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Abstrakt

V lesnich ekosystémech vstupuje vyznarsast uhliku do fidy ve forn€ rostlinného opadu.
Dekompozice opadu aa@ni organické hmoty je protoalkzitym procesem ovliwijicim
bilanci zivin a toky uhliku v fdé. Houby jsou v terestrickych ekosystémech pokladzay
nejvyznamgjsi rozkladge a to diky své schopnosti produkouvadu extracelularnich
enzymi, které jim umo#uji rozkladat biopolymery. | kdyZz houby zastavdijic&vou roli v
procesu dekompozice, jen malo je znamo o stiekéudiverzi jejich spolé€enstev a jejich
presna funkce v lesnichigach Zistava mnohdy nejasna.

Tato disertani prace byla za#stena na charakterizaci houbovych spelestev v
lesnich fidach a jejich schopnosti tykajicich se dekompoms#inného opadu. Seéasti této
prace bylo vypracovat metodiku pro podrobnou analkomplexnich mikrobialnich
spolg&enstev a vyuZit ji pro analyzu environmentalnicbriki. Dale se poddo kvantifikovat
diverzitu genu pro exoceluldzu wgnim vzorku.

Vysledky této prace ukazaly, Ze struktura mikrafiiéd spoléenstva se liSi mezi
horizonty lesniho {dniho profilu. Vyznamné rozdily ve sloZeni spelestva byly
pozorovany mezi DNA a RNA komunitou navzdory jejigimdobné diverzét Nékolik
mikrobialnich taxofi vysoce abundantnich v RNA vykazovalo jen velmkaoiz abundanci v
DNA, coz indikuje, Ze tyto druhyips svoji nizkou p#&etnost vyznam prispivaji k
dekompozinim proceém v pidach. Bhem dekompozice rostlinného opadu dochazi k
rychlym sukcesnim z#émam spol&enstva hub, fikemz tSina abundantnich drahv
substratu dominuje pouze @ sre. Aktivita, mnozstvi biomasy a diverzita hub vyraitesa
s hloubkou pdy. Slozeni houbovych spdkenstev v lesni {mé je vyraz@ ovlivnéno
sezonnimi vlivy, cozZ je nejvice patrné v nejsvigiim opadovém horizontu. V opadovém
horizontu dosahuji saprotrofni rody svého sezénnib@ima na podzim, zatimco pro léto je
typicky nejvyssi vyskyt ektomykorhiznich hub. Miaéri padni horizont vykazuje vyznamnée
sezoOnni zrény v mnozstvi houbové biomasy. Houby izolované snigudy se navzajem
liSily schopnosti rozkladat doini biopolymery. Houby nep&ti mezi saprotrofni
basidiomycety prawgpodobrt nehraji dlezitou roli v rozkladu ligninu, ale jsou schopny
produkovatiadu celulolytickych a chitinolytickych enzymcoz je pedukuje k aktivni roli
pii rozkladu lignocelulézy nebo mrtvé houbové biomday studiu vlivu chemického sloZzeni
opadu na rychlost jeho degradace, bylo ukazanoyctdost dekompozice stoupa s obsahem

dusiku v opadu, zatimco obsah ligninu nema vliv ramilbytek hmotnosti, ani na aktivitu



ligninolytickych enzyni. Tento vysledek naztaje, Ze aktivita ligninolytickych enzyinje
pravcEpodobre mére vhodnym indikatorem dekompozice ligninu nez ssdpokladalo.

Uvod

Temperatni lesy pdatmezi hlavni biomy na planea pokryvaji plochu o rozloze 570 mili®n
ha (FAO and JRC, 2012). V lesnich ekosystémechamma&cast uhliku vstupuje doupy ve
formé rostlinného opadu (Berg and McClaugherty, 2003h Stromy opadavého lesa je
typické sezonni opadani listke kterému dochazi na podzim a ma za nasledalomalni
derstvého opadu s lehce dostupnymi Zivinami (Srefj@d., 2011). V disledku gisunu opadu
a jeho mikrobiélni transformace je mozné v lesnpédach rozeznatiit hlavni horizonty
pudniho profilu: opadovy horizont obsahujici vyhradirganickou hmotu z mrtvé rostlinné
biomasy (L), organicky (humusovy) horizortegstavujici s@s rostlinné organické hmoty a
pudnich sloZzek (H) a mineralni horizont s nizkym ditesa organické hmoty (Ah).

Rostlinny opad se sklada 2zkolika skupin organickych latek. Mezi népr¢jSi slozky
roslinného opadu patceluléza, hemicelul6za a lignin. Rozklad rostého opadu je hlavni
cestou pro navrat Zivin daigy (Berg et al., 2001) a jsou zg modpowdni prevazi houby,
bakterie a bezobratli Zi¢whové (Hattenschwiler et al., 2005). V temperdtniiesich hraji
houby hlavni roli v tomto procesu a zvi&&aprotrofni basidiomycety jsou povaZzovany za
opadu (Baldrian, 2008).

Houby jsou schopny produkovéadu extracelularnich enzyimkteré jim umo#uji
degradovat lignocelulézu. Houbové hydrolytické engypro degradaci celulézy zahrnuji
endo-1,4B-glukanazu, celobiohydroldzu a 134glukosidazu (Baldrian and ValaSkova, 2008)
a enzymy pro degradaci ligninu se skladaji z axig@roxidaz a enzyimprodukujici peroxid
vodiku. Aktivita extracelularnich enzymméiena v environmentalnich vzorcich gasto
pouziva jako ukazatel aktivity mikrobidlnich spmdastev. Nicméh neni mozné tuto
nanerenou aktivitu pimo vztahovat k witému mikrobidlnimu druhu. &kolik souwtasnych
praci ukazalo, Ze je mozné v environmentalnich aiztr identifikovat geny a transkripty
kodujici lakazu, peroxidazy, celulolytické a ddigdrolytické a oxidativni enzymy (Bodeker
et al., 2009; Damon et al., 2012; Edwards et 8082 Kellner and Vandenbol, 2010; Luis et
al., 2004; Uroz et al., 2013). Nidklad Edwards et al. (2008) zkoumali v lesadg diverzitu
geni kdédujici celobiohydrolazwehhl), coz je enzym, @ujici rychlost rozkladu celulézy.



Rozklad opadu je postupny proces, ve kteréentajo dochazi k dekompozici men
rezistentnich sloZzek a pagdk rozkladu zbylych vysoce rekalcitrantnich steain jako je
nagiklad lignin. V piibéhu rozkladu opadu dochazi ke @mm v jeho sloZeni, coz méa za
nasledek zrmu mikrobialnich spolegenstev Zijicich na opadu (Dilly et al., 2001), pi pro
upiny rozklad opadu jsou postuppotebné @dzné katabolické schopnosti mikroorganism
(Frankland, 1998; Osono, 2006). V lesidp se dostupnost Zivin vyraziisi v zavislosti na
padnim horizontu(Snajdr et al., 2008x charakteristickou vlastnosti lesnichdpje tedy
vertikalni  stratifikace. Vertikalni rozloZzeni houlygh spoléenstev v boreélnich a
temperatnich lesech bylo debpopsano ve studiich Lindahl et al. (2007) a @Bret al.
(2005), ktei ukazali vyrazné prostorové afldni saprotrofnich a mykorhiznich hub &dmim
profilu. Pozorovani ziznych lesnich fd naznduji, Ze environmentalni faktory jako je
teplota, dostupnost vody a vlastnosti substratu auotvyrazi ovliviiovat slozeni
mikrobialnich spoléenstev (Aponte et al., 2010; Kaiser et al., 2010Qffker et al., 2012;
Landesman and Dighton, 2011). Sezonnémanintenzity a rychlosti fotosyntetické aktivity
stromi ma& za nésledek sezodnalitu toku fotosyintdb lesni gdy a tedy zmnu jejich
dostupnosti pro mikroorganismy (Hogberg et al.,@Xaiser et al., 2010).

Chemické sloZeni listi a potazmo opadu se liSi nedmotlivych druhy rostlin a je
znamo, ze ma vliv na rychlost jeho rozkladu (Hattdnviler and Gasser, 2005). Pro zjist
vlivu chemického sloZeni opadu na rychlost rozklabdez vlivu sukcesnich zmn
v mikrobialnim spoléenstvu, se &kolik studii zandiilo na rozklad opadu pomoci jednoho
houbového druhu za definovanych laboratornich podin{Osono and Takeda, 2002, 2006;
Steffen et al., 2007). NicmémlizSi informace tykajici se vlivu sloZeni opadurgchlost jeho

rozkladu jsou vyrazhomezené.

Hypotézy a cile prace

Moje disert&ni prace se zakiuje na charakterizaci houbovych sg@estev v lesnichtglach
a jejich schopnosti rozkladat rostlinny opad. Jedrd cili této prace bylo vypracovat
metodiku pro pipravu amplikonovych knihoven pro 454 pyrosekvenacvyuzit ji pro
podrobnou analyzu komplexnich mikrobialnich spefestev z environmentalnich vzérkZza
pouZziti této metody byla stanovena diverzita a esddZDNA a RNA spoléenstva hub a
bakterii ve smrkovém les€lének ). JelikoZ pdni vzorky pro analyzu byly odebrany pod
cerst¥ napadanym sem, tedy v obdobi kdy wipé prevazuji rozkladné procesy,



piepokladalo se, Ze mikrobialni rozkl&budou vice transkrimé aktivni. DalSim cilem bylo
kvantifikovat v lesni fdé diverzitu gefi a transkripi genucbhl kddujici exocelulazu, coz je
enzym utujici rychlost rozkladu celulézy. Cilem pokusu pampsm VClanku Il bylo
podrobré charakterizovat proces rozkladu opadu v lesii pPro tento el byly sledovany
zmeény ve slozeni a divergithoubového spoéenstva Bhem 24 nisiai rozkladu dubového
opadu. Pro specifickou charakterizaci rozkladu léelbyly také studovany gergbhl. Dale
byla studovéana uloha endofytickych huitb wzkladu opadu. Byloigdpokladano, Ze slozeni
houbového spotenstva bude odrazet dostupnost Zivin a Ze divehzitaporoste v fibéhu
rozkladu opadu jakotgledek zvysSujici se heterogenity substratu, kteldetnavic obsahovat
mrtvou biomasucdasnych rozkladsg. Clanek 1l se zabyval studiem sezénnich &am
houbového spotenstva v lesni {mé. Bereme-li v Gvahu vyraznou vertikalni stratifikac
pudy, bylo gedpokladano, ze sloZzeni houbového sgmistva bude odraZet dostupnost Zivin
v jednotlivych horizontech guiniho profilu. Na zaklatl vysledki ze Clanku Il, kde byly
pozorovany vyrazné zény ve slozeni houbového spé&dastva v pibéhu rozkladu dubového
opadu, obdobné z#ny byly atekavany v opadovém horizontu. V hlubSich horizamtieglo
predpokladano vysSi zastoupeni ektomykorhiznich idratpribéhu vegetani sezony,
zatimco vyssi podil saprotrofnich hub bi¢gpokladan v obdobi kdy nedochazi k toku uhliku
do pidy, protoze ve&lanku | bylo zjistno, Zze saprotrofni druhy byly vice metabolicky
aktivni pra¢ v tomto obdobi. Cilen€lanku IV bylo zjistit schopnostit@nich mikromycet
rozkladat organické biopolymery. Tyto houby bylplzvany ze stejného mista, které bylo
pouzito pro odbry vzorki ve Clancich Il a lll, kde fiméa izolace DNA ukazala, Zeigni
mikromycety gedstavuji vyznamnodast celkového houbového spamestva.Clanek V se
zametuje na vztah mezi chemickym sloZzenim rostlinnéh@dop a jeho rozkladem za
laboratornich podminek. Pro zjisf vlivu chemického slozeni opadu na rychlost radkl
bez vlivu sukcesnich z&n v mikrobialnim spol&enstvu, jediny houbovy drutHypholoma
fascicularg byl kultivovan na fiznych druzich opadu, které se liSily v chemickéo¥shi.
Bylo predpokladano, Ze obsah ligninu by mohlugpbovat vySSi produkci enzym

rozkladajicich lignin, zatimco obsah dusiku by mahibovat rozklad ligninu.



Material a metodika

Seznam metod:

Odbér padnich vzork

Kultivace hub

M¢éteni enzymovych aktivit

Kvantifikace houbové biomasy

Taxonomicka identifikace houbovych knien
Priprava amplikonové knihovny pro pyrosekvenaci
Bioinformaticka analyza pyrosekveammich dat

Analyza diverzity a statistické analyzy.

Vysledky a diskuse

Pro podrobnou analyzu diverzity a sloZeni houbovgchakterialnich spatenstev acbhl
geni byla vypracovana metoda préigravu amplikonovych knihoven pro 454 pyrosekvenaci
Vysledky Clanku | ukézaly, Ze diverzita a vyrovnanost bakteiho spoléenstva je vyrazh
vySSi v porovnani s houbovym spegastvem. VySSi vyrovnanost bakterialnich spetestev
byla popsana wviznych typech fd (Buée et al., 2009; Fierer et al., 2007). Slozeni
mikrobialniho spoléenstva se vyrazZnliSilo mezi horizonty pdniho profilu, tedy bakterie a
zvlast houby secasto vyskytovaly pouze v&itém pidnim horizontu; totéz platilo i pro
jednotlivé formy genucbhl. Rozdily ve slozeni houbovych spidastev mezi horizonty
pudniho profilu potvrdily pedchozi zjigni ve studiich Lindahl et al. (2007), O'Brien et al
(2005) a Rosling et al. (2003). Vyznamné rozdilysi@zeni spok&enstva byly pozorovany
mezi DNA a RNA komunitou navzdory jejich podobnévalizitt. Nekteré bakterialni i
houbové taxony vysoce abundantnich v RNA vykazojalywelmi nizkou abundanci v DNA,
coz indikuje, Ze tyto druhyips svoji nizkou p&etnost vyznam&prispivaji k dekompozinim
procesm v pidach a ukazuji, Ze studie zaloZzené pouze na DNAadz@rav@podobr
pomijeji vyraznowast aktivnich mikroorganisim

Ve Clanku Il bylo zji&no, Ze v zelenych a senescentnich liste@vazovaly houby
patici mezi askomycety, cozZ je v souladuiedehozimi studiemi (Osono, 2002; Santamaria
and Bayman, 2005), které vyuzivaly kulitmh metody a také v souladu s pyrosekwamna

analyzou Zzivych list Q. macrocarpa (Jumpponen and Jones, 2009a, b). Prvni rok



experimentu, popsaného G#anku 1l byl charakterizovan rychlym tbytkem hmagtiompadu,
snizovanim porru C/N a obsahu celuldzy a také vysSi aktivitowlodytickych enzyni, coz
meélo za nésledek rychlejsi rozklad celulézy. V tonabdobi petrvavala dominance hub
paticich mezi askomycety.i®vaha askomycet dasnych fazich rozkladu bukového opadu
byla také zji&na ve studii Schneider et al. (2012) za pouZitiametteomického istupu.
Béhem druhého roku experimentu byla rychlost Ubytkwotnosti opadu pomalejSi a poklesla
aktivita celulolytickych enzyrn Substrat byl bohatSi na lignin a dusik a stolgktvita
ligninolytickych enzynii. Houby pattici mezi basidomycetyipvazily nad askomycetami ve
24. mesici rozkladu opadu. Dominance basidiomycet v pich fazich rozkladu opadu byla
pozorovana i v fgdchozich studiicBuong et al. (2008) a Osono (2007). ¥knku Il bylo
prokdzano, Ze sukcese hukhem rozkladu opadu je mnohem rychlejSi neZisegokladalo
na zaklad studii, ve kterych byly pouzity kulti¢ai metody (Frankland, 1998; Osono, 2007;
Osono and Takeda, 2001; Tang et al., 2005).

Ve Clanku Il byla zjistna vyrazna vertikalni stratifikace houbového spetestva
v lesni mdé. Aktivita, mnozstvi biomasy a diverzita houbovépole&enstva se snizovali
s hloubkou pdy a sloZzeni spotenstva se vyraznliSilo mezi studovanymi horizonty.
Diverzita vyjadena jako ptet OTU pedstavujici 80% houbového spidestva byla
praimérné 90 v opadovém horizontu, 51 v organickém a 25 memdinim. Tento vysledek
nekoresponduje s vysledkem @tanku | a se studiO'Brien et al. (2005)kde nebyly mezi
jednotlivymi pidnimi horizonty pozorovany vyznamné rozdily v dmigr houbového
spol&enstva. Sezonni vlivy na slozeni houbového spolgtva byly v porovnani s hlubSimi
horizonty vice patrné v opadovém horizontu. Sapfoirrody Mycena Mycosphaerellaa
Naevalase v opadovém horizontu svym zastoupenim meznsezilisily 30x, 200x a 350x.
Mycenapiedstavovala nejhofsi rod v opadovém horizontu a vyrg&zdominovala na ja,
kdy je dostupny substrat bohaty na Ziviny. Proiletsdobi v opadovém horizontu ktypicky
nejvyssi vyskyt ektomykorhiznich hub. VysSi vyskektomykorhiznich hub v pozdnim &t
nebo na podzim byl pozorovan v organickém a minéralhorizontu v boredlnich lesich
(Wallander et al., 2001) a také ptudiu hub asociovanych s mechorosty (Davey.efall 2).
Na rozdil od opadoveho horizontu, ktery vykazowead@ni zniny ve sloZeni spodenstva, v
mineralnim @dnim horizontu byly patrné vyznamné sezénnimynv mnoZzstvi houbové
biomasy. MnoZstvi houbové biomasy se v mineralnionizontu od jara do léta zvysilo
zhruba tikrat, pravépodobré v disledku alokace toku uhliku daigly v pribéhu vegetani

sezony.



Vice nez polovina izolét ze Clanku IV patila do rodi Penicillium, Acremonium
Cladosporium GeomycesMucor a Trichoderma Tyto houby byly opakovanizolovany
z lesnich i zerdélskych pid (De Bellis et al., 2007; Grishkan, 1996; KelledaBidochka,
1998). VeClanku IV pouze 6 izoldt mikromycet ze 29 testovanych vykazovalo fenol-
oxidazovou aktivitu, ktera navic byla nizka. U g testovanych kménhub nepdicich
mezi basidiomycet nebyla detekovana zadna akftiigtanolytickych peroxidaz a jen velmi
nizk& aktivita enzyrin rozkladajicich hemicelulézu, zatimco u saprotinbasidiomycet
byla zaznamenana peémé¢ vysoka produkcesthto enzyni (Steffen et al., 2007; Valaskova
et al., 2007). Na druhou stranu byly mikromycetliggmé produkovatadu celulolytickych a
chitinolytickych enzyn.

Ve Clanku V bylo ukézéano, Ze &hem dvanactititydenniho astu Hypholomy
fasciculare (saprotrofni basidiomyceta) na jedenacti typechdops rozdilnym chemickym
sloZzenim,¢inil Ubytek hmotnosti opadu 16-34%. Tyto hodnotgussrovnatelné s 19-44%
Ubytkem hmotnosti t@zového opadu éhem 3 mngsicniho rozkladu houbamMycena a
Collybia (Osono a Takeda, 2006).ddsnych fazich rozkladu vysoky obsah dusiku v opadu
pozitivreé koreloval s ubytkem hmotnosti opadu a s obsahguoségrolu. Nicmé# na rozdil
od pavodnich pedpoklad, obsah ligninu negh viiv na tbytek hmotnosti substratu a vyrazn
neovliviioval mist houby. P&ateini Ubytek hmotnosti opadu pozitiétkoreloval s aktivitami
arylsufatazy, celobiohydrolazy, endoxylandzy adtésfy, nejvyssi aktivita ligninolytickych
enzymi byla nandiena na z&tku pokusu. Ubytek ligninu nekoreloval s aktivitzkazy a
Mn-peroxidazy, i kdyzZ jsou tyto enzymy povazovamy\velmi dilezité @i rozkladu ligninu
(Baldrian, 2006; Hofrichter, 2002).

Zavéry

Tato prace zahrnuje vysledky publikovanééti glancich a zabyva se slozenim a funkci
houbovych spok&enstev v lesnichiglach, zejména jejich rolitiprozkladu rostlinného opadu.
Jako souast této prace byla vypracovana metodika pro podrobanalyzu komplexnich
mikrobialnich spoléenstev, ktera byla vyuZzita pro analyzu environmeith vzorki. Dale
se podslo kvantifikovat diverzitu genu pro exocelulazypédnim vzorku.

Ve smrkovém lese bylo ukdzano, Ze struktura mil&olffo spoléenstva se liSi mezi
horizonty gidniho profilu a Ze bakterie a zvl&$touby a jednotlivé formy gentbhl se¢asto
vyskytovaly pouze v @itém pidnim horizontu. Vyznamné rozdily ve slozeni spetestva

byly pozorovany mezi DNA a RNA komunitou navzdogjigh podobné diverait Nékolik
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mikrobialnich taxofi vysoce abundantnich v RNA vykazovalo jen velmkaoiz abundanci v
DNA, coz indikuje, Ze tyto druhy ips svoji nizkou p&etnost vyznam® prispivaji
k rozkladnym procesn v pidach.

Rozklad opadu dubu letniho je vysoce komplexni gsaavlivreny fadou houbovych
taxoni, které vykazuji rychlou sukcesi a vyraznéémym ve sloZzeni spoéenstva. \étSina
pocetnych taxof pouze doasré dominovala v substratu. Endofytické houbkegstavuji
vyznamnouwast spoléenstva v pg&ateinich fazich rozkladu opadu.

Aktivita, mnozstvi biomasy a diverzita houbovéholspenstva klesa s hloubkouigby
a jeho slozeni se vyragnlisi mezi temi zkoumanymi horizonty v opadavém lese
s dominantnim dubem letnim. Spidastvo v opadu vykazuje vyznamné sezonnérgmV
opadovém horizontu dosahuji saprotrofni rody sv@&mbdnniho maxima na podzim, zatimco
pro léto je typicky nejvysSi vyskyt ektomykorhizhidwub. Zatimco slozeni houbového
spole&enstva v opadu se vyrazmenilo v pribéhu roku, mineralni fdni horizont vykazoval
zmeény v mnozstvi houbové biomasy. Vysledky ukazujistbZzeni houbového spgknstva je
prevazrié ovlivnéno procesem rozkladu opadu a alokaci fotosyrdatpidy.

Houby izolované z lesni tply se navzajem liSily schopnosti rozkladaidmpi
biopolymery. Houby nep#ti mezi saprotrofni basidiomycety pra&podobré nehraji
dulezitou roli v rozkladu ligninu, ale jsou schopnyogukovat fadu celulolytickych a
chitinolytickych enzyni, coZ je pedukuje k aktivni roli g rozkladu lignocelulézy nebo
mrtvé houbové biomasy.

V experimentu, kde byl zkouman rozklad opadu jedisaprotrofni houbou, rychlost
rozkladu zavisela na obsahu dusiku v opadu. Obmatinli nengl vliv ani na Ubytek
hmotnosti, ani na aktivitu ligninolytickych enzymTento vysledek naztaje, Ze aktivita
ligninolytickych enzyni je pravé&podobré mére vhodnym indikatorem dekompozice ligninu

nez se pedpokladalo.
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Abstract

In forest ecosystems, substantial part of carbderersoil in the form of plant litter. The
decomposition of litter and soil organic matter reggnts an important process affecting
nutrient cycling and carbon balance in soils. Fuargi considered the primary decomposers in
terrestrial ecosystems due to the production obwahge of extracellular enzymes that allow
them to attack the lignocellulose matrix in littdfven if fungi represent key players in
organic matter decomposition, the information abthé structure and diversity of their
communities is still limited and the roles of indival fungal taxa in forest soils remain
unclear.

This Ph.D. thesis focused on the characterizatfdangal communities in forest soils
and their potential to decompose plant litter. Thethod for in-depth analysis of complex
microbial communities from environmental sampless veatablished and used. In addition,
single eukaryotic functional gene was analysedaihfsr the first time at a depth that allowed
reliable estimation of diversity.

It was demonstrated that microbial community conitpms differs among horizons of
forest soil profile. Despite similar diversity, sifjcant differences in microbial community
composition were observed between the DNA and R8éveral microbial groups highly
abundant in RNA pool showed only low abundance WADcommunity indicating that low-
abundance species make an important contributiodetmmposition processes in soils.
During plant litter decomposition, fungal communityndergoes rapid succession with
dramatic changes in its composition and most oatinendant taxa only temporarily dominate
in the substrate. In forest soil, fungal activibjpmass and diversity decrease substantially
with depth. The structure of fungal community imefst soil is distinctively influenced by the
seasonal effects which are most apparent in ther lthorizon. In the litter horizon,
saprotrophic genera reached their seasonal maximatumn but summer typically saw the
highest abundance of ectomycorrhizal taWthile the composition of the litter community
changed over the course of the year, the minerlrather showed changes in fungal
biomass. Non-basidiomycetous fungi isolated fromeso soil differed from saprotrophic
basidiomycetes in their ability to decompose bigpwrs present in litter and soil. Non-
basidiomycetous fungi likely do not play signifitanle in lignin degradation but are able to
produce a range of cellulolytic and chitinolyticzgmes giving the evidence that they are
actively engaged in decomposition of lignocellulasel dead fungal biomass. Concerning the
effect of chemical composition of litter on its degposition rate, it was demonstrated that
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litter nitrogen content positively correlates witber mass loss while lignin content does not
have any effect neither on the litter mass losstheractivity of ligninolytic enzymes. This
result suggests that the activity of ligninolytiizgmes is probably a less suitable indicator of

lignin decomposition than expected.

Introduction

Temperate forests belong among the major biomdsaoti, covering the area of 570 million
ha (FAO and JRC, 2012). In forest ecosystems, itapbpart of carbon enters the soil in the
form of plant litter (Berg and McClaugherty, 2003)rees of deciduous forests are
characterized by seasonal abscission of seneszardd that is limited to autumn when fresh
litter with easily available nutrients accumulates the forest floor (Snajdr et al., 2011). In
forest soils, as a consequence of litter inputigadhicrobial transformation, it is possible to
recognize three main compartments of the profiigterl horizon, containing almost
exclusively organic matter derived from dead plaitmass (L), organic (humic) horizon,
representing a mixture or processed plant-derivgdroc matter and soil components (H) and
mineral soil horizon with low content of organic ttes originating both from the organic
matter decomposition and root exudation (Ah).

Plant litter consists of several classes of orgaoimpound. The quantitatively most
abundant components in plant litter are polymerebohydrates such as cellulose and
hemicelluloses and the complex aromatic polymemitigPlant litter decomposition is the
primary route through which nutrients return to sl (Berg et al., 2001) and in natural
ecosystems it is mainly driven by fungi, bacteaad invertebrates (Hattenschwiler et al.,
2005). In temperate forests, fungi play a pivotalerin this process and especially
saprotrophic basidiomycetes are considered to be mhost important group of
microorganisms involved in the breakdown and chameonversion of litter components
(Baldrian, 2008).

Fungi are able to produce large sets of extraeglldegradative enzymes allowing
them to attack the recalcitrant lignocellulose matfungal system of hydrolytic enzymes for
efficient cellulose degradation usually consists tfee enzymes: endo-1}4glucanase,
cellobiohydrolase and 1@kglucosidase (Baldrian and ValaSkova, 2008) andinigjytic set
of enzymes is composed of oxidases, peroxidasesrananes producing hydrogen peroxide.
Extracellular enzyme production in environmentampkes is often analysed by enzyme

assays that indicate the activity of microbial commity. It is, however, not possible to
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directly link these observations to the activity inflividual microbial taxa. Several recent
studies showed that genes and transcripts encddingaccase, Mn-peroxidase, class Il
peroxidases, cellulolytic and other hydrolytic aoxidative enzymes can be analysed in
environmental samples (Bodeker et al., 2009; Damioal., 2012; Edwards et al., 2008;
Kellner and Vandenbol, 2010; Luis et al., 2004; 2J&b al., 2013). For example Edwards et
al. (2008) examined the diversity and distributadrihe genes encoding for cellobiohydrolase
(cbhl), the rate-limiting enzyme for the decompositidrcellulose, in forest soils.

Decomposition of leaf litter is a sequential pract®t initially involves the loss of the
less recalcitrant components followed by the deafiad of the remaining highly recalcitrant
compounds such as lignin. Litter quality changesnduthe course of its transformation and
so does the activity of litter-associated microorgas (Dilly et al., 2001) reflecting the
varied catabolic capabilities that are sequentiediguired to complete the process of litter
decomposition (Frankland, 1998; Osono, 2006)forest soils the availability of nutrients
distinctively differs through the soil profile (Sdaet al., 2008) thus the vertical stratification
is characteristic feature of forest soilie vertical distribution of fungal community inreal
and temperate forests has been previously deschpedndahl et al. (2007) and O'Brien et
al. (2005) who showed distinct spatial separation saprotrophic and mycorrhizal
communities. Observations from diverse forest ssilggest that environmental factors such
as temperature, water availability and substrat@ityumay be important factors affecting
microbial community composition (Aponte et al., BQKaiser et al., 2010; Kuffner et al.,
2012; Landesman and Dighton, 2011). The seasormalr@nce and changing intensity of
photosynthetic activity of trees have been founddsult in seasonality of belowground
carbon flow and carbon availability to microbedonest soil (Hogberg et al., 2010; Kaiser et
al., 2010).

The chemical composition of litter varies amongnplspecies and is known to affect
the rates of its decomposition (Hattenschwiler &uwakser, 2005). In order to assess the
relation between litter chemistry and decompositatihout the effect of successive changes
in microbial community composition, several studfelowed the litter decomposition by
single fungal species under defined laboratory itmmmd (Osono and Takeda, 2002, 2006;
Steffen et al., 2007). However, broader informataout relationship between the roles of

individual litter components on the decompositiaterremains still largely limited.
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Hypothesis and aims

My Ph.D. thesis focuses on characterization of dirmpmmunities in forest soils and their
abilities to decompose plant litter. In order tat gedepth characterization of microbial
communities in forest soils, it was aimed to essiblhe method of targeted amplicon library
preparation for 454 pyrosequencing. Using this epgin the biodiversity and structure of
DNA and RNA-derived community of fungi and bactenaspruce forest soil were analyzed
(Paper I). Furthermore, it was demonstrated howDIN& and RNA communities differ and
what part of the total community is metabolicalbtige at a given moment. Because the soill
sampling was performed under freshly fallen snow,the period when decomposition
processes in soil prevail, it was expected thatoagomser microorganisms will be
transcriptionally more active. It was also aimedsjecifically target the important rate-
limiting step in the process of cellulose decompmsiby analyzing the genes and transcripts
of thecbhl cellobiohydrolase (exocellulase). The experimewscdbed in Paper Il was aimed
to provide a detailed characterization of the pssoef litter decomposition in forest soil. For
this purpose the changes in fungal community coitipasand diversity were studied during
24 months of oak littein situ decomposition. To specifically address the decasitiom of
cellulose, the composition of the gene pool ofdblel was monitored. In order to evaluate the
role of phyllosphere fungi in litter decompositidangal communities associated with live
oak leaves and senescent leaves before their sloscisere also analysed. It was expected
that the structure of fungal community would reflése availability of nutrients and the
fungal diversity would increase during the procesdecomposition as a consequence of the
increase of substrate heterogeneity and the foomatf new niches containing the dead
biomass of early decomposers. Paper Il studieddlasonal changes of fungal community in
a forest soil. Considering the sharp and distirctizal stratification, it was hypothesised that
the structure of the fungal community would reflebe availability of nutrients in the
horizons of soil profile. Based on the results olgd in Paper Il, where considerable
temporal shifts in fungal community structure dgrithe decomposition of oak litter were
observed, similar changes in the litter horizonevanticipated because the last year’s litter
represents a considerable percentage of the ttital mass. In the deeper horizons, a shift
from a high relative abundance of ectomycorrhiaghtduring the vegetative season to a high
proportion of saprotrophic taxa in the absenceaowf IC allocation was expected because
Paper | showed that saprotrophic taxa were moreboétally active in the absence of

photosynthesis carbon allocation belowground. IpePdV, it was aimed to compare the
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decomposition abilities of basidiomycetous and hbasidiomycetous fungi. Non-
basidiomycetous fungi were isolated from the satéyssite that was studied in Paper Il and
Paper Ill because the direct analysis of DNA frommst ecosystem showed that
nonbasidiomycetous fungi represented considerabigpoption of the entire fungal
community. Paper V focused on the relationshipsveen chemical composition of plant
litter and its decomposition under laboratory ctinds. To assess the relationships between
litter chemistry and decomposition without the eféeof temporary changes in microbial
community composition, single fungal speciddygholoma fasciculaje was grown on
different types of litter that differed in chemicabmposition. It was hypothesized that the
content of lignin in litter would cause high prodioa of ligninolytic enzymes to increase the
availability of carbohydrates while a high N corttesould inhibit lignin decomposition.

Material and methods

List of methods:

Soil sample collection

Cultivation of fungi

Enzyme assays

Quantification of fungal biomass

Taxonomic identification of fungal strains

Library preparation for tag-encoded amplicon pygqusscing
Bioinformatic analysis of pyrosequencing data

Diversity and statistical analysis

Results and discussion

In order to get deeper insight into the fungal Aadterial community composition as well as
the structure and diversity of thebdhl gene (transcript) pools in forest soil the metlodd
targeted amplicon library preparation for 454 peepgencing platform was established. In
Paper | it was demonstrated that diversity of b#@dteommunity is considerably higher than
the diversity of fungal population and bacteriahounities were more even than fungal ones

and showed lower relative abundance of dominantiepe Higher evenness of bacterial
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communities compared to fungal in different soilsncbe anticipated from the results
published by Buée et al. (2009) and Fierer et2007). Microbial community composition
differed among horizons of soil profile, thus baieteand especially fungi together withhl
clusters were often distinctly associated with ai@alar soil horizon. The among-horizon
differences in fungal communities have been preshioshown by Lindahl et al. (2007),
O'Brien et al. (2005) and Rosling et al. (2003).spiee similar diversity, significant
differences in microbial community composition weleserved between the DNA and RNA.
Several microbial groups highly abundant in RNA Ipgftowed only low abundance in DNA
community indicating that low-abundance species enak important contribution to
decomposition processes in soils and also suggettst DNA-based surveys likely miss
considerable portions of active microbial populasio

In Paper Il it was demonstrated tHate and senescent leaves Quercus petraea
were dominated by phyllosphere fungi belongind\szcomycotawhich is in accordance with
previous culture-based studies (Osono, 2002; Samfarand Bayman, 2005) as well as with
pyrosequencing analyses of li@e macrocarpdeaves (Jumpponen and Jones, 20094l Hx).
first year of our experiment in Paper Il was chagased by a relatively rapid loss of litter
mass, a decrease in the C/N ratio and the celldoseent, and a relatively high activity of
cellulolytic enzymes which caused faster decommosiof cellulose. These conditions were
associated with the continuous dominance of furggnftheAscomycotahylum. Dominance
of ascomycetous fungi in the early stages of bditr decomposition was recently also
demonstrated using metaproteomic approach (Schretidd., 2012). During the second yeatrr,
the rate of litter mass loss was relatively slowd ahe activity of cellulolytic enzymes
decreased. Also, the substrate was richer in tloalaigrant lignin and nitrogen and
characteristic with the increased activity of ligolytic enzymes. Fungi from the
Basidiomycotaphylum distinctively prevailed over fungi from thescomycotgphylum at
month 24. In previous studielsasidiomycetous species have often been demortstmatee
dominant in the late stages of litter decompositipiong et al., 2008; Osono, 2007). In
Paper Il it was demonstrated that fungal succesgiging litter decomposition was much
faster than so far expected from the culture-bagadies (Frankland, 1998; Osono, 2007;
Osono and Takeda, 2001; Tang et al., 2005) thadetivfungi only into early, intermediate
and late decomposers.

In Paper 1l it was demonstrated that fungal comityuim a Quercus petraedorest
soil shows considerable vertical stratificatioss; aictivity, biomass and diversity substantially

decreased with soil depth and its structure distialy differed among the three horizons
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studied. Diversity expressed as number of OTUsesapiting 80% of the fungal community
was in average 90 in the litter horizon, 51 in dinganic horizon and 25 in the Ah horizon. It
is in contrast with Paper | and study of O'Brieraket(2005) where no significant changes in
fungal diversity among horizons were observed. fidative abundance of ectomycorrhizal
basidiomycetes increased with soil depth which nsaccordance with previous studies
(Lindahl et al., 2007; O'Brien et al., 2005jungal community composition in the litter
horizon was distinctively more affected by the seathan the deeper layers. In litter horizon
saprotrophic fungal genemslycena Mycosphaerellaand Naevalashowed 30x, 200x and
350x differences in abundance among seasons. Th¢ aboindant genera in litter layer
represented saprotrophMycenawhich significantly peaked its abundance in spnvigen
nutrient-rich substrate is available. Summer waaratterised by dramatic increase of
ectomycorrhizal fungi. Increasing abundance of E@€Mgi in late summer or autumn in
organic and soil horizons of boreal forest has berwviously reported by Wallander et al.
(2001) as well as by Davey et al.,, (2012) who stddbryophyte-associated fungal
communities. In contrast to litter horizon, whidtosed profound seasonal changes in fungal
community composition, Ah horizon rather respondedhanges in fungal abundance. The
fungal biomass content in the Ah horizons increaggoroximately threefold from spring to
summer which corresponds with the expected incremsephotosynthate allocation
belowground.

Paper IV describes the decomposition potential mfbasidiomycetous fungi. More
than half of the isolates belonged to the geResicillium Acremonium Cladosporium
GeomycesMucor and Trichoderma These fungi have been repeatedly isolated froth bo
forest and agricultural soils (De Bellis et al.,0Z0 Grishkan, 1996; Keller and Bidochka,
1998). Only six non-basidiomycetous isolates frof tested showed phenol oxidation
activity which was low and all of the non-basidiareyous strains showed lack of ligninolytic
peroxidases that sharply contrasted with the haivity of ligninolytic enzymes in all tested
basidiomycete strains. In Paper IV only limited gwotion of hemicellulose-degrading
enzymes by non-basidiomycetous fungi was repotiatis in contrast with relatively high
production of these enzymes by saprotrophic basigietes (Steffen et al., 2007; Valaskova
et al., 2007). On the other hand, non-basidiomycetangi were able to produce cellulolytic
enzymes and the production of chitinases was iregeehigher than in basidiomycetes.

In Paper Vit was shown that during 12-week growdh the saprotrophic
basidiomycete Hypholoma fasciculareon 11 types of litter with variable chemical

composition, the litter mass loss ranged from 16%4%. These values are comparable with
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19-44% litter mass loss in birch litter after 3mttts decomposition bylycenaandCollybia
species (Osono and Takeda, 2006). During earlyrdposition stages increasing initial N
content of the litter positively correlated withitér mass loss and ergosterol content.
However, contrary to our expectation lignin conteiat not affect litter mass loss and was not
an important factor determining fungal growth. Tihdial loss of litter mass significantly
positively correlated with the activities of aryieiase, cellobiohydrolase, endoxylanase and
phosphatase, the highest activity of ligninolytinzgmes were mostly detected at the
beginning of the experiment. The loss of lignin wast correlated with laccase or Mn-
peroxidase activity even if these enzymes are densdl to play crucial role in lignin
decomposition (Baldrian, 2006; Hofrichter, 2002).

Conclusions

This work consists of 5 papers that contributeh understanding of the composition of soil
fungal communities and their role in the procesplaft litter decomposition. Methods for in-

depth analysis of complex microbial communities nfreenvironmental samples were

established and for the first time single eukaxydtinctional gene at a depth that allowed
diversity estimations was analysed in soil samples.

In a spruce forest it was demonstrated that miatf@mmmunity composition differs
among horizons of soil profile and certain bactena especially fungi together witbhl
gene clusters are often associated with a partiaaih horizon. Despite similar diversity of
microbial communities based on DNA and RNA analysgnificant differences in
community composition were observed. Several miatogroups highly abundant in RNA
pool showed only low abundance in DNA communityigating that low-abundance species
make an important contribution to decompositiorcpeses in soils.

Plant litter decomposition in Quercus petraedorest is a highly complex process
mediated by various fungal groups that undergadrapccession with dramatic changes in the
community composition. Furthermore, most of theraant taxa only temporarily dominate
in the substrate. Phyllosphere fungi comprise aifsognt proportion of the community
during early decomposition. Activity, biomass andegsity of fungal community in the soil
of the same ecosystem decreases substantiallyseitidepth and its structure distinctively
differs among the three horizons studiéthe litter community exhibits profound seasonal

changes. Abundance of the saprotrophic genera esableir seasonal maximum in autumn,

21



while summer typically saw the highest abundanceedbmycorrhizal taxaWhile the
composition of the litter community changes ovex tlourse of the year, the mineral soil
shows changes in biomass. It seems that fungal comiyrcomposition is mainly affected by
the progress of litter decomposition together witlytosynthate allocation.

Nonbasidiomycetous soil fungi differ from saprotnap basidiomycetes in their
ability do decompose soil biopolymers. They likelg not play significant role in lignin
degradation but are able to produce wide rangeldflolytic and chitinolytic enzymes giving
the evidence that they are actively engaged in rdposition of lignocellulose and dead
fungal biomass.

In a decomposition experiment including a singkgretrophic basidiomycete,
decomposition rate depended on litter nitrogenaantignin content did not have any effect
neither on the decomposition rate nor the actigityigninolytic enzymes indicating that the
activity of these enzymes is probably a less slataidicator of lignin decomposition then

expected.
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