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Abstrakt

Metody molekularni biologie umoziuji studium mikrobialni diverzity a analyzu genta
kédujicich procesy a biochemické drahy jednotlivych mikroorganismi a celych mikrobialnich
spoleCenstev. K tomu zasadn€ pftispél vyvoj technologii masivné paralelniho sekvenovani
DNA. Tyto metody rozsifily moznosti zkoumani diverzity od studia jednotlivych genomu
modelovych a v laboratofi kultivovatelnych mikroorganismii pies jednoduché komunity
v extrémnim prostfedi az k vyzkumim komplexnich mikrobidlnich konsorcii. Tento
experimentalni pfistup je zaloZen na analyze celého metagenomu.

Pozornost je veénovdna ekosystémim negativné ovlivnénym lidskou aktivitou,
kde mikroorganismy dokdzi nejen ptezit, ale také adaptovat metabolismus k vyuzivani
a odbouravani latek toxickych pro vyssi organismy. Pfikladem je bakterie Achromobacter
xylosoxidans A8 izolovana zpudy kontaminované toxickymi chlorbenzoaty. Sekvenace
a analyza genomu Achromobacter xylosoxidans A8 umoznila studium gend kodujicich enzymy
zapojené do degradace chlorbenzoatii v kontextu kompletni genetické informace.

V extrémné kyselém prostiedi byvalého dolu ve Zlatych Horach (Ceska republika)
vznikaji zajimavé utvary bakterialniho biofilmu, zelatinové stalaktity. Ty jsou tvoiené jednou
z taxonomicky nejjednodussSich komunit s majoritnim zastoupenim dvou bakterii rodu
Ferrovum a Acidithiobacillus. Sekvenace DNA izolované piimo ze vzorku biofilmu
a bionformatické analyza ziskanych dat ndm umoznila sestaveni téméf kompletnich genomu
bez nutnosti péstovani téchto tézko kultivovatelnych bakterii. Analyzou RNA jsme
identifikovali aktivné transkribované geny konsorcia. Rekonstruované genomy piedstavuji
unikatni kombinace genli vyvinuté adaptaci na konkrétni ekosystém dilni vody ve Zlatych
Horéch.

Mnohem komplexnéj§i systém predstavuji spolecenstva pidnich mikroorganismu.
Sekvenovanim celkové ,,pidni DNA®, amplifikaci genti pro 16S rRNA a metagenomickym
profilovanim jsme odhalili vliv n€kolika druht rostlin na taxonomické slozeni a funkéni

potencial mikrobidlnich spolecenstev schopnych biodegradace polutantt.



Abstract

Methods of molecular biology enable studies on microbial diversity based on analysis
of genes encoding processes and biochemical pathways of individual microorganisms and also
complete microbial consortia. For this a crucial step was elaboration of new technologies
of high-throughput DNA sequencing. These methods made it possible to advance studies
of diversity from analysis of genomes of model microorganisms easily cultivated in laboratories
to simple communities living in extreme environments and further to complex microbial
consortia. This experimental approach is based on metagenomic analyses.

Important are studies on ecosystems negatively affected by human activity where
microorganisms not only survive but they can convert their metabolism to degrade compounds
toxic for higher organisms. An example is bacterium Achromobacter xylosoxidans A8 isolated
form soils contaminated by toxic chlorobenzoates. Sequencing and analysis of Achromobacter
xylosoxidans A8 genome made it possible to study genes coding for enzymes that are involved
in chlorobenzoates degradation in the context of the complete genetic background.

An interesting microbial biofilm — gelatinous stalactites — was discovered
in an extremely acidic environment of the abandoned mine in Zlaté Hory (the Czech Republic).
It is formed by a simple consortium with predominantly present bacterial genus Ferrovum and
genus Acidithiobacillus. DNA sequencing of the biofilm sample and bioinformatic analysis of
the obtained data enabled us to reconstruct two nearly complete genomes without growing
individual bacterial strains that are difficult to cultivate. By RNA analysis expressed genes of
the consortium were identified. Thus, metabolic processes of the present bacterial strains can
be described. Comparative analysis shows unique properties of individual members of the
analyzed consortium that are important in the particular natural conditions.

Much more complex systems are found in soil. We sequenced ,,soil DNA®, amplified
16S RNA genes and constructed metagenomic profiles of the samples. Using this approach we
discovered effect of different plant species on taxonomic composition and functional potential

of microbial communities that can degrade pollutants.



1 Uvod

Mikroorganismy obyvaji veskeré casti povrchu planety Zem¢ a jejich ¢innost zasadnim
zpusobem ovliviluje ekosystémy, ve kterych ziji. Podileji se na biochemickych procesech, jsou
zodpoveédné za kolob&h organickych sloucenin a globalni kolobéh zivin, diky ¢emuz veskeré
organismy Vv biosféte zaviseji na mikrobialnich aktivitach. Rozvoj metod molekularni biologie
a predevsim vyvoj technologii masivné paralelniho sekvenovani DNA umoznil nejen studium
nepfeberné miry mikrobidlni diverzity v raznych prosttedich, ale také analyzu geni
zodpovédnych za kodovéani funkénich procesti mikroorganismii a celych mikrobialnich
spoleCenstev. Tato oblast oznaCovana metagenomika vychazi ze dvou jevi: (1) jen méné nez
procento mikroorganismii dokdZzeme kultivovat a nasledné analyzovat v laboratornich
podminkach a (2) na jednotlivych funkénich procesech v ekosystému se podili celd fada druht
tvoticich mikrobialni konsorcia (Handelsman et al., 1998).

V této praci pouzivame spektrum sekvenacnich technologii a bioinformatickych
nastroju v bakterialnich genomovych projektech a metagenomickych analyzach. Prace provadi
Ctenare ptibéhem od rozklicovani jednoho bakteridlniho genomu, ptes studium nejjednodussich
bakterialnich konsorcii, kde pospolu zije jen n¢kolik organismii, az po analyzu komplexnich
mikrobidlnich spolecenstev.

Pozornost je vénovana ekosystémiim negativné ovlivnénym lidskou aktivitou,
kde mikroorganismy dokaZi nejen piezit, ale také adaptovat metabolismus k vyuZivani
a odbouravani latek toxickych pro vysSi organismy. Prvnim ptikladem je bakterie
Achromobacter xylosoxidans A8 vyuzivajici toxické chlorbenzoaty jako zdroj uhliku a energie,
dulezity ¢len konsorcia mikroorganismt schopného degradovat polutanty v kontaminované
pade. Sekvenacni analyza genomu A. xylosoxidans A8 poskytuje prvni kompletni bakterialni
genom stanoveny pouze sekvenacni platformou nové generace v ¢eské laboratofi a umoziuje
dalsi studium biodegradac¢niho potencialu bakterie.

V extrémné kyselém ekosystému diilni vody ve Zlatych Horach (Ceska Republika) jsou
zase acidofilni bakterie schopny tvofit makroskopické nariisty biofilmu, naptiklad dlouhé
zelatinové stalaktity. Predchozi studie ukazala pfitomnost taxonomicky velmi jednoduché
komunity ve vzorku krapnikového biofilmu tvotené pievazné dvéma bakteriemi rodu Ferrovum
a Acidithiobacillus (Falteisek & Cepi¢ka, 2012). S vyuzitim masivné paralelniho sekvenovani
DNA a RNA jsme se rozhodli analyzovat geny zapojené do funkcnich a metabolickych procest

vyvinutych adaptacemi na konkrétni extrémni podminky prostiedi s hodnotou pH < 3.



Zcela odlisSny systém predstavuji spolecenstva plidnich mikroorganismii obecné
vykazujici nejvyssi miru biodiverzity na Zemi. Pfevazné¢ dynamické prostiedi vznika v tésném
okoli kotent rostlin. Pfedchozi vyzkumy dokladaji vliv vysadby nékterych druhti rostlin na
snizeni koncentrace toxickych polychlorovanych bifenyli (PCB) v kontaminované pudé
(Ionescu et al., 2009; Kurzawova et al., 2012). Otazkou vsak zistavaji samotné mechanismy
pusobeni rostlin — zda funguji pouze prostiednictvim vlastni absorpce a transformace polutantd,
¢i se zasadnim zpisobem podileji na utvafeni a podporovani pudnich mikrobialnich
spolecenstev schopnych biodegradace bifenylli. Sekvenacni a bioinformatickou analyzou
celkové ,,padni DNA® jsme hodnotili vliv kofenti kienu (Armoracia rusticana), lilku (Solanum
nigrum) a tabaku (Nicotiana tobacum) na taxonomické slozeni a funkéni potencial

mikrobialnich spolecenstev v ptidé kontaminované PCB.

2 Cile prace

. Sekvenacni analyzou genomové DNA s vyuzitim GS FLX pfistroje (Roche)
stanovit sekvenci genomu bakterie Achromobacter xylosoxidans AS8, ktera je
schopnd vyuzivat chlorbenzoaty jako zdroj uhliku a energie. Na jejim zdkladé
predikovat oblasti kodujici geny, vytvorit jejich funkéni anotaci a poskytnout
zaklad pro analyzu degradacni drahy chlorbenzoatt v kontextu kompletni genetické

informace.

o Aplikovat pfistupy ovéfené na zaklad¢ analyzy genomu A. xylosoxidans A8 pro
vyzkum taxonomicky jednoduché komunity tvotici krapnikové biofilmy v prostiedi
extrémné kyselé diilni vody byvalého dolu ve Zlatych Horach (Ceska Republika).
Rovnéz amplifikaci a sekvenaci 16S rRNA geni urcit sloZzeni daného mikrobialniho
konsorcia. Sekvenovat celkovou metagenomovou DNA ze vzorku biofilmu,
sestavit souvislé sekvence pokryvajici genomy majoritné zastoupenych
mikroorganismu a anotovat predikované geny. Na zakladé anotace rekonstruovat
fyziologické a metabolické vlastnosti mikroorganismii vyvinuté v konkrétnim
ekosystému s extrémné nizkou hodnotou pH. Prostfednictvim sekvenovani cDNA
zpétné prepsané z mRNA izolované z biofilmu identifikovat exprimované geny

aktivné vyuzivané zastoupenymi organismy.



J Aplikaci  amplikonového a  shotgunového  sekvenovani a  adaptaci
bioinformatickych metod analyzovat komplexni spolecenstva mikroorganismui
v pud¢ kontaminované polychlorovanymi bifenyly. Sekvenovat amplikony 16S
rRNA geni a celkovou metagenomovou DNA, anotovat Cteni a sestavit
taxonomické a funk¢ni profily zkoumanych vzorka. Provést komparativni analyzu
profili vzorkd ovlivnénych pFitomnosti kienu (Armoracia rusticana), lilku

(Solanum nigrum) a tabaku (Nicotiana tobacum) a aplikaci mineralniho hnojiva.

3 Material a metody

3.1 Analyza genomu Achromobacter xylosoxidans A8

Kultura bun¢k A. xylosoxidans A8 byla péstovana pii teploté 28°C v ABC mineralnim
mediu, celkovou DNA jsme izolovali za pouziti Gentra Puregene Yeast/Bact. A kitu (Qiagen).
Pro 454 pyrosekvenovani jsme pfipravili shotgunovou knihovnu kratkych fragmenti DNA
ptiblizn¢ o délce 700 bp sekvenovanych z jednoho sméru, a parové knihovny s délkou usek
(inzertt) 3 kb a 8 kb, kdy jsou nasledn¢ sekvenovany oba konce, coZ mé4 vyznam pii ndsledném
sestaveni Cteni a rekonstrukci genomové sekvence. Sekvenovani jsme provedli na ptistroji GS
FLX verze Titanium (Roche).

Prvotni sestaveni (assembly) bylo provedeno programem Newbler verze 2.3 (Roche),
mezery jsme doplnili individualné lokalnim sestavenim sekvenci. Predikci gent kodujicich
proteiny (coding sequences, CDS) jsme provedli paraleln¢ tfemi programy: Critica (Badger &
Olsen, 1999), Glimmer (Delcher et al., 1999) a Prodigal (Hyatt et al., 2010). Software
tRNAscan (Lowe & Eddy, 1997) a Aragorn (Laslett & Canback, 2004) jsme pouzili pro
nalezeni genli pro transferové RNA (tRNA) a transferové-medidtorové RNA (tmRNA);
ribosomalni geny (rRNA) jsme identifikovali programem RNAmmer (Lagesen et al., 2007).
Funk¢ni anotaci jsme piifadili predikovanym CDS na zakladé vyhledani podobnosti k
sekvencim v databazich UniRef90 (Tatusov et al., 1999), NCBI-NR (Benson et al., 2010) a
KEGG (Kanehisa et al., 2008) programem BLASTP (E-value < 10'1%). Zaroven jsme vyuzili
pro anotaci automatické online néastroje RAST Annotation Server (Aziz et al., 2008) a IGS
Annotation Engine (http://manatee.sourceforge.net). Vysledky anotace byly ovéfeny
v programu Artemis (Carver et al., 2008). Zacatek replikace chromosomu A. xylosoxidans A8
jsme identifikovali podle pribéhu rozdilného obsahu G a C bazi mezi vedoucim a zpozd'ujicim

se vlaknem replikace (tzv. GC skew analyza) (Lobry, 1998).



3.2 Metagenomika a metatranskriptomika bakterialni komunity 7 extrémné
kyselého ekosystému dulni vody ve Zlatych Hordch

N¢kolik centimetr Zelatinového bakteridlniho stalaktitu (vzorek oznacen ZH7) bylo
odebrano ze stropu Sachty byvalého dolu ve Zlatych Horach v hloubce pfiblizné¢ 190 m pod
zemi. Fyzikalné-chemické vlastnosti vody, kterd jim protékala, ukazuji na typickou kyselou
dulni vodu s pH hodnotou 2,9, teplotou 8,7 °C, s velmi nizkou koncentraci organického uhliku
a celkovou mineralizaci pfiblizné€ 5,8 g/l, tvofenou prevazné sirany, Fe, Al, Mg a Cu (Falteisek
& Cepicka, 2012). DNA byla izolovana s vyuzitim sady ZR Soil Microbe DNA Kit (Zymo
Research), RNA jsme izolovali pomoci Qiagen RNeasy Mini Kit s pfechozi homogenizaci
ptistrojem TissueLyser (Qiagen). K odstranéni ribosomalni RNA jsme pouzili sadu Ribo-Zero
rRNA Kit (Epicentre / lllumina). 454 shotgunové a parové DNA knihovny (S inzertem 3 — 8,8
kb) byly pfipraveny dle protokolii firmy Roche a sekvenovany na pfistroji GS FLX verze
Titanium (Roche). Knihovna kratkych fragmentt byla také piipravena sadou TruSeq DNA
Sample Prep Kit (Illumina) pro sekvenovani instrumentem MiSeq (Illumina) v rezimu 250 bp
z obou koncu (2x250 paired-end). RNA slouzila k piepisu do ¢cDNA a nasledné tvorby
sekvenacni knihovny pomoci NEXTflex RNA-seq Kit (BIOO Scientific). Sekvenace byla
provedena piistrojem MiSeq (2x150 paired-end).

Pro detailni taxonomickou analyzu vzorku jsme prostiednictvim PCR primera (f8-27 a
r372-357) amplifikovali usek 16S rRNA genu a produkty (amplikony) sekvenovali pfistrojem
GS FLX Titanium. Zpracovani sekvenci bylo provedeno programem Mothur verze 1.28
(Schloss et al., 2009), ktery umoziuje kontrolu a korekci kvality ¢teni, alignment sekvenci a
tvorbu operaénich taxonomickych jednotek (OTU) se sekvencni podobnosti alespon 97 %,
které zhruba odpovidaji pfitomnym bakteridlnim druhiim.

Sestaveni genomovych 454 ¢teni jsme provedli programem Newbler verze 2.8 (Roche),
MiSeg-DNA a MiSeq-RNA ¢teni jsme pouzili pro zaplnéni mezer programem GapCloser (Lua
et al., 2012). MiSeg-RNA sekvence byly sestaveny do transkripti pomoci programu Trinity
(Grabherr et al., 2011).

Pro predikci CDS v sestavenych genomovych sekvencich jsme vyuzili programy Critica
(Badger & Olsen, 1999), Glimmer (Delcher et al., 1999) a Prodigal (Hyatt et al., 2010). Pro
predikované CDS jsme vyhledali podobné sekvence v databazi NCBI-NR programem
BLASTP (E-value < 101%). Rovnéz jsme vyuzili anotaéni server RAST (Aziz et al., 2008) a
KAAS — KEGG Automatic Annotation Server (Moriya et al., 2007). Sestavené sekvence jsme



roztiidili a pfifadili genomim dvou majoritné zastoupenych bakterii na zakladé vlastni pipeline

zahrnujici informace o kompozici sekvenci, vyslednych parametrti assembly a anotace CDS.
Pro identifikaci vysoce exprimovanych genii jsme mapovali MiSeq-RNA c¢teni na

anotované genomové sekvence programem STAR (Dobin et al., 2013) a na zakladé po¢tu RNA

¢teni mapujicich do oblasti CDS jsme stanovili relativni transkrip¢ni aktivitu gend.

3.3 Metagenomické profilovani mikrobialnich spolecenstev v kontaminované
pudé ovlivnéné koieny rostlin

Ptida kontaminovana PCB odebrana ze skladky u obce Lhenice v Jiznich Cechach byla
pouzita v laboratofi pro péstovani kienu (Armoracia rusticana, vzorek Hor), lilku (Solanum
nigrum, vzorek Nig) a tabaku (Nicotiana tabacum, vzorek Tob) po dobu 6 mésict. Polovina od
kazdych vzorku s rostlinami (vzorky HorF, NigF a TobF) byla hnojena mineralnim hnojivem
Univerzal KH (Nohel Garden, Ceska Republika), stejnym zptisobem byly pfipraveny také
kontrolni vzorky bez vysadby rostlin (vzorky Ctrl a CtrIF). DNA z pudy jsme izolovali sadou
PowerMax Soil DNA Isolation Kit (MoBio Laboratories Inc., USA). Shotgunova sekvenaéni
knihovna byla ptipravena podle protokolu firmy Roche, pro ptfipravu amplikonové knihovny
jsme amplifikovali tsek genu pro 16S rRNA s vyuZzitim primerd f563-577 a r1406-1392.
Knihovny byly sekvenovany na pfistroji GS FLX verze Titanium resp. Titanium+ (Roche).

Shotgunova ¢teni byla anotovana prostiednictvim serveru MG-RAST (Meyer et al.,
2008), na zéklad¢€ anotovanych ¢teni jsme sestavili taxonomické a funkéni profily pro jednotlivé
vzorky. Amplikonova ¢teni jsme zpracovali v programu Mothur verze 1.28 a vysledky
uspotadali rovnéz do taxonomickych profilli. Nemetrické mnohorozmérné Skalovani (nMDS)
jsme provedli vbaliku vegan (Oksanen et al., 2013) pro statisticky software R
(R Development Core Team, 2009).

Pro hodnoceni rozdilné zastoupenych taxonti a funkénich genti v profilech vzorkt jsme
adaptovali bioinformatické metody z baliku DESeq2 (Love et al., 2014) ve statistickém
programu R (R Developmental Core Team, 2009) ptivodné navrzené pro analyzu rozdilné
exprimovanych genii na zdkladé RNA-seq dat. Statisticky vyznamné rozdily byly

vizualizovany formou heatmap grafti v programu R.



4 Vysledky a diskuze

4.1 Genomova sekvence Achromobacter xylosoxidans A8

Sestavili jsme kompletni genomovou sekvenci A. xylosoxidans A8 sestavajici z
chromosomu o délce 7 013 095 bp a dvou plasmidi: pA81 (98 156 bp) a pA82 (247 895 bp)
(obrazek 1). Chromosom vykazuje vysoky obsah GC parti (66 %), plasmidy v priméru obsahuji
62 % GC part. Zacatek replikace chromosomu jsme identifikovali v blizkosti dnaA genu.

Identifikovali jsme 6 459 kodujicich sekvenci (CDS) na chromosomu A. xylosoxidans,
104 CDS v ramci plasmidu pA81 a 252 CDS v plasmidu pA82. Chromosom dale obsahuje 3
rRNA operony, 60 tRNA pro piepis vSech 20 aminokyselin a selenocysteinu a jeden gen pro
tmRNA. Kodujici oblasti pokryvaji 91,3% genomu A. xylosoxidans. Na zaklad¢ anotace byla
ptifazena funkce 5 620 nalezenym CDS (82,5%), funkci u 783 (11,5%) CDS se prohledanim
databazi pfifadit nepodafilo. Ostatnich 412 predikovanych CDS nevykazovalo podobnost
S zadnym zdznamem v databazich.

Identifikovali jsme operon ohbRAB kodujici a regulujici enzym dioxygenazu iniciujici
degradaci chlorbenzoati na chlorkatechol, kompletni klastr geni mocpRABCD pro
katabolismus chlorkatecholti a hyb operon umoziujici degradaci salicylatu, ¢imz jsme potvrdili
jejich umisténi na pA81 plasmidu (Jencova et al., 2008). Dale jsme identifikovali priblizné 70
genl kodujicich dalsi dioxygendzy, které mohou byt rovnéz asociovany s bioremedia¢nimi
schopnostmi bakterie.

Kontaminace prostfedi aromatickymi polutanty je Casto doprovéazena také vysokym
obsahem tézkych kovi, které ovliviiuji sloZeni bakterialnich konsorcii (Roane et al., 2001;
Gremion et al., 2004). N¢kolik predikovanych geni A. xylosoxidans A8 bylo asociovano
s rezistenci vii¢i Pb?*, Cd?* a Zn?* iontlim prostfednictvim aktivniho transportu efluxnimi
pumpami, ATPazami typu P. Patii sem skupina pbt genii kodovana rovnéZ na plasmidu pA81,
jejiz funkce u A. xylosoxidans A8 byla nasledné potvrzena skupinou dr. Kotrby expresi v
bakterii E. coli (Hlozkova et al., 2013). Ztrata plasmidu pA81 vsak vede pouze k poklesu, nikoli
ztraté rezistence u A. xylosoxidans A8 (Hlozkova et al., 2013), coz ukazuje na roli dalSich

ATPéazovych pump koédovanych geny predikovanymi v sekvenci chromosomu.
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Obrazek 1: Grafické znazornéni chromosomu A. xylosoxidans A8 a dvou plasmidi pA81 a pAS2.
Cirkularni obrazky znazorfiuji (od periferie ke stiedu): (1) geny v (+) orientaci (barevné kody podle
funkénich systému viz legenda vpravo), (2) geny v (-) orientaci (barevné kody podle funkénich systému
viz legenda vpravo), (3) GC obsah lisici se od priméru (pocitany v okné 1000 bp), (4) GC skew

(pocitano v okné 200 bp).

Genom rovnéz obsahuje 28 genil spojovanych s patogennimi vlastnostmi a 33 gent
asociovanych s produkci toxinii a rezistenci viéi antibiotikiim. Bakterialni druh Achromobacter
xylosoxidans byl ptivodné izolovan z pacientii a popsan jako oportunisticky patogen u jedinct
s oslabenou imunitou (Holmes et al., 1977). Li et al. (2013) provedli komparativni analyzu
zalozenou na nami publikované sekvenci kompletniho genomu spole¢né s péti dalSimi

dostupnymi nekompletnimi sekvencemi genomu rodu Achromobacter, ktera naznacuje

COG Code COG Function Definition
[A] RNA processing and modification
[B] Chromatin structure and dynamics
| ] Energy production and conversion
D] Cell cycle control, cell division, chromosome partitioning
B E ‘Amino acid transport and metabolism
Fl Nucleotide transport and metabolism
[G] C: transport and
B Coenzyme transport and metabolism
B Lipid transport and metabolism
B Translation, ribosomal structure and biogenesis
K] Transcription
L] Replication, recombination and repair
Bm Cell wallmembrane/envelope biogenesis
IN] Cell motility
[0] protein turnover,
P] Inorganic ion transport and metabolism
()] Secondary i transport and
B R General function prediction only
M Function unknown
. m Signal transduction mechanisms
] Intracellular trafficking, secretion, and vesicular transport
™M Defense mechanisms
w] Extracellular structures
B X Mobilome: prophages, transposons
vl Nuclear structure
| ] Cytoskeleton
B A Not Assigned

fylogenetickou piibuznost s lidskymi patogeny rodu Bordetella.




4.2 Taxonomické sloZeni a funkcéni procesy acidofilnich bakterii tvoricich
krdapnikovy biofilm ve Zlatych Hordch

Vysledky amplikonového sekvenovani usekti 16S rRNA genu (tabulka 1) ukazuji
majoritni zastoupeni dvou bakterii rodu Ferrovum a Acidithiobacillus doprovazené tretim
dosud nepopsanym bakterialnim druhem, jehoz 16S rRNA sekvence se shoduje v databazi
NCBI-NT s 16S rRNA genem nekultivované bakterie amplifikovanym z environmentalniho
vzorku. Radové niz§i zastoupeni vykazuje bakterie rodu Acidiphilium. Acidofilni heterotrofni
zastupci tohoto rodu byli diive popsani v konsorciich tvofenych majoritné rodem Ferrovum
(Johnson et al., 2014; Ullrich et al., 2016). Obdobn¢ jsou zastoupeny dalsi tii dosud nepopsané
bakterialni druhy, doprovazené ostatnimi sporadicky zastoupenymi OTU. Reprezentativni
sekvence OTU1 vykazovala 100% sekvenéni shodu s druhem Ferrovum myxofaciens P3G; pro
potfeby nésledujiciho textu budeme pro ndmi analyzovanou bakterii pouzivat oznaceni
,,Ferrovum myxofaciens® ZH7. Bakterie rodu Acidithiobacillus, ktera se vyskytuje v naSem
vzorku (OTU2), nese 16S rRNA gen s 99% podobnosti k druhu Acidithiobacillus ferrooxidans

a nadale o ni budeme referovat jako o ,,Acidithiobacillus* linie ZH7B.

Tabulka 1: Ptehled poctu amplikonavych 16S rRNA ¢teni nalezejicich jednotlivym OTU.
BLASTN vs. NCBI-NT a podob. [%] udava klasifikaci na zakladé vyhledani podobnosti proti
NCBI-NT databazi a miru podobnosti se zaznamem v NCBI-NT. RDP klasifikace uvadi
taxonomickou klasifikaci reprezentativnich sekvenci OTU na zakladé podobnosti s RDP
databazi, procenta udavaji bootstrapovy odhad spolehlivosti.

OTU  # ¢teni BLASTN vs. NCBI-NT podob. [%] RDP klasifikace

OTU1 1736 Ferrovum 100 Betaproteobacteria; 100%; Ferrovales;100%; Ferrovaceae; 100%; Ferrovum;100%

OTu2 1938 Acidithiobacillus 99 Gammaproteobacteria; 100%; Acidithiobacillales; 100%; Acidithiobacillaceae,100%; Acidithiobacillus;100%
OTU3 95 nekultivovana bakterie 100 Acidobacteria_Gp1;100%; Granulicella;83%

OTU4 103 Acidiphilium 99 Alphaproteobacteria; 100%; Rhodospirillales;100%; Acetobacteraceae; 100%; Acidiphilium;75%

OTUS 12 Acidobacteria 99 Acidobacteria_Gpl1;100%; Gp1;81%

OTU6 44 Acidocella 100 Alphaproteobacteria; 100%; Rhodospirillales; 100%; Acetobacteraceae;100%; Acidocella;92%

OTU7 36 Alicyclobacillus 98 Bacilli;70%; Bacillales;62%; Bacillaceae 1;9%; Domibacillus;8%

OTU8 4 Leptospirillum 100 Nitrospira;100%; Nitrospirales;100%; Nitrospiraceae;100%; Leptospirillum;100%

OTU9 3 Sphingomonas 99 Alphaproteobacteria; 100%; Sphingomonadales;100%; Sphingomonadaceae; 100%; Sphingomonas;97%
OTU10 28 Thiomonas 100 Betaproteobacteria; 100%; Burkholderiales;100%; Burkholderiales_incertae_sedis;100%; Thiomonas;100%
OTUI1l 1020 nekultivovani bakterie 100 Betaproteobacteria;99%; Gallionellales;72%; Gallionellaceae;72%; Sideroxydans;72%

OTUl12 107 NA 100 Gammaproteobacteria;85%; Xanthomonadales;85%; Xanthomonadaceae;85%; Dokdonella;52%

OTU13 65 NA 99 Acidobacteria_Gpl1;100%; Terriglobus;76%

Na zakladé sekvenace metagenomové DNA z biofilmu, sestaveni sekvenci a jejich
roztiidéni jsme byli schopni rekonstruovat témét kompletni genomové sekvence majoritné
zastoupenych bakterii ,,Ferrovum myxofaciens ZH7 a ,,Acidithiobacillus® liniec ZH7B bez
nutnosti jejich kultivace. Funk¢ni anotace sekvenci umoziuje rekonstruovat fyziologické a
metabolické procesy. Z vysledkli vyplyva, Ze ob& bakterie jsou plné¢ vybaveny pro Zivot

v danych extrémnich podminkach, jsou chemolitoautotrofni a jejich metabolické drahy jsou
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zcela oddélené (nejsou syntrofni). Obé ziskavaji uhlik fixaci CO2 a energii oxidaci zZeleza.
,JAcidithiobacillus linie ZH7B je navic schopen oxidovat redukovanou siru a jako zdroj dusiku
dokédze metabolizovat mocovinu, coz umoziuje dvéma popsanym bakteriim vyuzivat z Casti
odd¢€lené niky.

V porovnani s dal§imi zéastupci rodu Ferrovum je nami popsana bakterie ,,Ferrovum
myxofaciens® ZH7 schopna fixovat molekularni dusik, je vybavena bakteridlnim imunitnim
systtmem CRISPR/Cas a jeji buniky jsou ,,obrnény* kapsuli, coz reflektuje naroky daného
ekosystému.

Rekonstruovany genom , Acidithiobacillus® linie ZH7B se vyznacuje smésici znaki
vyskytujicich se u diive popsanych druht At. ferrooxidans a At. ferrivorans. 16S rRNA gen
vykazuje nejvy$si miru podobnosti s 16S rRNA sekvenci genu At. ferrooxidans.
,HAcidithiobacillus® linie ZH7B vsak vyuziva geny zapojené do drahy oxidace Zeleza, ktera byly
navrzena u linii druhu At. ferrivorans (Hallberg et al., 2010; Amouric et al., 2011). Zajimavé
také je, ze At. ferrivorans byl popsan jako vysoce pohybliva bakterie (Hallberg et al., 2010),
zatimco rekonstruovany genom ,,Acidithiobacillus® linie ZH7B strukturni geny pro bakterialni
bicik postradd. Obsahuje vSak geny pro CRISPR/Cas systém, které v ramci rodu
Acidithiobacillus 1ze nalézt pouze v publikovaném genomu At. ferrooxidans ATCC 23270. Tato
data dokladaji variabilitu uvnité rodu Acidithiobacillus. Nami popsana bakterie ptedstavuje
unikatni linii, kterd se vyvinula prostfednictvim specifickych adaptaci v konkrétnim prostiedi
kyselé dilni vody ve Zlatych Horéach.

Analyza RNA ze vzorku biofilmu ndm umoznila identifikovat exprimované geny.
Nejvice exprimované geny bakterii ,,Ferrovum myxofaciens® ZH7 a ,,Acidithiobacillus* linie
ZH7B se Ucastni drahy oxidace Zeleza a dale adaptaci na extrémni podminky dilniho prostfedi,
kde spole¢nym vlivem nizké hodnoty pH a oxidacnim stresem hrozi nestabilita bunéénych
struktur a poSkozeni DNA a proteinll. Zajimavosti také je, Ze vysoce exprimované geny
ostatnich ¢lent bakteridlniho spolecenstva jsou z velké casti nepopsané, nebo je na zakladé
porovnani s databazemi nelze anotovat vibec. To vypovida o vyskytu dalsich, dosud

neznamych bakterii a funkénich procest, které jsou v daném ekosystému aktivni.



4.3 Vliv koienit rostlin na taxonomické sloZeni a funkcéni potencial
mikrobidlnich spolecenstev schopnych biodegradace PCB v piidé

Biodegradac¢ni potencial konsorcii ovlivnénych pfitomnosti rostlin demonstruje vyssi
zastoupeni bakteridlnich kment, které predchozi studie identifikovaly jako PCB degradéry
(obrazek 2). Zemina z okoli kofent kienu je nabohacena o rod Burkholderia, jehoz zastupci
byli popsani jako velmi efektivni degradéii PCB (Mukerjee-Dhar et al., 1998; Tillman et al.,
2005; Chain et al., 2006; Uhlik et al., 2013), rod Stenotrophomonas, ktery byl diive izolovan
ze stejné skladkové zeminy z kultury péstované na PCB (Uhlik et al., 2013) ¢i Methylovorus,
jehoz schopnost metabolismu bifenyli byla pfimo detekoviana metodou SIP ze vzorki
rhizosféry kienu (Uhlik et al., 2009). NaSe data rovné¢z dokladaji, ze zemina s pestovanym
kfenem obsahuje mikrobialni konsorcium, které se nejvice odliSuje od vSech ostatnich vzorkd.
Arthrobacter a Gordonia, bakterialni rody ¢asto asociované s biodegradaci PCB (Gilbert &
Crowley, 1997; Abraham et al., 2005; Leigh et al., 2007; Koubek et al., 2012), jsou naproti
tomu nabohacené u vzorku s péstovanym tabakem.

Aplikace hnojiva mé velky vyznam nejen v zemédé€lstvi, ale je mu také vénovana
pozornost v ekologii. Pfedmétem studia jsou vlivy chemického hnojeni na konsorcia plidnich
mikroorganismi (Geisseler & Scow, 2014), zvlasté pak z hlediska formovani funkénich
systémil v zeming¢ a jejich vztazeni ke specifickym populacim mikroorganismi (Su et al., 2015).
Rada studii poukazuje na zmény mikrobialnich komunit v diisledku aplikace chemického
hnojiva (Leff et al., 2015; Su et al., 2015), zatimco jiné vyzkumy dokladaji vyrazné vyssi uc¢inek
samotné vegetace nez pouzitého hnojiva (Benizri & Amiaud, 2005; Liliensiek et al., 2012).
V nékterych studiich dokonce nebyl prokazan signifikantni efekt hnojeni na pidni
mikroorganismy (Marschner et al., 2001; Liliensiek et al., 2012). V tomto ohledu pfispivaji do
diskuze vysledky naSeho vyzkumu: neprokézali jsme signifikantni posun v mikrobidlnich
konsorciich nasledkem aplikace chemického, minerdlniho hnojiva a to jak na tdrovni
taxonomického sloZeni spolecenstev tak jejich funkéniho potencialu. Naproti tomu vysadba
vybranych rostlin méla za nasledek zmény mikrobidlnich populaci ve sledovanych vzorcich

(obrazek 2 a 3).
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Obrazek 2: Statisticky vyznamné rozdily v zastoupeni taxonti ve vzorcich na zakladé
amplikonového sekvenovani 16S rRNA genu. Heatmapa ukazuje zastoupeni rodi, Cervena
barva znaci vyS$i zastoupeni, modré niz§i. Seskupeni na irovni kmenu je barevné zvyraznéno
na levé strané grafu. Nehnojené vzorky: Hor (kien), Nig (lilek), Tob (tabak), Ctrl (kontrola).
Hnojené vzorky: HorF (kifen), NigF (lilek), TobF (tabdk), CtrlF (kontrola).

Mikrobialni konsorcia v zemin€ byvaji selektivné nabohaceny o kopiotrofni ¢i naopak

oligotrofni organismy v zavislosti na mnozZstvi pfitomného organického uhliku (Fierer et al.,
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2007). Prostfedi pfimo ovlivnéné rhizodepozici skrze kofeny rostlin obecné upiednostiiuje
vyskyt kopiotrofnich mikroorganismi (Dennis et al., 2010). Pfestoze typ ristové strategie nelze
zcela jednozna¢né vztahnout k taxonomické pfislusnosti organismu na urovni kategorii kmene
¢i tiidy, Clenové Actinobacteria, Bacteroidetes, Alphaproteobacteria, Betaproteobacteria a
Gammaproteobacteria byvaji povazovani spiSe za kopiotrofni, zatimco kmeny Acidobacteria a
Planctomycetes za oligotrofni (Fierer et al., 2007; Prober et al., 2015; Leewis et al., 2016).
Zvysena abundance zastupci Alpha-, Beta-, Gammaproteobacteria a kmene Bacteroidetes
(obrazek 2) ve vzorcich s péstovanymi rostlinami podporuje hypotézu, ze oblast kofeni rostlin
favorizuje vyskyt kopiotrofnich organismi. Vyskyt oligotrofnich kmenii bakterii Acidobacteria
a Planctomycetes nesleduje tak jednoznacny trend. Zatimco kmen Planctomycetes byl malo
cetny napti¢ vSemi vzorky, zastupci kmene Acidobacteria vykazuji signifikantné odlisnou miru
zastoupeni ve vzorcich, pfi¢emz nejveEtsi zastoupeni mizeme sledovat v prostiedi kofent kienu.
Jiz diive byl sledovan rozdilny vyskyt urcitych linii Acidobacteria v rhizosféte specifické
vegetace (Nunes de la Rocha et al., 2013) a nase vysledky dokladaji pozitivni vliv kienu na

vznik podminek preferovanych pro rist ¢lent tfidy Acidobacteria.
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Obrazek 3: Nemetrické mnohorozmérné skélovani (NMDS, stress < 0.001) na zaklad¢ 16S
rRNA amplikonovych dat s prolozenim vektoru odpovidajicimu vlivu rostlin (plant) (P-value
< 0.05, 40320 permutaci). Symboly: vyplnéné body — nehnojené vzorky, nevyplnéné
kosoctverce — hnojené vzorky. Nehnojené vzorky: Hor (kfen), Nig (lilek), Tob (tabak), Ctrl
(kontrola). Hnojené vzorky: HorF (kten), NigF (lilek), TobF (tabdk), CtrlF (kontrola).

Ditlezitd je vtomto ohledu rovnéz skutecnost, Ze nékteré funkéni kategorie jsou
pfipisovany specificky kopiotrofnim ¢i oligotrofnim rdstovym strategiim. Funkéni geny

spadajici do kategorii, jako jsou pienos signalu (signal transduction mechanisms), obranné
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mechanismy (defense mechanisms) ¢i transport a metabolismus aminokyselin (amino acid
transport and metabolism), byvaji nabohacené u kopiotrofnich organismut (Lauro et al., 2009;
Leff et al., 2015). Jejich vyskyt se rovnéz signifikantné odliSuje mezi shotgunovymi daty
Z nasich vzorkli — mizeme sledovat nizsi abundanci v kontrolni zeminé ve srovnani s ostatnimi

vzorky ovlivnénymi piitomnosti vegetace.

5 Zavéry

. Kombinace shotgunovych a parovych knihoven, jejich sekvenace s vyuzitim GS FLX
Titanium (Roche) a assembly doprovazené manualnim zaplnénim mezer umoznily precist
a rekonstruovat kompletni genom bakterie Achromobacter xylosoxidans A8. Genom
sestava z jednoho chromosomu dlouhého 7 013 095 bp a dvou plasmida pA81 (98 156 bp)
a pA82 (247 895 bp).

. Bioinformatickymi metodami jsme identifikovali celkem 6 815 oblasti kodujicich geny,
5620 z nich jsme anotovali na zakladé¢ podobnosti ke genlim ve vetejnych databazich.
Potvrdili jsme lokalizaci gent pro degradaci chlorbenzoatti na plasmidu pA81. Zaroven
jsme identifikovali dal$i geny s potencialnim vyuziti v biodegradaci polutant.

. Nékolik identifikovanych genti poskytuje bakterii A. Xylosoxidans A8 rezistenci vuci
tézkym koviim, coz z ného ¢ini vhodného kandidata pro tvorbu bioremedia¢niho nastroje.
Vysoky obsah tézkych kovli c¢asto doprovazi kontaminaci aromatickymi polutanty a

negativné ovlivituje bioremedia¢ni potencidl mikrobialnich konsorcii.

. Testovany postup zahrnujici sekvenovani shotgunovych a parovych knihoven jsme dale
aplikovali pfi analyze mikrobidlniho spolecenstva tvoriciho krapnikové biofilmy
v extrémné kyselém prostiedi dolu ve Zlatych Horach. Prvotnim 454 amplikonovym
sekvenovanim usekd 16S rRNA genu jsme stanovili slozeni této velmi jednoduché
bakterialni komunity s dominantnim zastoupenim dvou bakterii rodu Ferrovum a
Acidithiobacillus.

. Podatilo se nam ziskat témét kompletni genomové sekvence bakterii oznacenych jako
,Ferrovum myxofaciens ZH7 a ,Acidithiobacillus“ linie ZH7B ze smiSeného
metagenomického vzorku bez nutnosti pfedchazejici kultivace. Anotace predikovanych
genlt umoziuje rekonstruovat fyziologické a metabolické vlastnosti jednotlivych
organismil. Genomy bakterii ,,Ferrovum myxofaciens ZH7 a ,,Acidithiobacillus“ linie
ZH7B predstavuji unikatni kombinace genli vyvinuté adaptaci na konkrétni ekosystém
extrémné kyselé dilni vody ve Zlatych Horach.

. S vyuzitim dat ziskanych sekvenovanim mRNA jsme identifikovali exprimované geny.

Mezi nejvice exprimovanymi jsou geny souvisejici s oxidaci redukovaného Zeleza jako

13



zdroje energie a geny spojené s adaptaci na nizké pH a oxidacni stres, kterému jsou bakterie
v dulni vod¢ vystaveny.

Data velkou mérou pfipivaji k poznatkim o nékterych prozatim malo zkoumanych
acidofilnich bakteriich, pfevazn€ obtizn€ kultivovatelnych linii rodu Ferrovum. Predstavuji
dilezity zaklad pro dalsi analyzy dosud neodhalenych metabolickych drah, naptiklad

navrzené drahy oxidace Zeleza.

Amplikonové a shotgunovové sekvenovani jsme vyuzili rovnéz pfi vyzkumu komplexnich
mikrobidlnich spolecenstev v ptidé kontaminované polychlorovanymi bifenyly. Na zakladé
sekvenci 16S rRNA geni a anotovanych shotgunovych ¢teni jsme sestavili taxonomické a
funkéni profily mikrobidlnich komunit v kontaminované zemin¢ ovlivnéné vysadbou
vybranych druhi rostlin a aplikaci mineralniho hnojiva.

Pro bioinformatickou komparativni analyzu rozdilné zastoupenych taxont a funk¢nich
systémil jsme adaptovali metody pivodne navrzené pro analyzu rozdilné miry exprese z
RNA-seq dat. To umoznilo odhalit statisticky vyznamny vliv kofenti rostlin na slozeni
a funkéni potencial mikrobidlnich spolecenstev. Od kontrolniho vzorku se nejvice
odliSovala populace z oblasti kotfent kienu. Aplikace hnojiva pouzivana pro podporu ristu
rostlin neméla vyznamny vliv na mikrobialni komunity v ptde¢.

Tyto informace pfispivaji k pochopeni vztahu rostlin a pidnich mikroorganismt a mohou

byt dale vyuzity pro bioremediaéni vyzkumy.
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1 Introduction

Physiological and metabolic processes of microorganisms inhabiting every part of this
planet greatly affect both biotic and abiotic components of each ecosystem. Methods of
molecular biology enable studies on microbial diversity based on analysis of genes encoding
processes and biochemical pathways of individual microorganisms and also complete microbial
consortia. For this a crucial step was elaboration of new technologies
of high-throughput DNA sequencing. These methods made it possible to advance studies
of diversity from analysis of genomes of model microorganisms easily cultivated in laboratories
to simple communities living in extreme environments and further to complex microbial
consortia. Metagenomics, the study of theoretically every genome of given community
(Handelsmann et al., 1998), is based on two phenomena: (1) less than 1% of microorganisms
could be cultivated under the laboratory conditions, and (2) more than one microorganism is
often involved in individual functional pathway in the ecosystem.

The aim of this thesis is to describe the modern sequencing methods and bioinformatic
tools and to discuss their applications in bacterial genomics and metagenomics using three of
our experimental studies as examples. The presented studies spawn from deciphering one
bacterial genome to analyses of taxonomically simple community formed by only a few
bacterial members and further to metagenomic profiling of complex soil microbial consortia.

Important are studies on ecosystems negatively affected by human activity where
microorganisms not only survive but they can adapt their metabolism to degrade compounds
toxic for higher organisms. The first example is a bacterium Achromobacter xylosoxidans strain
A8, which is able to use toxic chlorobenzoates as sole source of carbon and energy. Sequencing
of the genomic DNA of A. xylosoxidans A8 resulted in the first complete bacterial genome
assembled in the Czech laboratory using only the next-generation platform, which makes it
possible to further study the genes involved in biodegradation of chlorobenzoates in the context
of the complete genetic background.

An interesting microbial biofilm — macroscopic gelatinous stalactites — was discovered
in an extremely acidic environment of the abandoned mine in Zlaté¢ Hory (the Czech Republic).
Previous study indicated that a sample of the biofilm was formed by the taxonomically simplest
community consisted mostly of two bacteria of genus Ferrovum and Acidithiobacillus
(Falteisek & Cepicka, 2012). Here we present the analysis of the physiological and metabolic
characteristics of the predominating members of the acidophilic community based on the deep
high-throughput DNA and RNA sequencing.
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Soil on the other hand contains numerous microsites and gradients which harbor
enormous microbial diversity. Rhizosphere, the thin layer of soil directly influenced by the plant
roots, is a particularly active spot for microbial-plant interactions. In polluted soils, rhizosphere
interactions are of particular importance and much research have been devoted to
rhizodegradation. Previous results have shown that presence of some plant species attenuated
polychlorinated biphenyl (PCB) concentrations in legacy contaminated soil (lonescu et al.,
2009; Kurzawova et al., 2012). Based on these studies, we hypothesized that not only do the
plants absorb and transform PCBs but also that they alter soil community structure and enrich
or stimulate degradative populations. Therefore, we used shotgun metagenomics and 16S rRNA
gene amplicon pyrosequencing to determine the effect of cultivated horseradish (Armoracia
rusticana), black nightshade (Solanum nigrum) and tobacco (Nicotiana tobacum) on the

structure and functional potential of the microbial consortia in legacy contaminated soil.

2 Aims of the study

o Sequence and assemble the complete genome of Achromobacter xylosoxidans A8
using the GS FLX instrument (Roche). Predict coding sequences (CDS), make a
functional annotation of the CDS, identify genes involved in biodegradation of
xenobiotics and provide the complete genetic background for the study toward a
bioremediation tool.

o Use the tested approach from the step one as a basis for the analysis of the stalactite
biofilm sample from Zlaté Hory. In addition, use amplicon sequencing of 16S
rRNA for the in depth taxonomical analysis of the biofilm bacterial community.
Using the GS FLX (Roche) and MiSeq (Illumina) instruments, sequence the total
DNA from the biofilm sample and assemble the continuous sequences covering the
genomes of the predominating bacteria. Predict and annotate the CDS and
reconstruct the physiological and metabolic processes of the bacteria that evolve in
the extremely acidic ecosystem. Sequence mRNA reverse transcribed to cDNA
using the MiSeq instrument (lllumina) and identify the expressed genes of the

biofilm community from Zlaté Hory.

16



o Analyze the PCB degrading microbial consortia in legacy contaminated soil using
the 16S rRNA gene amplicon sequencing and shotgun sequencing. Using an
adopted RNA-seq bioinformatic approach of data analysis, determine the
significant differences in the composition and functional potential of the samples
influenced by the cultivation of horseradish (Armoracia rusticana), black
nightshade (Solanum nigrum) and tobacco (Nicotiana tobacum) and by the

application of chemical fertilization.

3 Material and methods

3.1 Sequencing of the Achromobacter xylosoxidans A8 genome

Achromobacter xylosoxidans A8 was grown in the ABC mineral medium at 28 °C, total
DNA was isolated with Gentra Puregene Yeast/Bact. A Kit (Qiagen). 454 pyrosequencing
shotgun library of approx. 700bp fragments (sequenced from one direction) and paired-end
libraries with insert size 3kb and 8kb (both ends sequenced, important for subsequent assembly)
ware prepared according to the Roche protocols. The libraries were sequenced using the GS
FLX Titanium (Roche).

The sequenced reads were assembled in Newbler 2.3 software (Roche), gaps were
closed by local assembly of selected reads. The complete sequence was analyzed with Critica
(Badger & Olsen, 1999), Glimmer (Delcher et al., 1999), and Prodigal (Hyatt et al., 2010) for
the protein-coding genes, tRNAscan (Lowe & Eddy, 1997) and Aragorn (Laslett & Canback,
2004) for the tRNA and tmRNA genes, and RNAmmer (Lagessen et al., 2007) for the rRNA
genes. The functions of the predicted protein-coding genes were annotated by comparing our
annotation — based on similarity search with BLASTP (E-value < 10719) against the UniRef90
(Tatusov et al., 1999), NCBI-NR (Benson et al., 2010), and KEGG (Kanehisa et al., 2008)
databases — with annotation provided by RAST Annotation Server (Aziz et al., 2008) and 1GS
Annotation Engine (http://manatee.sourceforge.net). The annotation results were verified using
Artemis (Carver et al., 2008). Start of the replication was identified by the GC skew analysis
(Lobry, 1998).
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3.2 Metagenomics and metatranscriptomics of the bacterial community from
the extremely acidic mine ecosystem from Zlaté Hory

Sample of the gelatinous stalactite (named ZH7) was collected in the abandoned mine
in Zlaté Hory from the depth of 190m under the ground. Previous physicochemical analysis of
the surrounding water showed the typical acid mine drainage ecosystem with pH 2.9,
temperature of 8.7 °C, very low amount of organic carbon and total mineralization of 5.8 g/L.
consisting mainly of sulfates, Fe, Al, Mg, and Cu (Falteisek & Cepicka, 2012). DNA was
isolated with ZR Soil Microbe DNA Kit (Zymo Research), for RNA isolation we homogenized
the biofilm sample using TissueLyser instrument (Qiagen) and extracted the total RNA with
RNeasy Mini Kit (Qiagen). To enrich the mRNA, we removed rRNA molecules using the Ribo-
Zero rRNA Kit (Epicentre/lllumina).

454 shotgun and paired-end (insert size 3 — 8.8kb) libraries were prepared according to
protocols from Roche and sequenced using the GS FLX Titanium (Roche). Sequencing library
of short DNA fragments was also prepared with TruSeq DNA Sample Prep Kit (Illumina) and
sequenced on the MiSeq instrument (Illumina) from both ends (2x250bp). MRNA was reverse
transcribed to cDNA sequencing library with NEXTflex RNA-seq Kit (BIOO Scientific) and
sequenced on the MiSeq instrument (2x150bp).

For in depth taxonomical analysis, we amplified 16S rRNA gene from total DNA using
the primers f8-27 and r372-357 and sequenced the resulting amplicons on the GS FLX Titanium
(Roche). Amplicon reads were processed with Mothur 1.28 software (Schloss et al., 2009)
allowing the quality control and correction of the reads and grouping the sequences into
operational taxonomic units (OTUs) — with 97% similarity cutoff, the OTUs roughly
correspond to the present bacterial species.

Assembly of 454 reads were performed using the Newbler 2.8 software (Roche), MiSeg-
DNA and MiSeg-RNA reads were used to further filled some of the gaps in GapCloser software
(Luaetal., 2012). MiSeg-RNA reads were assembled to transcripts corresponding contigs with
software Trinity (Grabherr et al., 2011).

CDS prediction was carried out using Critica (Badger & Olsen, 1999), Glimmer
(Delcher et al., 1999), and Prodigal (Hyatt et al., 2010) software, functional annotation was
based on the similarity search against NCBI-NR database using BLASTP (E-value < 10°%). We
also used annotation server RAST (Aziz et al.,, 2008) and KAAS — KEGG Automatic
Annotation Server (Moriya et al., 2007).
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For the binning of the assembled sequences we used our own pipeline including the
measurements of sequence composition, assembly characteristics and CDS annotation. The two
of the resulting bins were associated with the genomes of the two predominating bacteria.

To analyze gene expression, we mapped the MiSeq-RNA reads to the annotated
assembled genomic sequences and count the relative transcriptional activity to identify the most

expressed genes.

3.3 Metagenomic profiling of the PCB degrading consortia from legacy
contaminated soil influenced by plants and fertilizations

Soil samples were collected from a landfill of legacy contaminated soil in Lhenice, south
Bohemia, Czech Republic and used for in laboratory 6-months cultivation of horseradish
(Armoracia rusticana, sample id Hor), black nightshade (Solanum nigrum, sample Nig) and
tobacco (Nicotiana tobacum, sample Tob). We prepared non-fertilized and fertilized samples
with each plant species. For the fertilized samples (HorF, NigF, TobF), we used Univerzal KH
fertilizer (Nohel Garden, Czech Republic). Control soil samples without a cultivated plant were
prepared in the same way (samples Ctrl and CtrlF). DNA was isolated with PowerMax Soil
DNA Isolation Kit (MoBio Laboratories Inc., USA). Shotgun libraries for pyrosequencing were
prepared according to the Roche manual. Amplicon library were prepared using PCR primers
f563-577 and r1406-1392 for 16S rRNA gene amplification. Shotgun and amplicon libraries
were sequenced using the GS FLX Titanium and Titanium+, respectively (Roche).

Shotgun reads were annotated using the MG-RAST server (Meyer et al., 2008) and
taxonomic and functional abundance profiles were constructed from the list of annotated genes
for each sample. Amplicon reads were processed with Mothur 1.28 software (Schloss et al.,
2009) and the taxonomic profiles were also constructed based on the counts of classified
amplicons. Non-metric multidimensional scaling and vector fitting were performed in vegan
package (Oksanen et al., 2013) in R statistical software (R Development Core Team, 2009).

To analyze differences between the samples, we adopted an RNA-seq approach using
the DESeq?2 package (Love et al., 2014) in R statistical software (R Development Core Team,
2009). Statistically significant differential abundances were plotted in a heatmap graphs in

software R.
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4 Results and discussion

4.1 Complete genome sequence of Achromobacter xylosoxidans A8

We assembled the complete genome sequence of A. xylosoxidans A8 consisting of one
chromosome comprising 7,013,095bp and two plasmids: pA81 (98,156bp) and pA82
(247,895bp) (Fig. 1). The chromosome has relatively high GC content (66%), the plasmids have
GC contents of 62%. Based on the GC skew analysis, the origin of replication has been localized

to the vicinity of the dnaA gene.
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Fig. 1: Graphical representation of the chromosome A. xylosoxidans A8 and two plasmids pA81 and
pA82. Circular graphs represents (from periphery to the center): (1) genes in (+) orientation (for color
codes of functional systems see the legend in the figure), (2) genes in (-) orientation (for color codes of
functional systems see the legend in the figure), (3) GC content varying from the mean (calculated in
1000bp window), (4) GC skew (calculated in 200bp window).
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We found 6,459 coding sequences (CDS) in the chromosome, 104 CDS in plasmid
pA81, and 252 CDS in plasmid pA82. There are 3 rRNA operons, 60 tRNA genes for all 20
amino acids and selenocystein, and one tmRNA gene, all of them located on the chromosome.
The coding density of the A. xylosoxidans genome is 91.3%. Functions were assigned to 5,620
CDS (82.5%). Seven hundred eighty-three CDS (11.5%) represent genes with some similarity
to hypothetical genes in databases. The remaining 412 CDS have no homologues in the
databases (E-value 10710).

We identified the complete mocpRABCD gene cluster and the dioxygenase gene for
chlorobenzoate degradation and hyb operon for salicylate 5-hydroxylase degradation both
localized on the plasmid pA81 (Jencova et al., 2008). We also identified about 70 dioxygenase
genes, some of which may be associated with the bioremediation ability of this bacterial strain.
Eight genes are probably responsible for the resistance to heavy metals (metal efflux P-type
ATPase). High concentration of heavy metals often accompany the contamination with organic
compounds and may negatively affect the microbial communities responsible for
bioremediation (Roane et al., 2001; Gremion et al., 2004). The function of heavy metal
resistance genes predicted in the plasmid pA81 sequence was subsequently confirmed by the
expression in E. coli by other research group (Hlozkova et al., 2013). Since the loss of the
plasmid does not result in the loss of heavy metal resistance of A. xylosoxidans A8 (Hlozkova
et al., 2013), other genes predicted in the chromosome sequence are also involved.

There are 28 genes associated with pathogenesis and 33 genes associated with toxin
production and resistance. Actually, the bacterial species Achromobacter xylosoxidans was
initially isolated from patients with compromised immunity (Holmes et al., 1977). Based on
our complete genome sequence of the strain A8, Li et al. (2013) preformed a comparative
analysis including some other draft genomes of Achromobacter strains showing the

phylogenetic relationship with the pathogenic bacterial genus Bordetella.

4.2 Taxonomical composition and functional processes of the acidophilic
bacteria forming the stalactite biofilm in Zlaté Hory

Results of the amplicon 16S rRNA gene sequencing shows the predominating bacteria
of genus Ferrovum and Acidithiobacillus in the biofilm sample from acidic mine in Zlaté Hory
(Tab. 1). Relatively more abundant is also an unknown bacterial species (OTU11), followed by
a bacteria of genus Acidiphillium and other unknown bacterial strains. Acidophilic heterotrophs

from the genus Acidiphillium were also described in the acid mine drainage waters (Johnson et
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al., 2014; Ullrich et al., 2016). Representative sequence of the OTUL shows 100% similarity
with the 16S rRNA gene of Ferrovum myxofaciens P3G. In the following text, we will refer to
this bacterium associated with OTU1 as to “Ferrovum myxofaciens” ZH7. Representative
sequence of the OTUZ2 is 99% similar to the 16S rRNA gene of Acidithiobacillus ferrooxidans
and hereby we will use the designation “Acidithiobacillus” strain ZH7B for this bacterium from

Zlaté Hory.

Tab. 1: Number of amplicon 16S rRNA reads grouped to OTUs. BLASTN vs. NCBI-NT and
simil. [%] represents the best hit in the NCBI-NT and its similarity based on the BLASTN
search. RDP classification is based on the similarity search against the RDP database with the
bootstrap confidence level (percentages).

OTU  #reads BLASTN vs. NCBI-NT simil. [%] RDP classification

OTUL 1736 Ferrovum 100 Betaproteobacteria; 100%; Ferrovales;100%; Ferrovaceae;100%; Ferrovum;100%

0oTu2 1938 Acidithiobacillus 99 Gammaproteobacteria; 100%; Acidithiobacillales; 100%:; Acidithiobacillaceae; 100%; Acidithiobacillus;100%
OTuU3 95 nekultivovand bakterie 100 Acidobacteria_Gpl;100%; Granulicella;83%

OTU4 103 Acidiphilium 99 Alphaproteobacteria; 100%; Rhodospirillales;100%; Acetobacteraceae;100%; Acidiphilium;75%

OTUS 12 Acidobacteria 99 Acidobacteria_Gpl;100%; Gp1;81%

OTU6 44 Acidocella 100 Alphaproteobacteria; 100%; Rhodospirillales; 100%; Acetobacteraceae;100%; Acidocella;92%

oTu7 36 Alicyclobacillus 98 Bacilli; 70%; Bacillales;62%; Bacillaceae 1;9%; Domibacillus; 8%

OTU8 4 Leptospirillum 100 Nitrospira;100%; Nitrospirales;100%; Nitrospiraceae;100%; Leptospirillum;100%

OTU9 3 Sphingomonas 99 Alphaproteobacteria; 100%; Sphingomonadales; 100%; Sphingomonadaceae;100%; Sphingomonas;97%
OTUL0 28 Thiomonas 100 Betaproteobacteria; 100%; Burkholderiales;100%; Burkholderiales_incertae_sedis; 100%; Thiomonas;100%
OTU11 1020 nekultivovana bakterie 100 Betaproteobacteria; 99%; Gallionellales;72%; Gallionellaceae;72%; Sideroxydans;72%

OTu12 107 NA 100 Gammaproteobacteria;85%; Xanthomonadales;85%; Xanthomonadaceae;85%; Dokdonella;52%

OTU13 65 NA 99 Acidobacteria_Gpl;100%:; Terriglobus;76%

Our sequencing strategy of the metagenomic DNA and the assembly of the reads
resulted in nearly complete genomic sequences of the predominating bacteria “Ferrovum
myxofaciens” ZH7 and “Acidithiobacillus” strain ZH7B without prior cultivation. It allowed us
to analyze the physiological and metabolic processes. Both bacteria are fully adapted to the acid
mine ecosystem, they are chemolithoautotrophic with separated metabolic pathways that are
not involved in any form of syntrophy. They both use CO; fixation to obtain carbon and
oxidation of Fe?* as a source of energy. In addition, “Acidithiobacillus” strain ZH7B is also
able to oxidase sulfur as a source of energy and can use urea as an alternative source of nitrogen.
These traits probably enable the predominating bacteria to keep partially separated niches.

In contrast with a few other members of the genus Ferrovum based on the published
genome sequences, bacterium “Ferrovum myxofaciens” ZH7 is able to fix molecular nitrogen,
possesses a bacterial immunity system CRISPR/Cas and its cells are “armored” with capsule.
All of this features reflects the unique conditions of the given ecosystem.

Genome of the “Acidithiobacillus” strain ZH7B shows a mix of features found in
bacterial species At. ferrooxidans and At. ferrivorans. 16S rRNA gene sequence is similar to

At. ferrooxidans. On the other hand, “Acidithiobacillus” strain ZH7B uses genes for Fe?*
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oxidation pathway previously described in At. ferrivorans (Hallberg et al., 2010; Amouric et
al., 2011). Interestingly, At. ferrivorans has been described as highly motile (Hallberg et al.,
2010), whereas the genome of “Acidithiobacillus” strain ZH7B completely lacks the genes for
flagellar assembly. Our data demonstrates the variability inside the bacterial genus
Acidithiobacillus. Bacterium “Acidithiobacillus” strain ZH7B represents a unique strain that
had evolved through the adaptations to the given mine environment in Zlaté Hory.

The most expressed genes of the both “Ferrovum myxofaciens” ZH7 and
“Acidithiobacillus” strain ZH7B are involved in Fe?* oxidation. Also highly expressed are
genes associated with adaptations to the low pH conditions and oxidative stress, which put the
bacteria under the constant risk of cellular structures instability and DNA/protein damage.
Interestingly, most expressed genes of the other members of the biofilm community (not
associated with the two reconstructed predominating genomes) are hypothetical or unknown.
This shows the presence of the unknown bacterial taxa and functional processes that are also

active in the biofilm.

4.3 Plants rather than mineral fertilization shape microbial community
structure and functional potential in legacy contaminated soil

We found that reads affiliated with some genera of previously described PCB-degraders
were more abundant in vegetated soils versus bulk (control) soil, which may indicate the
potential for more efficient degradation (Fig. 2). For instance, planting with horseradish resulted
in an increased abundance of Burkholderia, which have thoroughly been described as very
efficient degraders of PCBs (Mukerjee-Dhar et al., 1998; Tillmann et al., 2005; Chain et al.,
2006; Uhlik et al., 2013), Stenotrophomonas, which has been isolated from the same soil by
growth on biphenyl (Uhlik et al., 2013), or Methylovorus, which has been directly implicated
in biphenyl metabolism through stable isotope probing in the horseradish rhizosphere (Uhlik et
al., 2009). We also determined that horseradish-vegetated soil had the most unique soil
microbial community when compared to the control and other two plant samples (Fig. 2).
Arthrobacter (Gilbert & Crowley, 1997; Abraham et al., 2005; Leigh et al., 2007) and Gordonia
(Koubek et al., 2012), also often associated with PCB-degradation, were significantly enriched

in soils vegetated by tobacco.
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Fig. 2: Statistically significant differences in the abundance of bacterial taxa based on the
amplicon 16S rRNA sequencing. Heatmap shows the abundances at the level of genus (red
indicates higher abundance, blue indicates lower abundance). Phylum level is represented in
the color bar at the left side of the figure. Non-fertilized samples: Hor (horseradish), Nig
(nightshade), Tob (tobacco), Ctrl (control). Fertilized samples: HorF (horseradish), NigF
(nightshade), TobF (tobacco), CtrlF (control).
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Due to the importance of fertilization for agricultural and environmental sciences,
assessment of the effects of chemical fertilization is an active field of study (Geisseler and
Scow, 2014), especially in connection with attribution of soil functions to specific microbial
populations (Su et al., 2015). Many studies have demonstrated that there are shifts in soil
microbial community structure associated with the use of chemical fertilizers (Leff et al., 2015;
Su et al., 2015) but the populations are less strongly influenced by the fertilization than plant
species (Benizri & Amiaud, 2005; Liliensiek et al., 2012), sometimes indicating the fertilizer
does not have a significant effect (Marschner et al., 2001; Liliensiek et al., 2012). Our results
also indicate that the response of soil microbial populations to fertilization is not significant,

however the presence of plants is (Fig. 2, and 3).
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Fig. 3: Non-metric multidimensional scaling ordination analysis (NMDS, stress < 0.001) of soil
16S rRNA genes with subsequent fitting of environmental vectors of treatment (plant and
fertilizer) onto the ordination (P-value < 0.05, 40,320 permutations). Symbols: full points —
non-fertilized treatments, open diamonds — fertilized treatments. Non-fertilized samples: Hor
(horseradish), Nig (nightshade), Tob (tobacco), Ctrl (control). Fertilized samples: HorF
(horseradish), NigF (nightshade), TobF (tobacco), CtrlF (control).

Soils tend to select for copiotrophic or oligotrophic microbial populations based on the
amount of available organic carbon (Fierer et al., 2007). Therefore, soils directly under the
influence of plants tend to favor copiotrophic microorganisms in comparison to populations in
bulk soil (Dennis et al., 2010). Although the ecological grow strategies cannot be completely
generalized on the level of phylum or class, bacteria affiliated with Actinobacteria,
Bacteroidetes, Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria are
commonly considered copiotrophic whereas Acidobacteria or Planctomycetes oligotrophic
(Fierer et al., 2007; Prober et al., 2015; Leewis et al., 2016b). Increases in the relative
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abundances of Alpha-, Beta-, Gammaproteobacteria, or Bacteroidetes (Fig. 2) in vegetated soils
also supports the hypothesis that the vegetated soil was enriched for copiotrophic organisms.
The trend with Acidobacteria and Planctomycetes, commonly considered oligotrophic, was not
that unambiguous. Whereas Planctomycetes were of low abundance throughout the treatments,
Acidobacteria were dramatically differently represented, and were enriched especially in the
root zone of horseradish. Previously, plant-specific colonization of rhizosphere was proposed
for certain acidobacterial lineages (Nunes da Rocha et al., 2013). Our results suggest that
horseradish creates favorable environment for Acidobacteria.

Importantly, several functional categories have also been attributed to either
copiotrophic or oligotrophic strategies. We observed that some genetic determinants associated
with signal transduction mechanisms, defense mechanisms or amino acid transport and
metabolism, categories which tend to be overrepresented in copiotrophic organisms (Lauro et
al., 2009; Leff et al., 2015), significantly differed among treatments, with significantly lower

abundances in the bulk soil compared to vegetated soils.

5 Conclusions

o Combination of shotgun and paired-end sequencing using the GS FLX (Roche), and
assembly followed by individual gap filling based on the local assembly allowed us
to reconstruct the complete genomic sequence of Achromobacter xylosoxidans A8.
Genome consists of one chromosome of 7,013,095bp and two plasmids: pA81l
(98,156bp) and pA82 (247,895bp).

o Using the bioinformatic tools, we identified 6,815 coding sequences (CDS), 5,620
CDS were successfully annotated. We confirmed the localization of the genes
involved in chlorobenzoates degradation in the pA81 plasmid, and identified other

genes of bioremediation potential.

o Some of the identified genes are involved in the heavy metal resistance, which also
makes the bacterium a good starting microorganism for further development toward

a bioremediation tool.

o The tested sequencing approach was further used to analyze the acidophilic

bacterial community forming the macroscopic biofilm in the acid mine ecosystem
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in Zlaté Hory. In addition, the amplicon 16S rRNA gene sequencing revealed the
taxonomic composition of this simple community consisting predominantly of two

bacteria of genus Ferrovum and Acidithiobacillus.

We reconstructed nearly complete genome sequences of the two bacteria named
“Ferrovum myxofaciens” ZH7 and “Acidithiobacillus” strain ZH7B from
metagenomic biofilm sample without prior cultivation. Annotation of the sequences
allowed us to identify the physiological and metabolic processes. Both bacteria
possess a unique combination of features that had evolved in the given extreme

ecosystem with pH < 3.

Sequencing of mMRNA isolated from the biofilm sample was used to measure gene
expression. The most expressed genes of “Ferrovum myxofaciens” ZH7 and
“Acidithiobacillus” strain ZH7B are involved in the oxidation of Fe?* as a source of

energy and in the adaptations to low pH and oxidative stress.

Since these acidophilic genera, especially the genus Ferrovum, are not yet well
studied, our data represents a considerable contribution to the field and can be
further used in the study of unknown pathways, for example the hypothesized

pathway of Fe?* oxidation.

Amplicon sequencing of 16S rRNA gene and shotgun sequencing of the total DNA
was also used to decipher the effects of plants and fertilizer on the microbial
consortia in contaminated soil. Adopting the bioinformatical methods previously
designed for RNA-seq analyses, we were able to identify statistically significant
differences in the soil samples with cultivated horseradish (Armoracia rusticana),

black nightshade (Solanum nigrum) and tobacco (Nicotiana tobacum).

Our results shows significant effect of the cultivated plant species on the
composition and functional potential of the microbial community which is able to
degrade polychlorinated biphenyls in soil. On the other hand, the fertilization
showed no significant effect. This information can help us to better understand the
plant-microbe relationships in contaminated environments, therefore allowing us to
better understand the complicated dynamics potentially associated with the

phyto/rhizoremediation of contaminated areas.
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