64 -0.37 0.71
Supertype MHC2_5 -0.23+1.44 -0.16 0.87
Supertype MHC2_6 -0.43+£0.50 -0.85 0.40
Supertype MHC2_7 0.08 £0.49 0.17 0.87
Supertype MHC2_8 1.66 £ 0.86 1.92 0.055
Supertype MHC2_9 -0.07 £ 0.66 -0.11 0.91
Supertype MHC2_10 0.59+0.63 0.94 0.35
Supertype MHC2_11 -0.02+0.51 -0.04 0.97
Supertype MHC2_12 -0.23+£0.60 -0.38 0.70
Supertype MHC2_13 0.06 £ 0.64 0.09 0.93
Supertype MHC2_14 0.67 £0.49 1.36 0.17
Genome-wide heterozygosity -31.35+20.19 -1.55 0.12
Sex (male vs. female) 0.09 £0.41 0.22 0.82
Brood status (first vs. second) -0.97+1.24 -0.78 0.44
Brood status (renest vs. second) -0.02 +1.245 -0.02 0.99
Laying date 0.002 £ 0.012 0.20 0.84

Reduced model
Intercept 7.49+4.42 1.70 0.090
Supertype MHC2_8 1.60 +0.77 2.07 0.038
Genome-wide heterozygosity -28.84 +19.13 -1.51 0.13
Sex (male vs. female) 0.14£0.36 0.40 0.69
Brood status (first vs. second) -1.01+1.19 -0.84 0.40
Brood status (renest vs. second) -0.16 £1.22 -0.13 0.90

Laying date 0.003 £ 0.010 0.25 0.80




Table S17. Associations between breeding success and presence of specific MHC class | supertypes in
the Eurasian coot. Bird identity and year were included as random factors in each model. The results
of full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or with

asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 2.01+£1.36 1.49 0.14
Supertype MHC1_1 0.13+£0.12 1.06 0.29
Supertype MHC1_2 0.29+0.19 1.49 0.14
Supertype MHC1_3 -0.18 £ 0.16 -1.11 0.27
Supertype MHC1_4 0.20+0.15 1.35 0.18
Supertype MHC1_5 0.08 £0.16 0.50 0.61
Supertype MHC1_6 0.02 £0.26 0.08 0.94
Supertype MHC1_7 -0.41£0.19 -2.17 0.030
Supertype MHC1_8 0.10+0.17 0.56 0.57
Supertype MHC1_9 0.00+0.11 0.01 0.99
Supertype MHC1_10 0.46 +0.19 2.46 0.014
Supertype MHC1_11 0.03+0.17 0.18 0.86
Supertype MHC1_12 -0.09£0.19 -0.51 0.61
Genome-wide heterozygosity -0.29 +5.99 -0.05 0.96
Sex (male vs. female) -0.06£0.11 -0.59 0.55
Brood status (first vs. second) -0.21+0.34 0.62 0.53
Brood status (renest vs. second) 0.19+0.32 0.60 0.55
Laying date -0.010 £ 0.004 -2.43 0.015

Reduced model
Intercept 0.61+1.45 0.54 0.59
Supertype MHC1_7 -0.24+0.16 -1.55 0.12
Supertype MHC1_10 0.41+0.18 2.32 0.020
Genome-wide heterozygosity 6.79 £ 4.88 1.39 0.17
Sex (male vs. female) 0.00£0.10 -0.05 0.96
Brood status (first vs. second) 0.24 +0.32 0.75 0.45
Brood status (renest vs. second) 0.22+0.31 0.71 0.48
Laying date -0.008 + 0.003 -2.24 0.025




Table S18. Associations between breeding success and presence of specific MHC class Il supertypes
in the Eurasian coot. Bird identity and year were included as random factors in each model. The
results of full and reduced model are shown. Significant predictors are marked in bold (at P < 0.05) or

with asterisks (after correction for the false discovery rate).

Predictors Estimate + SE z value P

Full model
Intercept 0.09 +1.28 0.07 0.95
Supertype MHC2_1 0.12+£0.16 0.73 0.47
Supertype MHC2_2 -0.11+£0.14 -0.78 0.43
Supertype MHC2_3 -0.31+£0.23 -1.31 0.19
Supertype MHC2_4 -0.09+£0.18 -0.53 0.60
Supertype MHC2_5 -0.63+0.83 -0.76 0.45
Supertype MHC2_6 -0.41+0.18 -2.26 0.024
Supertype MHC2_7 0.02+0.14 0.17 0.87
Supertype MHC2_8 0.14+£0.18 0.77 0.44
Supertype MHC2_9 0.00+0.18 0.01 0.99
Supertype MHC2_10 0.02£0.16 0.14 0.89
Supertype MHC2_11 0.12+0.14 0.87 0.38
Supertype MHC2_12 0.11+0.17 0.63 0.53
Supertype MHC2_13 0.02 £0.18 0.13 0.90
Supertype MHC2_14 0.05+0.14 0.34 0.74
Genome-wide heterozygosity 5.86 £5.22 1.12 0.26
Sex (male vs. female) 0.14+0.12 1.20 0.23
Brood status (first vs. second) 0.35+0.35 1.02 0.31
Brood status (renest vs. second) 0.22+0.33 0.67 0.50
Laying date -0.003 £ 0.004 -0.75 0.45

Reduced model
Intercept 0.19+1.14 0.16 0.87
Supertype MHC2_6 -0.43 +0.15 -2.88 0.004*
Genome-wide heterozygosity 6.89 £4.79 1.44 0.15
Sex (male vs. female) 0.09 £0.10 0.85 0.39
Brood status (first vs. second) 0.28 £ 0.32 0.88 0.38
Brood status (renest vs. second) 0.20+0.31 0.67 0.51

Laying date -0.004 £ 0.004 -1.20 0.23




Table S19. Associations between three phenotypic traits (body mass, haemoglobin concentration and

frontal shield size) and the number of MHC class | and class Il supertypes in the Eurasian coot. Bird

identity and year were included as random factors. Significant predictors are marked in bold

Trait Predictors Estimate + SE z value P
Body mass (males) Intercept 32.79+2.99 10.97 <0.001
MHC class | supertypes 0.09 £0.09 0.95 0.34
MHC class Il supertypes -0.47 £0.21 -2.25 0.024
Genome-wide heterozygosity -11.67 £ 13.34 -0.87 0.38
Body size 0.66 £ 0.20 3.35 0.001
Capture date -0.007 £ 0.005 -1.49 0.14
Body mass (females) Intercept 31.00 £ 2.54 12.21 <0.001
MHC class | supertypes -0.16 £ 0.09 -1.78 0.076
MHC class Il supertypes 0.26+0.17 1.47 0.14
Genome-wide heterozygosity -22.9+125 -1.83 0.067
Body size 0.45+0.19 2.39 0.017
Capture date 0.000 £ 0.005 -0.08 0.93
Haemoglobin concentration Intercept 136.37 +38.61 3.53 <0.001
(males) MHC class | supertypes -4.57 +1.17 -3.89 <0.001
MHC class Il supertypes -0.95+2.84 -0.34 0.74
Genome-wide heterozygosity = 313.89 +177.23 1.77 0.077
Body size 0.04+2.31 0.02 0.99
Capture date -0.21 £ 0.05 -4.31 <0.001
Haemoglobin concentration Intercept 156.27 + 44.02 3.55 <0.001
(females) MHC class | supertypes 0.38+1.55 0.25 0.81
MHC class Il supertypes -8.60 + 2.90 -2.97 0.003
Genome-wide heterozygosity 265.33 £213.69 1.24 0.21
Body size -4.22 £3.17 -1.33 0.18
Capture date -0.36 £ 0.08 -4.59 <0.001
Frontal shield size Intercept 3.28£2.03 1.62 0.11
MHC class | supertypes -0.03 £0.07 -0.40 0.69
MHC class Il supertypes -0.20+£0.15 -1.37 0.17
Genome-wide heterozygosity -6.97 £9.94 -0.70 0.48
Sex (male vs. female) 1.29+0.35 3.69 <0.001
Body size 0.17+£0.13 1.23 0.22
Capture date -0.014 £ 0.003 -4.27 <0.001




Table S20. Associations between four reproductive traits (laying date, clutch size, hatching and

breeding success) and the number of MHC class | and class Il supertypes in the Eurasian coot. Bird

identity and year were included as random factors. Significant predictors are marked in bold

Trait Predictors Estimate + SE z value P
Laying date Intercept 117.19 + 23.63 4.96 <0.001
MHC class | supertypes 1.95+0.83 2.35 0.019
MHC class Il supertypes -3.2+1.79 -1.79 0.074
Genome-wide heterozygosity -15.03 +118.27 -0.13 0.90
Sex (male vs. female) 0.21+2.46 0.08 0.93
Clutch size Intercept 12.81 + 2.65 4.83 <0.001
MHC class | supertypes -0.06 £ 0.08 -0.72 0.47
MHC class Il supertypes 0.20+0.17 1.17 0.24
Genome-wide heterozygosity -1.27+£11.23 -0.11 0.91
Sex (male vs. female) 0.01+0.24 0.06 0.95
Brood status (first vs. second) -0.16 £ 1.04 -0.16 0.87
Brood status (renest vs. second) 0.53+1.06 0.50 0.62
Laying date -0.04 + 0.01 -5.80 <0.001
Hatching success  Intercept 4,96 +4.26 1.16 0.24
MHC class | supertypes 0.02 £0.12 0.19 0.85
MHC class Il supertypes 0.09+£0.26 0.35 0.73
Genome-wide heterozygosity -19.13 + 18.27 -1.05 0.29
Sex (male vs. female) 0.03+0.35 0.08 0.94
Brood status (first vs. second) -0.75+1.21 -0.62 0.54
Brood status (renest vs. second) -0.03+1.22 -0.02 0.98
Laying date 0.004 £ 0.011 0.37 0.71
Breeding success  Intercept 0.77 £1.22 0.63 0.53
MHC class | supertypes 0.03+0.04 0.82 0.41
MHC class Il supertypes -0.02 £ 0.07 -0.27 0.79
Genome-wide heterozygosity 7.46 £5.07 1.47 0.14
Sex (male vs. female) 0.02+0.11 0.21 0.83
Brood status (first vs. second) 0.12+0.34 0.34 0.73
Brood status (renest vs. second) 0.25+0.32 0.76 0.45
Laying date -0.010 + 0.004 -2.50 0.012




Table S21. Association between male haemoglobin concentration and the number of MHC class |
supertypes in the Eurasian coot, while accounting for the presence of specific supertypes. Bird

identity and year were included as random factors. Significant predictors are marked in bold

Predictors Estimate + SE z value P
Intercept 114.29 + 39.51 2.89 0.004
MHC class | supertypes -4.49 +1.81 -2.48 0.013
Supertype MHC1_7 -1.12 +5.56 -0.20 0.84
Supertype MHC1_9 5.09 £ 4.55 1.12 0.26
Supertype MHC1_10 -49016.13 -0.80 0.42
Supertype MHC1_11 -10.07 + 6.97 -1.44 0.15
Genome-wide heterozygosity 409.90 + 184.26 2.22 0.026
Body size -1.57+£2.43 -0.64 0.52

Capture date -0.21 £ 0.05 -4.29 <0.001




Table S22. Association between laying date and the number of MHC class | supertypes in the

Eurasian coot, while accounting for the presence of specific supertypes. Bird identity and year were

included as random factors. Significant predictors are marked in bold

Predictors Estimate + SE z value P
Intercept 113.28 + 22.98 4.93 <0.001
MHC class | supertypes 0.52+0.91 0.57 0.57
Supertype MHC1_6 -2.81+1.72 -1.63 0.10
Supertype MHC1_10 11.06 + 5.05 2.19 0.029
Genome-wide heterozygosity 9.19+4.17 2.21 0.027
Sex (male vs. female) 10.53 +114.75 0.09 0.93




Table S23. Association between male body mass and the number of MHC class Il supertypes in the

Eurasian coot, while accounting for the presence of specific supertypes. Bird identity and year were

included as random factors. Significant predictors are marked in bold

Predictors Estimate + SE z value P
Intercept 30.51+2.79 10.95 <0.001
MHC class Il supertypes -0.44 £ 0.20 -2.19 0.029
Supertype MHC2_1 -0.87 £ 0.29 -2.98 0.003
Supertype MHC2_3 -0.32+£0.98 -0.32 0.75
Supertype MHC2_7 -0.14 £0.27 -0.51 0.61
Supertype MHC2_8 -0.45+0.42 -1.07 0.28
Supertype MHC2_10 0.69 +0.31 2.21 0.027
Genome-wide heterozygosity 2.18+12.80 0.17 0.86
Body size 0.51+0.18 2.92 0.004
Capture date -0.007 £ 0.004 -1.60 0.11




Table S24. Association between female haemoglobin concentration and the number of MHC class Il
supertypes in the Eurasian coot, while accounting for the presence of specific supertypes. Bird

identity and year were included as random factors. Significant predictors are marked in bold

Predictors Estimate + SE z value P

Intercept 127.23 +42.88 2,97 0.003
MHC class Il supertypes -6.77 £ 2.82 -2.40 0.016
Supertype MHC2_3 -11.28 £ 6.38 -1.77 0.077
Supertype MHC2_7 -7.54+4.51 -1.67 0.095
Supertype MHC2_8 -11.53+5.99 -1.93 0.054
Supertype MHC2_9 -1.65 £ 6.60 -0.25 0.80
Supertype MHC2_12 -9.12 £5.36 -1.70 0.089
Genome-wide heterozygosity 424.27 + 208.90 2.03 0.042
Body size -3.47+3.14 -1.11 0.27

Capture date -0.35 + 0.08 -4.59 <0.001




Fig. S1. Bayesian Information Criterion (BIC) values for different numbers of clusters of MHC class |

(A) and MHC class Il (B) alleles in the Eurasian coot.
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ABSTRACT

Urban sprawl is one of the most common landscape alterations occurring worldwide,
and there is a growing list of species that are recognised to have adapted to urban life.
To be successful, processes of urban colonization by wildlife require a broad
spectrum of phenotypic (e.g., behavioural or physiological) adjustments, but evidence
for genetic adaptations is much scarcer. One hypothesis proposes that different
pathogen-driven selective pressures between urban and non-urban landscapes leads
to adaptations in host immune genes. Here, we examined urbanization-related
differentiation at the key pathogen-recognition genes of vertebrate adaptive
immunity-the major histocompatibility complex (MHC)-in a common waterbird,
the Eurasian coot (Fulica atra). Samples were collected from an old urban population
(established before the 1950s), a new urban population (established in the 2000s),
and two rural populations from central Poland. We found strong significant
divergence (as measured with Jost’s D) at the MHC class II between the old

urban population and the remaining (new urban and rural) populations. Also, there
was a moderate, but significant divergence at the MHC between the new urban
population and two rural populations, while no divergence was found between the
two rural populations. The total number of MHC alleles and the number of
private (population-specific) MHC alleles was lower in old urban populations, as
compared to the rural ones. These patterns of differentiation at the MHC were not
consistent with patterns found for neutral genetic markers (microsatellites), which
showed few differences between the populations. Our results indicate that MHC
allele composition depended on the level of anthropogenic disturbance and the time
which passed since urban colonization, possibly due to the processes of genotype
sorting and local adaptation. As such, our study contributes to the understanding of
genetic mechanisms associated with urbanization processes in wildlife.

Subjects Ecology, Genetics, Molecular Biology, Zoology, Population Biology
Keywords Local adaptation, Eurasian coot, Major histocompatibility complex, Population
differentiation, Urbanization, MHC, Urban evolution

INTRODUCTION

For the first time in our history more than a half of the world’s human population lives in
cities, and by 2030 every third resident is expected to live in a city of at least a half-million
people (Camacho-Valdez et al., 2009; McDonald, Kareiva & Forman, 2008). Such intense
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urbanization entails huge investments in urban infrastructure, which significantly changes
the natural landscape and, at the same time, creates novel urban ecosystems and novel
ecological niches (Aouissi et al., 2017; Croci, Butet ¢» Clergeau, 2008; Green et al., 2016).
Many animal species may not be able to adapt and reproduce in highly altered landscapes
outside of their natural niches, particularly those less plastic and more ecologically
specialized, and thus they are often excluded from urban environments (Concepcion et al.,
2015; Luniak, 2004). Despite the challenges posed by urban environments, more and more
animal species are adapting to new anthropogenic environmental conditions and
colonizing cities-overcoming the ecological, demographic, and behavioural barriers
(Luniak, 2004). Urban areas may be an attractive habitat alternative for species that

can take advantage of these novel ecosystems, including benefiting from access to
anthropogenic food, milder climate during the winter, and lower pressure from natural
predators (Davis, Malas & Minor, 2014; Luniak, 2004; Minias & Janiszewski, 2016).
Conversely, the use of urban resources by wild animals often comes at some costs

(e.g., exposure to novel pathogens).

Anthropogenic environmental change may promote the emergence of novel pathogens
through the transportation and introduction of infectious agents or hosts to new
environments, through manipulation of local ecosystems which can favour the
proliferation or prolonged survival of infectious agents or by facilitating new
host-pathogen interactions (Miller et al., 2002). Relatively poor biodiversity of urban
areas leads to the simplified regulation processes of animal communities (Adams, Van
Druff & Luniak, 2005), and thus, habitat-related differences in pathogen pressure may pose
a challenge during the process of urban colonization. Urbanization generally reduces the
abundance and diversity of parasites, but on the other hand parasite or pathogen
transmission can, in some cases, increase among urban-adapted hosts (Bradley ¢~ Altizer,
2007; Brearley et al., 2013). For example, a recently established urban population of
dark-eyed juncos (Junco hyemalis) was found to host significantly higher numbers of
ectoparasites and had more pox lesion scars compared to non-urban populations from
montane habitats (Whittaker et al., 2012). Additionally, urban wildlife can be exposed to
novel parasites found in the faeces of domestic animals, such as the infectious oocytes
of the protozoan parasite Toxoplasma gondii, the causative agent of toxoplasmosis (Bradley
& Altizer, 2007; Frenkel et al., 1995). The differences in the composition of pathogen
faunas between urban and non-urban areas may require necessary adaptations of the
immune system (Alcaide et al., 2008; Watson et al., 2017). Urban bullfinches (Loxigilla
barbadensis) are known to have enhanced immunocompetence compared to non-urban
conspecifics (Audet, Ducatez ¢» Lefebvre, 2016) and transcriptomic analysis of great tits
(Parus major) has provided strong evidence for the upregulation of adaptive immune
responses in urban individuals (Watson et al., 2017). However, genetic variation in
urban colonizing wildlife may not only be driven by selective processes, such as local
adaptation (Loiseau et al., 2009), but also by stochastic processes, like genetic drift
(Lourenco et al., 2017). Genetic bottlenecks may occur during the establishment of novel
urban populations (i.e., the founder effect), which can result in a low level of genetic
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diversity, including the diversity of the immune receptors responsible for antigen
recognition (Alcaide, 2010; Sutton et al., 2011; Strand et al., 2012).

Two families of pathogen-recognition genes play a key role in innate and adaptive
immunity: toll-like receptors (TLR) and the major histocompatibility complex (MHC)
(Schenten ¢ Medzhitov, 2011). In general, TLRs are responsible for identifying
conservative antigens (pathogen-associated molecular patterns, PAMP) which are
characteristic of a wide spectrum of pathogens and parasites (Barton ¢» Medzhitov, 2020).
In turn, MHC molecules activate adaptive immune response (Ekblom et al., 2007) by
presenting specific intercellular (MHC class I) or extracellular (MHC class II) antigens to T
cells (Piertney & Oliver, 2006). MHC genes are the most polymorphic genes in vertebrates
and the majority of polymorphism is concentrated in the peptide-binding region (PBR)
which binds peptides originating from pathogen processing (i.e., from the proteasomal
proteolysis or lysosomal hydrolysis of pathogens) (Hess ¢» Edwards, 2002; Hughes ¢
Yeager, 1998; Miinz, 2012). Even minor amino acid alterations in PBR may lead to large
differences in the repertoire of the peptides recognized and, as a consequence, change the
spectrum of the pathogens against which an organism effectively activates the immune
response (Dionne et al., 2007). In general, pathogen-driven balancing selection-acting
through the mechanisms of heterozygote advantage, negative frequency-dependent
selection, and fluctuating selection-maintains extraordinary diversity of MHC in
natural populations; unlike the relatively low variable and structurally conservative TLRs
(Barton & Medzhitov, 2020; Borghans, Beltman ¢ De Boer, 2004). Thus, MHC allelic
composition within populations should quickly respond via local adaptation to changes in
the composition of pathogens and parasite fauna (Ekblom et al., 2007; Miller, Allendorf ¢
Daugherty, 2010).

So far, the strongest evidence for associations between immune genes and urbanization
comes from mammals. For example, significant genetic variation at neutral and
immune gene (MHC and TLR) linked microsatellite loci was found between populations
of bobcats (Lynx rufus) whose habitats differed in urbanization level (Serieys et al., 2015).
Red foxes (Vulpes vulpes) that colonized Zurich, Switzerland, showed depleted neutral
and functional (immune-linked) genetic diversity following a founder event (DeCandia
et al., 2019a). Also, significant differentiation between fox populations separated by natural
and anthropogenic barriers was found at both types of markers, with evidence of selection
acting on MHC-linked markers (DeCandia et al., 2019a). In contrast to the older
colonization of Zurich by red foxes, there was little support for balancing selection
maintaining diversity at the MHC-linked loci of coyotes (Canis latrans) after the recent
colonization of the New York metropolitan area, USA (DeCandia et al., 2019b).
Differentiation of MHC genes has been detected in birds at the landscape level, but little
research has tested for the effects of urbanization. For example, significant between-
population differentiation at the MHC class II genes contrasted with the relatively
homogeneous distribution of microsatellite alleles in the lesser kestrel (Falco naumanni;
Alcaide et al., 2008) and great snipe (Gallinago media; Ekblom et al., 2007). These
contrasting patterns were primarily attributed to variation in habitat structure and
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processes of local adaptation to site-specific pathogen faunas (Alcaide et al., 2008; Ekblom
et al., 2007).

Our study aims to examine the differentiation and diversity of MHC genes in a
common waterbird, the Eurasian coot (Fulica atra, Rallidae, Gruifomes), from areas that
varied in urbanization level. For this purpose, we genotyped MHC class II genes in four
populations of the Eurasian coot from central Poland: (1) an old urban population
(Warszawa; urban area colonized by coots before 1950); (2) a new urban population (L6dz;
urban area colonized by coots at the beginning of the 2000s); and (3) two non-urban
populations (Sarnéw and Zeromin). Since the process of urban colonization by the
Eurasian coot is still in progress in central Europe, the species may be considered a
good model to study genetic adaptations across urban and non-urban populations with
different histories. Here, we test whether urbanization processes are related to changes
in the MHC gene pool and if they lead to reduced immunogenetic diversity at the
population level. We hypothesized that differences in urbanization level altered the allelic
composition of MHC genes between urban and non-urban Eurasian coot populations,
with more pronounced differences observed in the old versus new urban population.
We additionally hypothesized that the process of urban colonization would be associated
with reduced MHC diversity, either due to local adaptation (no parallel reduction in
neutral diversity expected) or demographic history and genetic drift (parallel reduction in
neutral diversity expected).

MATERIALS AND METHODS
Study area

Data were collected in two urban (Warszawa and %.6dz) and two rural (Sarnéw and
Zeromin) populations of Eurasian coot from central Poland during 2012-2018 (Fig. 1).
Warszawa (52.259° N, 21.020° E) is the largest city in Poland in terms of population size
(1.78 million inhabitants in 2020; according to data by Statisctics Poland, Poland,
https://stat.gov.pl/en/), and area (517.24 km?); it is also characterized by high population
density (3,462 people/km? in 2020). The city was colonized by coots in the mid-20th
century, with a stable breeding population of coots being reported in highly urbanized
parts of Warszawa as early as in the 1960s (Luniak, Kalbarczyk ¢» Pawlowski, 1964).
During the 1980s there were already 190-210 breeding pairs (Luniak et al., 2001) in the
city. The relatively early establishment of the urban population in Warszawa was likely
facilitated by the presence of a large river (Vistula) in the city centre. £6dz (51.757° N,
19.493° E) is the third largest city in Poland in terms of population size (672,185
inhabitants in 2020; Statisctics Poland, Poland), and its administrative area covers 293.25
km? with a population density of 2,309 people/km? in 2020. The urban areas of £6dz were
colonized by coots relatively recently, with only ~20 coot nesting sites being recorded
exclusively on the outskirts of £6dz during surveys in 1994-2002 (Janiszewski,
Wojciechowski ¢» Markowski, 2009). Since then, several locations in the city centre have
been colonized. During the period of this study, the coot population size in £6dz was
estimated at ~70 breeding pairs, including ~40 pairs breeding in the city centre. Because of
evident differences in the timing of colonization, Warszawa and L6dz populations are
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Figure 1 Location and land cover of sampling sites. Borders of sampling areas are marked with white
lines. Satellite map data © 2021 Google, CNES/Airbus, MGGP Aero, Maxar technologies.
Full-size K&l DOT: 10.7717/peerj.12264/fig-1

henceforth referred to as old and new urban populations, respectively. In the natural
environment, coots inhabit a variety of standing waterbodies, such as lakes, field ponds,
oxbow lakes, but also in the reservoirs of artificial origin, including fish ponds, clay pit
ponds, peat lakes, storage reservoirs, or channels. Rural populations of coots were
located at fish ponds in Sarnéw (51.851° N, 19.109° E) and Zeromin (51.617° N,
19.607° E), which provided semi-natural nesting habitat with extensive reed areas (Fig. 1).
Trespassing of unauthorized personnel was restricted at both sites, resulting in low human
presence and a relatively low degree of anthropogenic pressure.

Sample collection and DNA isolation

Blood samples were taken during the reproductive season from 20-30 adult breeding
individuals per population (n = 103 individuals in total). Birds were caught with noose
traps put in the nests and made from monofilament nylon. Several birds were caught by
hand (exclusively in urban populations). Approximately 75 pl of blood was taken from a
tarsal vein from each bird and stored in 96% ethanol at 2 °C until further analysis.

Each bird was ringed and marked with a plastic neck collar, which allowed us to avoid
recapturing the same individuals. Genomic DNA was isolated from blood samples with
GeneJET Genomic DNA Purification Kit (Fermentas, Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s protocol. All methods were carried out in
accordance with the current laws of Poland (Act on Nature Conservation from 16 April
2004, Journal of Laws from 2004, No. 92, item 880) and were approved by the Local

Pikus et al. (2021), PeerJ, DOI 10.7717/peerj.12264 5/23


http://dx.doi.org/10.7717/peerj.12264/fig-1
http://dx.doi.org/10.7717/peerj.12264
https://peerj.com/

Peer/

Bioethical Commission for Experiments on Animals in Lodz (nos 40/LB 620/2012 and 15/
1B/2016).

Microsatellite genotyping and variation

To assess the level of neutral genetic variation in our study populations, we used ten
microsatellite loci (Table S1). Nine microsatellite markers were originally developed for
other Rallidae species: Tm18, Tm20, Tm27, Tm38 (Tasmanian native-hen, Tribonyx
mortierii) (Buchan, 2000), Kira8, Kira9, Kiral0, Kiral6 (king rail, Rallus elegans) (Brackett
et al., 2013), and B106 (black rail, Laterallus jamaicensis) (Spautz, Nur ¢ Stralberg, 2005).
The last marker, TG03002, was highly conserved and amplified successfully in a wide
range of passerine and non-passerine bird species (Dawson et al., 2010). PCR
amplifications followed original protocols and were conducted in a total volume of 20 pl
containing ten pl of 2X DreamTaq PCR Master Mix (DreamTaq DNA Polymerase, 2X
DreamTaq buffer with four mM MgCl,, and 0.4 mM of each ANTP) (ThermoFisher
Scientific, Waltham, MA, USA), eight uL of deionized water, 0.5 pL of each primer (final
concentration of 1.25 uM) and one pL of genomic DNA solution (20-80 ng of DNA).
Fragment size analysis was conducted with ABI/Hitachi 3,500 (Applied Biosystems, Foster
City, CA, USA) sequencer. The size of alleles was assessed with GeneScan TM 600 LIZ
Standard (Applied Biosystems, Foster City, CA, USA) using Geneious 7.1.7 software
(Biomatters, Auckland, New Zealand). All loci were successfully genotyped in all
individuals. To exclude any major genotyping errors allele calling was checked twice and
genotyping of technical replicates showed high (>95%) reproducibility of alleles.

We found no deviation from the Hardy-Weinberg equilibrium at any locus in any
population (all p > 0.05 after Bonferroni correction), as assessed with the exact tests
(Guo & Thompson, 1992) that were run with the Markov chain method (chain length:
1,000,000; dememorization: 1,00,000) in Arlequin 1.3.5.2 software (Excoffier ¢ Lischer,
2010). Also, no evidence for linkage disequilibrium was found between any pair of loci
(all p > 0.05 after Bonferroni correction), as tested with FSTAT 2.9.3 software (Goudet,
1995). The frequency of null alleles was relatively low (max. 0.052 at Kira-16), as checked
with Cervus 3.0.3 (Kalinowski, Taper ¢» Marshall, 2007). Micro-Checker 2.2.3 (Van
Oosterhout et al., 2004) did not indicate genotyping errors due to null alleles, short
allele dominance (large allele dropout), or stuttering. The observed and expected
heterozygosity was calculated with GeneAlEx v.6.5 software (Peakall ¢ Smouse, 2006;
Smouse & Peakall, 2012).

MHC genotyping

MHC genotyping focused on class II genes, which were previously reported to show
high level of polymorphism in natural coot populations (Alcaide et al., 2014).

For amplifications we used species-specific primers, Fuat-Ex2Fw (5'-CTGACCR
GCCTCCCTGCA-3) and Fuat-Ex2Rv (5'-TTGTGCCAYACACCCACC-3'), which
amplify the entire MHC class II exon 2 (270 bp), binding with the neighbouring regions of
intron 1 and 2 (Alcaide et al., 2014). Our targeted region (exon 2) codes for one of two
domains that form the peptide-binding groove of the MHC molecule and, thus, have a
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direct impact on antigen recognition. PCR amplifications were done in a total volume of
20 pl containing ten pl of 2X HotStarTaq Plus MasterMix Kit (HotStarTaq Plus DNA
Polymerase, PCR Buffer with 0 mM MgCl,, and 400 pM of each dANTP) (Qiagen, Venlo,
Netherlands), eight pl of deionized water, 0.5 pl of each primer (final concentration of
1.25 uM), and one pl of genomic DNA solution (20-80 ng of DNA). To allow identification
of samples, amplifications were completed using fusion primers containing Illumina
Nextera Transposase adapter sequences (Illumina Corp., San Diego, CA, USA), seven-bp
barcodes that indicated sample identity, and original MHC primers. Following Alcaide
et al. (2014), conditions for PCR reactions consisted of an initial denaturation (95 °C
for 5 min) followed by 24 cycles of denaturation (95 °C for 60 s), annealing (60 °C for 40 s)
and elongation (72 °C for 60 s), and a final extension (72 °C for 10 min). The number of
PCR cycles was set to 24 to reduce the risk of producing chimeras. All PCR products
were purified, and their concentration was assessed with a Quant-iT PicoGreen dsDNA
marking kit (Thermo Fisher Scientific, Waltham, MA, USA). A library was prepared
from equimolar quantities of PCR products using NEB-Next DNA Library Prep

Master Mix Set for Illumina (New England Biolabs, Ipswich, MA, USA) and sequenced on
the 2 x 250 bp Illumina MiSeq platform.

Processing of lllumina data and MHC allele validation

Raw Illumina MiSeq data were processed using Amplicon Sequencing Analysis Tools
(AmpliSAT) web server (Sebastian et al., 2016) and processing algorithms recommended
by Biedrzycka et al. (2017). To merge pair-ended reads we used FLASH algorithm
(Magoc & Salzberg, 2011) with optimum overlapping parameters (determined based on
amplicon data), as implemented in AmpliMERGE tool. Then, AmpliSAS tool was used for
de-multiplexing, clustering, and filtering of reads. Default parameters for Illumina data
were used for clustering (1% substitution errors, 0.001% indel errors, and 25% minimum
dominant frequency), while in the filtering step we discarded chimeras and sequences
that had less than 3% frequency. Minimum amplicon depth was set to 300 reads, while
maximum amplicon depth was set to 5,000 reads (due to processing limitations of
AmpliSAS). Before data processing, the average sequencing (amplicon) depth was

1,706 + 73 [SE] per sample, while the average number of reads for validated alleles was
1,398 + 64 [SE] reads per sample. Reproducibility of alleles was assessed using 25 technical
replicates (independent PCR amplifications from the same individuals). All reads had
273 or 276 bp length and the difference in sequence length was due to a single-codon
deletion, previously reported for MHC class II exon 2 of the Eurasian coot (Alcaide

et al., 2014). All validated alleles were aligned in Geneious v10.0.5 (Biomatters Ltd.,
Auckland, New Zealand). Intron regions (two codons) were removed from the alignments,
retaining full length (267/270 bp) MHC class II exons 2 sequences, which are referred to as
alleles in all further analyses.

Statistical analyses
Basic measures of allelic diversity within populations (i.e., total number of alleles and the
number of private alleles per population) were calculated for MHC and microsatellite loci
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using GeneAlEx v.6.5 software. For microsatellite loci we also calculated mean observed
heterozygosity for each population using the same software, while for the MHC we
calculated population-specific sequence polymorphism measures (number of segregating
sites, number of nucleotide differences, nucleotide diversity) using DnaSP v6.10.03
(Rozas et al., 2017). We used rarefaction to standardize all population-specific measures of
allelic diversity for a population size of 20 individuals, which was the minimum sample size
available for any of the study populations (Tables S2, S3 in File S2). Differences in the
individual MHC diversity (i.e., number of alleles per individual) and individual
microsatellite heterozygosity between populations were tested with general linear mixed
models (GLMM) in glmmADMB package (Skaug et al., 2012) developed for the R v3.6.3
statistical environment (R Foundation for Statistical Computing, Vienna, Austria).

The MHC diversity and microsatellite heterozygosity were entered as response variables in
separate GLMMSs, while population was entered as a four-level fixed factor. In the analysis
of the MHC we also added microsatellite heterozygosity as a covariate to control for
neutral genetic variation. The effect of year was included in both models as a random
factor to control for inter-annual variation.

In order to assess genetic differentiation between populations, we used two major
approaches. First, we calculated pairwise Jost’s D measures of differentiation for both
MHC and microsatellite data (Jost, 2008). Calculations of Jost’s D are based on the effective
number of alleles (Jost, 2008), instead of expected heterozygosity, as in the case of Fgr
and similar statistics (Meirmans ¢ Hedrick, 2011), which was unknown for multilocus
MHC data. Jost’s D estimates for MHC data were calculated in the SpadeR R package
(Chao et al., 2016) and for the purpose of analyses each allele was coded as present or
absent (as in a dominant marker). For microsatellite data, Jost’s D values were estimated
using bootstrapping (1,000 permutation) in the diveRsity R package (Keenan et al.,
2013). Additionally, we calculated standardized G’sy values (i.e., pairwise Ggr values
divided by the maximum Ggr value; Hedrick, 2005), but this was done exclusively for
microsatellite loci. A correlation between pairwise Jost’s D values for MHC and
microsatellites was tested using Pearson product-moment correlation coefficient.

Second, we used Bayesian clustering algorithm implemented in the program
STRUCTURE (Pritchard, Stephens ¢» Donnelly, 2000) to infer the number of genetic
clusters (K) in the data and to assign individual genotypes to these clusters (separately
for MHC and microsatellite data). Since it was not possible to assign MHC alleles to loci,
we encoded each allele as a dominant biallelic locus, following Herdegen, Babik ¢» Radwan
(2014) and ran the analysis of MHC data as for dominant markers (Falush, Stephens ¢
Pritchard, 2007). We set the number of tested K values between one and five. We used
the admixture model of ancestry, correlated model of allele frequencies, and sampling
location as prior information. The number of Markov chain Monte Carlo iterations was set
to 5,00,000 and the length of burn-in period was set to 2,00,000. Each analysis was
replicated ten times. The number of genetic clusters for each type of marker was
inferred by a comparison of mean posterior probabilities for different K values L(K)
(also referred to as likelihood scores), as implemented in the Structure Harvester 0.6.94
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(Earl & von Holdt, 2012). We preferred L(K) against the AK algorithm (Evanno, Regnaut &
Goudet, 2005), since the latter does not test for K = 1 and, thus, it may overestimate

the number of genetic clusters under the homogeneous genetic structure (Janes et al.,
2017). Multiple runs of clustering analysis were averaged with Clumpp 1.1.2 (Jakobsson ¢
Rosenberg, 2007) and the final output was visualized with Distruct 1.1 (Rosenberg, 2004).
All values are reported as means + SE.

RESULTS

MHC and microsatellite polymorphism

After clustering and filtering of Illumina sequences, we found that 115 MHC class II alleles
were retained across all populations. These corresponded to 113 unique amino acid
sequences. Reproducibility of alleles after processing was 100% (see File S2 for allele
calling across 25 technical replicates). Between one and six alleles were recorded per
individual, being consistent with the presence of three MHC class II loci in the Eurasian
coot. Most individuals (53.4%, n = 103) had three MHC alleles and the mean number of
MHC alleles was 2.89 + 0.08 per individual.

Most microsatellite loci showed moderate polymorphism (3-17 alleles per locus), except
for Kira-16, where 48 alleles were recorded (Table S1). The observed heterozygosity (Ho)
of microsatellites was 0.59-0.66 per population (Table S3) and 0.09-0.88 per locus
(Table S1).

Reduced MHC diversity in the old urban population

We found significant differences in individual MHC diversity (i.e., the number of MHC
alleles per individual) between the populations (Fig. 2), as MHC diversity was significantly
lower in the old urban population (Warszawa), when compared with the new urban
population (£6dz; p = —0.60 + 0.21, P = 0.005, Table 1) and one of the rural populations
(Zeromin; f = —0.52 + 0.23, P = 0.029, Table 1). There were no significant differences
between the new urban population and both rural populations (Table 1). Rural
populations were characterized by the highest total number of MHC alleles, as well as the
highest number of private MHC alleles (Table S2). A similar pattern was revealed after
the standardization of the sample sizes between populations, showing that the total
number of MHC alleles was 34-48% lower in urban than rural populations (Table S2,
Fig. 3A). Despite higher allelic diversity in rural populations, all measures of MHC
sequence polymorphism (i.e., number of segregating sites, number of nucleotide
differences, and nucleotide diversity) were similar across urban and rural populations
(Table S2). In contrast to the MHC, we found no differences in the individual
heterozygosity at the microsatellite loci between the populations (Table 1; Fig. 2), although
the difference between the old urban population (Warszawa) and one of the rural
populations (Zeromin) was only marginally non-significant (lower heterozygosity in
Warszawa; 3 = —0.070 + 0.039, P = 0.072, Table 1). The total number of alleles and the
number of private alleles at microsatellite loci showed little variation across all four
populations (Table S3, Fig. 3B).
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Figure 2 Differences in the number of MHC class II alleles per individual (A) and individual
heterozygosity at microsatellite loci (B) between old urban (Warszawa), new urban (E6dz) and
two rural (Sarnéw and Zeromin) populations of the Eurasian coot. Statistical significance for pair-
wise comparisons is reported in Table 2. Full-size K&l DOT: 10.7717/peerj.12264/fig-2

Significant MHC differentiation between urban and rural populations
We found strong population differentiation at the MHC and the average pairwise Jost’s D
was 0.441. The strongest differentiation at MHC genes was recorded between the old
urban population (Warszawa) and all other populations, although the new urban
population (L6dz) also showed significant differentiation from both rural populations
(Table 2). The two rural populations showed no significant differentiation at the MHC
(Jost’s D = 0.142 + 0.152; Table 2). No significant population differentiation was found at
the microsatellite loci, as measured with Jost’s D and G’ (Table 2). Pairwise Jost’s D
values for MHC and microsatellites did not show significant correlation (r = 0.47, n = 6,
p =0.35).
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Table 1 Differences in the individual MHC diversity (the number of MHC class II alleles per
individual) and individual microsatellite heterozygosity between populations.

Marker Predictor Estimate + SE t P

MHC class II Intercept 2.58 £ 0.38 6.82 <0.001
Population (Warszawa vs. 16dz) -0.60 + 0.21 -2.87 0.005
Population (Warszawa vs. Sarnow) -0.32 £ 0.21 -1.49 0.14
Population (Warszawa vs. Zeromin) -0.52 + 0.23 -2.22 0.029
Population (L6dz vs. Sarnow) 0.28 + 0.21 1.38 0.17
Population (£6dz vs. Zeromin) 0.08 + 0.22 0.37 0.71
Population (Sarnéw vs. Zeromin) —-0.20 £ 0.22 -0.88 0.38
Microsatellite heterozygosity -0.08 £ 0.59 -0.14 0.89

Microsatellites Intercept 0.584 + 0.026 22.89 <0.001
Population (Warszawa vs. £6dz) -0.052 + 0.035 -1.49 0.14
Population (Warszawa vs. Sarnéw) -0.026 * 0.036 -0.74 0.46
Population (Warszawa vs. Zeromin) -0.070 + 0.039 -1.82 0.072
Population (L6dz vs. Sarnéw) 0.026 + 0.034 0.74 0.46
Population (£6dZ vs. Zeromin) —-0.018 + 0.038 -0.49 0.63
Population (Sarnéw vs. Zeromin) —-0.044 + 0.038 -1.14 0.26

Notes:

(Warszawa-old urban population, £6dZ-new urban population, Sarnéw and Zeromin-rural populations). Year was
included as a random factor.
Significant predictors are marked in bold.

MHC data suggests two genetic clusters

Our Bayesian assignment of individuals to genetic clusters also provided support for
greater MHC differentiation between populations (when compared with microsatellites).
Two genetic clusters were inferred for the MHC genes, as based on the mean posterior
probabilities L(K), although AK were similar for K = 2 and K = 3 (Fig. 4). All individuals
from the new urban and both rural populations were assigned to a single genetic cluster
with very high assignment probabilities (0.933 + 0.002; yellow cluster, Fig. 4). The old
urban population clustered exclusively to itself, indicating differentiation from the
remaining populations (blue cluster, Fig. 4), although average assignment probabilities to
this cluster were only moderately high (0.738 + 0.020). Two genetic clusters were also
inferred for microsatellite loci, as indicated by both L(K) and AK values (Fig. 4).

The pattern was highly contrasting with the MHC, as a similar proportion of individuals
from each population was assigned to each cluster, providing no support for neutral
genetic differentiation between populations (Fig. 4).

DISCUSSION

Our study investigated MHC class II gene divergence between Eurasian coots sampled in
urban and non-urban environments, where different pathogen pressure may occur.

We found significant differentiation of MHC genes between both urban populations and
the populations inhabiting non-urban areas. We also demonstrated that the strongest
differentiation of MHC genes occurred between the old urban population (Warszawa) and
the three others-the new urban (L6dz) and two non-urban populations (Sarnéw and
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Figure 3 The number of MHC class II (A) and microsatellite (B) alleles recorded in old urban
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coot. All estimates are shown for a standardized population size of 20 individuals. Dark colours
represent private (population-specific) alleles, while light colours represent alleles shared between
populations. Full-size K&] DOT: 10.7717/peerj.12264/fig-3

Zeromin). Finally, there was an apparent loss in MHC allele diversity in both urban
populations when compared to rural ones. These findings were not consistent with the
patterns of neutral genetic diversity and differentiation between the populations (across a
panel of microsatellite loci), suggesting that processes shaping MHC variation were not
primarily driven by demographic processes.

MHC genes are an important model for studying the adaptive genetic differentiation
in wildlife populations, as co-evolution with pathogens is commonly referred to as the
main mechanism responsible for the occurrence of MHC polymorphism (Spurgin &
Richardson, 2010). Our results are suggestive of adaptive differentiation at the MHC in
urban populations, supported by the lack of genetic differentiation at neutral loci. These
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Table 2 Genetic differentiation between urban and rural Eurasian coot populations at the MHC and
microsatellite loci, as measured with pairwise Jost’s D (below diagonal) and G’st (above diagonal)

values.
Marker Population Warszawa Lodz Sarnéw Zeromin
(old urban) (new urban) (rural) (rural)

MHC class I Warszawa - NA NA NA
Lodz 0.602 - NA NA
Sarnéow 0.588 0.277 - NA
Zeromin 0.623 0.413 0.142 -

Microsatellites Warszawa - 0.019 0.009 0.025
Lodz 0.012 - 0.020 0.020
Sarnéw 0.005 0.006 - 0.019
Zeromin 0.017 0.018 0.005 -

Note:

Significant comparisons (P < 0.05) are indicated in bold.

results were inconsistent with our previous research, showing significant microsatellite
differentiation of urban and non-urban coots in Poland (Minias et al., 2017). Yet, it is
important to note that our earlier analyses were conducted on a larger number of
populations using a directly paired (urban vs. adjacent non-urban) framework. This was
possible due to the other type of material collected (i.e., moulted feathers), which did
not allow efficient MHC genotyping because of low quality DNA extracts. Here, we used
blood sampled from captured individuals, which on one hand allowed us to obtain reliable
MHC genotypes, but on the other hand it limited our sampling and reduced statistical
power to detect inter-population differentiation. It must be acknowledged, however, that
the results on microsatellite and MHC variation within this study were obtained under
identical sampling scheme and, thus, can be reliably compared. Taking this into
account, contrasting patterns for neutral genetic variation (a lack of differentiation) and
adaptive immunogenetic variation (a significant differentiation at the MHC) suggest that
the latter cannot be solely explained by stochastic mechanisms associated with genetic
drift or demographic processes, which may take place during urban colonization.

The urbanization process may be associated with a random reduction in genetic
diversity as a result of the bottleneck effect (i.e., when a group of individuals colonizing
novel areas is genetically not representative for the source population; Evans et al., 2010).
Traces of such processes should be, however, detected both at the level of neutral and
adaptive genetic markers, which was not confirmed in our study. Not only was there no
significant differentiation in microsatellite loci found between our coot populations, but we
also observed little differences in the diversity of these loci between the populations.
The only pairwise difference in microsatellite heterozygosity that was close to the
significance threshold indicated a tendency for a lower heterozygosity in the old urban
populations when compared to a non-urban one. This may suggest that demographic
processes, such as recent genetic bottleneck or founder effect, could have contributed to
the patterns of genetic variation that we observed between our study coot population, but
this contribution was rather low and unlikely to explain strong differentiation at the
MHC genes. Alternatively, MHC alleles may show lower average frequencies within
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populations when compared to microsatellites and, for this reason, they may be more
prone to loss during urban colonization processes, which can promote stronger
differentiation at the MHC between urban and non-urban populations. However, it was
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unfeasible to calculate true frequencies of MHC alleles without locus-specific data and,
thus, we were unable to directly test this hypothesis.

Our results suggest that MHC differentiation between populations could stem from the
processes acting specifically on these genes. The processes of urban colonization by
wildlife may require adaptations of key immune receptors to the composition of local
pathogen and parasite faunas. Congruent with this hypothesis, our analyses showed
differences in the MHC allele composition between populations that differed in the level of
urbanization. There are several non-exclusive mechanisms which may explain this
pattern, although we could not effectively distinguish between these alternative scenarios
with our data. First, differences in the allelic composition of MHC between the new urban
population (£6dZ) and the non-urban populations (putative source populations for the
colonization of Lodz; Minias et al., 2017) may suggest that the influx on non-urban
individuals into cities could have proceeded through the sorting of MHC genotypes.
This mechanism assumes that only individuals with specific MHC genotypes, pre-adapted
to the urban pathogen fauna, can effectively settle, survive and raise offspring in the
urban environment. Similar mechanisms are observed at the phenotype level, where birds
with particular behavioural features (e.g., more aggressive, bolder, more explorative or
more resistant to stress) are more likely to colonize novel habitats, including urban areas
(Luniak, 2004; Evans et al., 2010; Minias, Jedlikowski ¢ Wlodarczyk, 2018). However,
it must be stressed that our study did not directly test this hypothesis and further research
into the potential for genotype sorting is required.

Alternatively, differentiation at the MHC between the old and new urban populations
may suggest the occurrence of local adaptations, where MHC repertoire becomes
gradually adapted to the local pathogen pressure (Lan et al., 2019). In accordance with our
results, the strength of the local MHC adaptations in urban populations should be
correlated with the time of the exposure of a given population to the urban pathogen
fauna (under similar strength of pathogen-driven selection in both populations), and,
therefore, indirectly with the time at which a given urban population was established.
At the same time, the old urban population showed the lowest individual MHC variability
(i.e., the average number of alleles per individual). This may suggest an adaptation to a
specific (perhaps relatively homogenous) assemblage of urban pathogens and it is
consistent with empirical studies showing altered composition of parasite faunas in an
urbanized landscape and a negative association of parasite richness with urbanization level
(Calegaro-Marques & Amato, 2014; Los et al., 2020). We, however, explicitly acknowledge
that no pathogen data were collected in our study, and we cannot draw any firm
conclusions with this respect. Also, we cannot rule out that this effect can simply have
arisen due to different strength of pathogen-driven selection in each environment and may
not be directly associated with the timing of population establishment.

Our capability to infer the exact mechanisms responsible for the observed MHC
differentiation was further impaired by some methodological limitations. First, we had
no replicates for old and new urban populations and, thus, our analyses yielded no
statistical power to directly test for the effect of population history (i.e., timing of urban
colonization) on MHC differentiation. Also, our populations were not evenly distributed
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in space, as the old urban population was located relatively far from the remaining three
(new urban and two rural) populations. This may have suggested that any genetic
differentiation of the old urban population could have arisen due to isolation by distance,
although this scenario has not been confirmed by the analysis of microsatellite data

(i.e., the lack of significant differentiation between populations).

In general, maintenance of local adaptations may be facilitated by limited gene flow
between populations. For example, research on burrowing owls (Athene cunicularia) has
shown that there is limited gene flow between adjacent urban and rural populations
(i.e., enhancing local adaptation), but not between different urban populations (Mueller
et al., 2018). Basic factors that can reduce gene flow between urban and non-urban
populations include marked differences in habitat structure and intensity of anthropogenic
pressure, but also differences in local climate conditions or predatory pressure (e.g., in the
composition of predator faunas; Edelaar, Siepielski ¢» Clobert, 2008). For instance, the
shift from high genotypic variation in rural landscapes to strongly favoured genotypes in
urban settings was observed in wood frogs (Lithobates sylvaticus), as a results of strong
habitat differences which diminished gene flow and amplified genetic drift (Homola et al.,
2019). This habitat variation is often reflected by high behavioural divergence between
urban and non-urban individuals (Shochat, 2004), which may further reduce migration
rate of individuals (genes) across landscapes. Indeed, behavioural studies conducted in our
study coot populations revealed different spectra of behaviours between the urban and
non-urban birds. It was demonstrated that coots from the old urban population
(Warszawa) were more aggressive while defending the nest, less sensitive to stress and
the presence of humans, and used food of anthropogenic origin better than individuals
from the new urban population (L6dz) and the non-urban populations (Minias,
Jedlikowski e Wlodarczyk, 2018). It seems that this kind of behavioural differentiation
may constitute one of the mechanisms promoting the maintenance of local genetic
adaptations (also at the level of MHC) in the urban areas. On the other hand, an increasing
number of studies show that local adaptations can be maintained despite high gene
flow (reviewed in Tigano ¢ Friesen, 2016). Preservation of local adaptations under gene flow
is facilitated by several genomic processes (e.g., rearrangements of genomic architecture,
linkage with already diverged loci, or mechanisms suppressing recombination) that maintain
clusters of adaptive loci (Tigano & Friesen, 2016). Since our analyses of neutral
(microsatellite) genetic variation indicated no apparent barriers for gene flow between our
coot populations, it seems possible that some of these mechanisms could contribute to the
maintenance of local adaptations at the MHC genes. So far, evidence of local adaptation to
urbanization in the face of gene flow was found in a highly mobile insect pollinator, the
red-tailed bumblebee (Bombus lapidarius; Theodorou et al., 2018).

In conclusion, our study showed significant between-population differentiation of
MHC repertoire depending on the level of urbanization, likely as a result of non-neutral
processes (genotype sorting or local adaptation). Currently, there is a scarcity of studies
testing for immunogenetic adaptations to urban habitats in birds and our results provide
an important contribution to this topic, as well as advancing our more general
understanding of genetic mechanisms associated with urbanization processes in wildlife.
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Although our results revealed associations of MHC allele composition with habitat
urbanization and the time which passed since urban colonization, we are aware that our
conclusions based on a limited number of populations should be confirmed using
longitudinal data collected at broader geographical scale and across a larger number of
urban and non-urban population replicates. We also acknowledge that future research
should complement our findings with pathogen data from different habitats and, ideally,
should examine fitness consequences associated with different MHC composition in
urban and non-urban environments. Nevertheless, we believe that our study provides
important foundational information that future work can build upon, not only in coots,
but also pertaining to other urban colonizing wildlife. As our knowledge of how species are
evolutionarily responding to increasing rates of urbanization grows, knowing the role
immunogenetic adaptations play will provide key insights into urbanized taxa and what it
takes to survive in a human world.
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Table S1 Microsatellite loci used to assess neutral variation in the Eurasian coot. Repeat unit size, size
range, number of alleles, observed heterozygosity (Ho) and expected heterozygosity (H.) are reported

for each marker.

. . Repeat Size
Locus szzzweirci:(rgr—zr’) ssszgrcis?;—e?:’) unit size range N alleles Ho He
(bp) (bp)
Tm18 CTGAACATTTCAAGAGTCCTCA GCAGAGCTGACCACTCAGAAC 2 137-149 3 0.703 0.539
Tm20 TGCACAGATGAGAAGGAGGGC GCCTGCTCACACTAGCAGAAC 2 127-133 3 0.090 0.085
Tm27 CTAGGTCACCTTTACAGTAGTC CAATACCATGTATAGAAATGTTGG 2 131-173 17 0.836 0.846
Tm38 GATAGATGGAGCGTAAAATGCA  AAGAAAGCAAAATGTCTGTATTGG 2 103-113 6 0.504 0.511
Kira8 GCTTTGCATCTTGCCTTAAA GTGACACTGATACAGTGTGCCT 2 307-331 16 0.879 0.901
Kira9 TGATCTGGGCAGGCTTCTAC GTCGAATAATGGCAGCAATG 2 163-173 5 0.520 0.499
Kiral0 CCAAGTACCATCTGCGAAGC AACCCGAACGAGAGATGTGA 2 121-145 12 0.785 0.774
Kiralé CCAGGTGAAACTCTGCATT ACAGTTGTGATGTGGCTGGA 2 299-419 48 0.858 0.930
B106 TAGTGCTCTCAGGAAAGACTTG CTCTTCCAGAAGCTGTAGTTG 2 168-204 15 0.777 0.788

TG03002 TCTTGCCTTTTTGGTATGAGTAT TACAAAGCACTGTGGAGCAG 2 118-126 5 0.265 0.257




Table S2 Measures of MHC class Il diversity in old urban (Warszawa), new urban (£édz) and two rural
(Sarnéw and Zeromin) populations of the Eurasian coot. Estimates given in parentheses were

standardized for a population size of 20 individuals using rarefaction.

. No. No. No. private No. segregating No. nucleotide  Nucleotide
Population o - . . .
individuals alleles alleles sites differences diversity
Warszawa 26 (20) 27 (23) 14 (12) 93 (90) 32.4(32.5)  0.121(0.122)
Lodz 30(20) 37 (27) 14 (8) 93 (90) 31.2 (32.0) 0.117 (0.119)
Sarnéw 27 (20) 52 (41) 30(22) 96 (93) 31.3(32.5)  0.117(0.122)

Zeromin 20 (20) 44 (44) 24 (24) 92 (92) 31.4(31.4)  0.118(0.118)




Table S3 Measures of microsatellite diversity in old urban (Warszawa), new urban (£6dz) and two

rural (Sarnéw and Zeromin) populations of the Eurasian coot. Estimates given in parentheses were

standardized for a population size of 20 individuals using rarefaction.

Population . .N.o. No. No. private Observgd
individuals alleles alleles heterozygosity (Ho)
Warszawa 26 (20) 76 (70) 8 (8) 0.585 (0.580)
todz 30(20) 88 (78) 13 (11) 0.637 (0.655)
Sarnéw 27 (20) 88 (82) 13 (11) 0.611 (0.635)
Zeromin 20 (20) 75 (75) 7(9) 0.655 (0.655)
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