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Summary

Soil is an integral part of every terrestrial ecosystem where it facilitates various ecosystem
processes, including nutrient cycling (carbon (C), nitrogen (N)), and turnover (phosphorus
(P)). The interaction between soil microbiota and soil constituents, such as clay minerals
and organic matter leads to the formation of hotspots of microbial diversity and activity.
Moreover, microbial metabolism actively shapes the habitat in which they live and
influences soil formation together with other physical, chemical, and biological factors.

Soil formation is a lengthy process based on the interaction of complex physical, chemical,
and biological processes where microorganisms play an essential role as they drive nutrient
availability and nutrient storage mainly if no plants are available. Furthermore, microbial
diversity and function in the soil are affected by various abiotic and biotic factors, including
mineral composition, and clay minerals in particular. Even though it was shown that different
minerals can support and select different microorganisms, thus shaping the microbial
community and function in soils, it is unknown how clay minerals influence the
establishment, diversity, and adaptation of functional microbiota involved in nutrient cycling
and turnover in the early stages of soil development. Therefore, this research aimed to
improve our understanding of how clay minerals impact the establishment and diversity of
microbial communities driving C, N, and P turnover during the early stages of soil
development by combined analyses of the bacterial abundance and diversity with gPCR
and T-RFLP respectively, and an in-depth analyses of microbial diversity and functional
genes involved in C and N cycling, and P turnover based on a metagenomic shotgun
sequencing of artificial soil microbiota.

This study using artificial soils of different mineralogy (montmorillonite (MT), illite (IL),
montmorillonite+charcoal (MT+CH), and illite+ferrinydrite (IL+FH)) has shown that soil
properties, clay mineral composition in particular, strongly influence the establishment of
different microbial communities during soil development. However, only two clay minerals
(MT and IL) with different specific surface areas and charges that influence the nutrient
availability, showed a strong effect on the bacterial community structure and function over
the long-term incubation. Similar values of total organic C (13.5 £ 0.9 in MT and 11.6 £ 0.7
inIL), totalN (1.5£0.1in MT and 1.3+ 0.2 in IL), and total P (396 + 20 in MT and 384 + 29
in IL) content were detected in both soils. Consequently, the C:N:P ratios were very similar
as well (82:7:1 in MT and 90:11:1 in IL) indicating C, N and P depleted system. However,
based on the analysis of genes present in both soils, it is obvious that microorganisms have
developed different strategies to overcome nutrient depletion in MT and IL. The degradation
of recalcitrant C compounds such as cellulose (bglX, bglB) and chitin (nagZ, hexA-B, hex),
N depolymerisation, and mineralization (pepA, pepN, pepD, pip, clpP, clpX, aguB, hmgL,
hutH, CTH, sdaA/sdaB, dsdA, tdcB) and assimilation (gudB/rocG, gdhA/GLUD1,
gdhA/GLUD?2), together with effective P uptake and use of the internal poly-P pool (ppa,
ppX, pstSCAB) were characteristic for MT. In contrast, starch (amyA) and chitin (chiA,
CHIT1) were preferable C sources in IL. Furthermore, the higher abundance of
denitrification related genes (narG, nirS, nifH) in IL indicates that N depletion was potentially
overcome by the more efficient consumption of alternative N sources, such as chitin (chiA,
CHIT1) when compared to MT. Lastly, higher abundances of genes encoding alkaline
phosphatases (phoA, phoD), glycerophosphoryl diester phosphodiesterase (ugpQ), and
glycerol-3-phosphate transporter system (ugpBAEC) indicate that IL microbiota utilizes
organic P sources to overcome P depletion.

Overall, the results of this study significantly contribute to better understand the effect of
clay minerals on the establishment of microbial communities that drive nutrient turnover,
revealing different microbial strategies in adapting to and overcoming nutrient depletion
during the early phases of soil development.

Keywords: soil formation, clay minerals, microbial diversity, functional microbiota, carbon
and nitrogen cycle, phosphorus turnover, qPCR, T-RFLP, next-generation sequencing



ProsSireni sazetak

Utjecaj minerala glina na uspostavu mikrobnih zajednica koje pokrecu
kruzenje nutrijenata u ranim fazama razvoja tla

Tlo je heterogena smjesa razli€itih mineralnih, organskih i biolodkih komponenti i kao takvo
predstavlja jedno od najslozenijih staniSta u kojem mikroorganizmi obitavaju. Interakcije
izmedu mikroorganizama i ¢vrste faze tla, kao $to su minerali glina i organska tvar uzrokuju
stvaranje reaktivnih ploha koje predstavljaju ZariSta mikrobne raznolikosti i aktivnosti. Sama
veli€ina i fizikalno-kemijska svojstva ovakvih mikrostanisSta ovise o izvornom mati¢nom
supstratu. Medu abioti¢kim ¢imbenicima koji utje€u na karakteristike mikrostanista, isti¢e se
mineralni sastav tla, toCnije minerali glina. Dokazano je da minerali glina utjeCu na
biogeokemijsko kruzenje i mobilizaciju hranjivih tvari, kao $to su ugljik (C), dusik (N) i fosfor
(P). Prisutni su u svim tlima i sedimentima gdje tvore glavnu frakciju koja utje¢e na veli€inu
specificnih reaktivnin povrSina. Smatraju se regulatorima kationske izmjene i mjestom
adsorpcije organskih i anorganskih spojeva, ¢ime utjeCu na dostupnost hranjivih tvari te
posliediéno na prezivljavanje, metabolizam i funkciju mikroorganizama. Stoga, razliCiti
mikroorganizmi naseljavaju tla s razli€itim mineralnim sastavom. Mikroorganizmi svojim
metabolizmom aktivno mijenjaju staniste u kojem obitavaju te utjeCu na razvoj tla zajedno
s ostalim bioloskim, fizikalnim i kemijskim ¢imbenicima. Istovremeno, mikroorganizmi imaju
sredisnju ulogu u biogeokemijskom kruzenju svih kemijskih elemenata, medu kojima se
ugljik, dusik i fosfor smatraju esencijalnima. Njihova uloga u kruZenju kemijskih elemenata
je od posebnog zna&aja u ranim fazama razvoja tla. Obzirom da ugljik i dusik ne nalazimo
u izvornom mati¢nom supstratu, potencijalni izvori ugljika i duSika u tlu ukljucuju talozenje
organskih tvari i fiksaciju ugljika odnosno dusika od strane autotrofnih mikroorganizama.
Fosfor, s druge strane, je prisutan u ranim fazama razvoja tla, prvenstveno u anorganskom
obliku kao sastavni dio mati¢nog supstrata, te stoga njegova mobilizacija ovisi isklju€ivo o
mineralnom troSenju supstrata koje pak ovisi o aktivnosti i sposobnosti otapanja i
mineralizacije od strane mikroorganizama. Medutim, jo§ uvijek se ne zna u kojoj mijeri
minerali glina utjeCu na sastav, razvoj i adaptaciju mikrobiote ukljuene u kruzenje
makronutrijenata u ranim fazama razvoja tla, zatim koje funkcionalne mikrobne grupe
pokrecu kruzenje tvari u osiromasenim ekosustavima te koje procese i mehanizme koriste
da nadvladaju nedostatak C, N i P tijekom produZene inkubacije tala. Na temelju navedenog
postavljene su sljedece hipoteze: u umjetnim tlima razlicitog mineralnog sastava razvit ce
se razliCite mikrobne zajednice (H1), produzena inkubacija umjetnih tala dovest ¢e do
iscrpljenja bioraspolozivih oblika ugljika, dusika i fosfora i postupne prilagodbe i razvoja
mikrobnih zajednica sposobnih iskoriStavati teSko dostupne oblike C, N i P (H2), nedostatak
bioraspolozivog ugljika uzrokovat ¢e adaptaciju mikrobnih gena ukljuCenih u kruzenje
ugljika (H3), mikrorganizmi ¢e nadvladati nedostatak bioraspolozivog N i P recikliranjem
organskog N i P i efikasnijim unosom N i P u mikrobne stanice (H4) i konaéno, funkcionalna
mikrobiota sastojat ¢e se primarno od tzv. generalista odnosno mikrobnih grupa
prilagodenih Sirokom spektru ekoloskih ¢imbenika sa sposobnoséu iskoristavanja razliitin
izvora hranjiva medu kojima ¢e samo nekoliko grupa pokretati sve procese uklju¢ene u
kruzenje C, N i P, dok ¢e zastupljenost specijalista tj. uskospecijaliziranih mikrobnih grupa
koje pokre¢u neki specifi¢an proces u kruzenju C, N i P biti ée zanemariva (H5). Stoga,
ciljevi ovog rada su ispitati utjecaj minerala glina na uspostavu, raznolikost i aktivnost
mikrobnih zajednica, identificirati procese i mikrobne grupe koje pokre¢u kruzenje
makronutrijenata tijekom ranih faza razvoja tla i identificirati mehanizme koje
mikroorganizmi koriste da nadvladaju nedostatak C, N i P tijekom produzene inkubacije
tala.

Za ispitivanje postavljenih hipoteza koriStena su dva pristupa. Utjecaj minerala glina na
dostupnost hranjivin tvari, bakterijsku brojnost te uspostavu, raznolikost i aktivnost
mikrobnih zajednica (H1) ispitan je u preliminarnom eksperimentu u kojem su pripremljena
umjetna tla (n=4) koja se medusobno razlikuju po sastavu minerala gline. Ova tla su, uz



kvarcni pijesak i prah, sadrzavala jednu od sljedeéih komponenti koje se Cesto pojavljuju u
prirodi: monmorilonit (MT), ilit (IL), montmorilonit+drveni uglijen (MT+CH) ili ilit+ferihidrit
(IL+FH). Za svako umijetno tlo pripremljeno je 9 nezavisnih ponavljanja, mase do 500 g. Na
poCetku eksperimenta, svako je umjetno tlo inokulirano mikrobnim inokulatom koji potjece
od Ap horizonta prirodnog luvisola i sterilnim stajskim gnojem. Sterilni stajski gnoj je
ponovno dodan svim umjetnim tlima 562. dan inkubacije. Inkubacija umjetnih tala zavrSena
je nakon 842 dana. Pretpostavljano je da ¢e se do ovog trenutka, ovisno o tipu minerala
glina, formirati mikro- i makro-agregati usporedivi onima u prirodnim tlima. Ovako
pripremljenim umjetnim tlima potom je dodan biljni materijal u triplikatima. Kako bi se
provjerilo da li su umjetna tla usporediva s prirodnim tlom, jedan uzorak luvisola (Scheyern)
je u triplikatima tretiran biljnim materijalom. Istovremeno, pripremljene su i kontrole koje su
se od umjetnih tala i luvisola razlikovale samo po tome Sto im nije dodan biljni materijal. Sva
tla su dodatno inkubirana tijekom 63 dana u mraku, uz odrZzavanje stalne vlage. Uzorci su
uzeti 0., 7., 21. i 63. dan nakon dodavanja biljnog materijala. Utjecaj minerala gline na
dostupnost ugljikovih spojeva i aktivhost mikroorganizama odredena je na temelju WEOC
(organski C koji se moze ekstrahirati vodom) vrijednosti, brojnost na temelju Cric vrijednosti
i kvantifikacijom 16S rRNA gena, a raznolikost bakterijskih zajednica na temelju T-RFLP
analize 16S rRNA gena amplificiranog po&etnicama 6-FAM-27f i 1401r.

Primijeceno je da u svim umjetnim tlima, bez obzira na prisutne minerale gline, WEOC
vrijednosti opadaju odmah nakon dodatka biljnog materijala, 5to se moZe objasniti
pove¢anom mikrobnom aktivnos¢u i trenutnim iskoriStavanjem lako dostupnog ugljika od
strane mikroorganizma. lako je isti trend zamijeCen u svim umjetnim tlima, nesto nize
WEOC vrijednosti su detektirane u umjetnim tlima koja sadrze MT u usporedbi s tlima koja
sadrze IL, $to ukazuje na brzu izmjenu hranjivih tvari u MT, kao i neSto viSom stopom
mikrobne respiracije. U prirodnom tlu, s druge strane, opadanje WEOC vrijednosti je
detektirano tek kasnije tijekom inkubacije, u usporedbi s umjetnim tlima, 8to se moze
pripisati bolje razvijenim strukturama u prirodnom tlu i organskoj tvari koje bolje i brze vezu
raspolozive ugljikove spojeve te ih na taj nacin privremeno Stite od mikrobnog djelovanja.
U svim umjetnim tlima, kao i u prirodnom tlu tretiranim biljnim materijalom, mikrobna
biomasa se povecala od 0. do 7. dana inkubacije, $to je vidljivo iz porasta Cmic vrijednosti, i
u skladu je s dinamikom WEOC vrijednosti. Bakterijska brojnost, kao sto je vidljivo iz broja
16S rRNA kopija gena g* suhe tvari tla, poveé¢ava se u MT, MT+CH i IL+FH umjetnim tlima
tek kasnije tijekom inkubacije. lako su i Cnic i broj kopija gena 16S rRNA odraz mikrobne
biomase, nesklad izmedu rezultata moze se pripisati metodoloskim razlikama. Obzirom da
je u svim umjetnim tlima detektiran sli¢an trend u kretanju WEOC i Cni vrijednosti te broju
16S rRNA gena, nije bilo moguce potvrditi H1 hipotezu isklju€ivo na temelju tih parametara.
Konacno, na temelju PCA analize T-RF fragmenata 16S rRNA gena, vidljivo je da se
bakterijske zajednice u umjetnim tlima znacajno razlikuju od bakterijskih zajednica u
luvisolu. Nadalje, iz ovih rezultata je vidljivo da na uspostavu i razvoj bakterijskih zajednica
u umjetnim tlima najvide utje€u minerali gline MT i IL, Sto se moze objasniti razlikama u
fizikalno-kemijskim karakteristikama, prvenstveno razlikama u specificnoj povrsini i naboju
minerala gline, $to pak utjeCe na dostupnost hranjivih tvari mikroorganizmima. Stoga, ovi
rezultati potvrduju hipotezu (H1) da odredene grupe mikroorganizama preferiraju odredene
tipove minerala gline, te da posljedi¢no prisutnost minerala gline u tlu utjeCe na uspostavu,
razvoj i raznolikost bakterijskih zajednica.

Ostale hipoteze (H2-H5) ispitane su primjenom dubokog sekvenciranja metagenoma
umijetnih tala Ciji je mineralni sastav najviSe utjecao na raznolikost bakterijskih zajednica
(MT i IL) nakon 842 dana inkubacije. Obzirom da je izvor hranjiva u obliku sterilnog stajskog
gnoja zadnji put unesen prije vise od 300 dana, u MT i IL detektirane su niske koncentracije
organskog ugljika, ukupnog dusika i fosfora, te vrlo niski stehiometrijski omjeri C:N, C:P i
N:P, Sto ukazuje na nedostatak ugljika, duSika i fosfora u ispitivanim umjetnim tlima koja je
usporediva s drugim oligotrofnim ekosustavima. Ovi rezultati ukazuju da su lako dostupna
hranjiva potroSena te da su u MT i IL najvjerojatnije zaostali samo teSko razgradivi spojevi
kao potencijalan izvor makronutrijenata, $to potvrduje hipotezu (H2). Zbog nedostupnosti



lako razgradivih C spojeva, mikroorganizmi u MT i IL iskoristavaju teSko razgradive C
spojeve i mikrobne ostatke. Tocnije, u MT mikroorganizmi, primarno koriste celulozu (bglX,
bglB) i hitin (nagZ, hexA-B, hex), a u IL Skrob (amyA) i hitin (CHIT1) kao izvore C. lako niska
zastupljenost gena koji kodiraju enzime uklju¢ene u fiksaciju ugljika nije ukazivala na
dodatne izvore ugljika, detektirane mikrobnih grupe, to€nije ¢lanovi koljena Cyanobacteria
ukazuju da dio ugljika dospijeva u MT i IL i fiksacijom. Navedeno potvrduje hipotezu (H3)
da mikroorganizmi koriste razliCite mehanizme kako bi nadvladali depleciju ugljika u MT,
odnosno IL. Sli€no kao kod kruzenja C, rezultati su pokazali da su mikroorganizmi u MT i
IL nadvladali nedostatak lako dostupnih dusiénih spojeva primarno depolimerizacijom,
odnosno mineralizacijom sloZenih organskih N spojeva i mikrobnih ostataka. U MT
detektirana je veca zastupljenost gena koji kodiraju ekstracelularne proteaze koje sudjeluju
u depolimerizaciji/mineralizaciji duSika i razgradnji bakterijskih staninih stijenki i proteina
(pepA, pepN, pepD, pip, clpP, clpX, aguB, hmgL, hutH, CTH, sdaA/sdaB, dsdA, tdcB),
asimilaciji (gudB/rocG, gdhA/GLUD1, gdhA/GLUD2) i usvajanju dusika (nrtP). S druge
strane, u IL je detektirana vecéa zastuplienost gena uklju¢enih u hitinolizu (CHIT1),
denitrifikaciju (narH) i nitrifikaciju (amoC, hao), 5to ukazuje da je nedostatak dusika u tlu s
IL, za razliku od tla s MT, potencijalno prevladan ucinkovitijom potroSnjom alternativnih
izvora dusika, kao Sto je hitin (CHIT1). Nadalje, nedostatak lako dostupnih P spojeva
mikroorganizmi u MT su nadvladali pojacanim iskoridtavanjem unutarstani¢nih poli-P (ppa,
ppx) rezervi i povecanjem ucinkovitosti unosa fosfora u mikrobne stanice (pstSCAB). S
druge strane, drukdiji adaptacijski mehanizmi detektirani su u IL, a ukljuCuju poja¢ano
iskoriStavanje organskih P oblika pomocu alkalnih fosfataza (kodirane genima phoA i phoD)
i glicerofosforil diester fosfodiesteraze (kodirana genom ugpQ) i efikasan transportni sustav
glicerol-3-fosfata (ugpBAEC), §to potvrduje hipotezu (H4). Konacno, mikrobne grupe koje
pokre¢u kruzenje ugljika, duSika i fosfora u MT i IL prvenstveno spadaju u visoko
zastupljene taksone koji su pronadeni u oba tla, dok je brojnost specijaliziranih mikrobnih
grupa specifiénih za MT ili IL iznimno niska, $to potvrduje hipotezu (H5).

Ovo istrazivanje znacCajno je pridonijelo razumijevanju ucinka minerala glina na
uspostavljanje mikrobnih zajednica, identifikaciji funkcionalne mikrobiote koja pokrece
kruZenje hranjivih tvari i identifikaciji adaptacijskih mehanizama koje mikroorganizmi koriste
za prevladavanju nedostatka C, N i P u ranim fazama razvoja tla. U tu svrhu, umjetna tla s
to€no definiranim karakteristikama su se pokazala kao nezamjenjiv alat koji omoguc¢ava
istraZivanje ucinka isklju€ivo jednog odredenog parametra, u ovom slu€aju, minerala gline.
Kona¢no, metagenomsko sekvenciranje nove generacije trenutno predstavlja jedan od
najboljin i sveobuhvatnih pristupa koji istovremeno omogucéava istrazivanje mikrobne
raznolikosti, mikrobnih procesa, kao i povezivanje mikrobnih procesa s to¢no odredenim
mikrobnim taksonomskim grupama.

Kljuéne rijeéi: razvoj tla, minerali glina, mikrobna raznolikost, funkcionalna mikrobiota,
kruZzenje ugljika i duSika, mobilizacija fosfora, qPCR, T-RFLP, sekvenciranje nove
generacije
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Figure 1. The interaction between microorganisms and mineral particles in
soil aggregate (modified from Huang et al., 2005). Bacterial cells which are
enveloped by extracellular polysaccharides (EPS) interact with clay particles.
Silt- and sand-size particles surround the bacteria and clay particles and form
pores providing the potential binding site for SOM. The aggregate can be
additionally stabilized by the attachment of fungal hyphae to the outer surface
of an aggregate. The smaller image depicts the adherence mechanisms of
clay minerals to the negatively charged bacterial cells: (i) edge-to-face
associations, (ii) electrostatic interactions, and (iii) bridging through cations
(M™).

Figure 2. The representation of the short-term carbon cycle (modified from Johnson
2016). The carbon cycle is dependent on autotrophic organisms to fix carbon dioxide
(COy) into organic carbon (CH20) during the photosynthesis and on the respiration of
heterotrophic organisms which transform the organic carbon into CO,, under aerobic
conditions. Under anaerobic conditions, organic carbon is converted by heterotrophic

organisms into methane during methanogenesis.

Figure 3. Representation of nitrogen cycle. Main nitrogen transformation processes
are colour-coded. Green arrow — nitrogen fixation; yellow arrows — N mineralization
(depolymerisation/ammonification) and assimilation; orange arrows — nitrification;
purple arrows — dissimilatory nitrate reduction (DNRA), blue arrows — assimilatory
nitrate reduction (ANRA); red arrows — denitrification; black arrows — nitrite/nitrate
uptake.

Figure 4. Representation of phosphorus turnover in soil (modified from Walbridge
1991). The P transformations (weathering, adsorption/desorption, aggregate
formation/destruction, ion exchange) that are mainly mediated by abiotic factors are
depicted in black, whereas the P transformations mediated by biotic factors, mainly
microorganisms, are colour-coded. Dark green arrow — phosphate uptake by plants;
turquoise arrow — plant exudation, green arrows — humus degradation; brown arrows
— humus formation; yellow arrow — microbial P turnover; blue arrows — P

immobilization; orange arrows - P mineralization.
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Figure 5. Schematic representation of artificial soil. The first phase represents the
period between the first and second manure addition (0-562 days) and the second
phase, the period between the second manure addition until the end of the maturation
period (562-842 days) (modified from Vogel et al., 2014).

Figure 6. Design of the experiment with four artificial soils MT, IL, MT+CH, and IL+FH
treated with plant litter (modified from Vogel et al., 2014).

Figure 7. The predicted genes involved in the microbial C cycle with
corresponding enzymes and KEGG KO numbers. Depicted are the enzymes
involved in (A) starch metabolism; (B) pectin metabolism; (C) hemicellulose
metabolism; (D) cellulose metabolism; (E) chitin metabolism; and (F) carbon

fixation.

Figure 8. The predicted genes involved in the N cycle with corresponding
enzymes and KEGG KO numbers. Different processes involved in the N cycle
are colour-coded. Orange arrow — N mineralization and assimilation; light
green arrow — N fixation; dark green arrows — nitrification; black arrows —
denitrification; purple arrows — dissimilatory and assimilatory nitrate reduction;

light blue arrows — uptake of extracellular nitrite and nitrate.

Figure 9. The predicted genes involved in microbial P turnover with
corresponding enzymes and KEGG KO numbers. Different processes
involved in P turnover are colour-coded. Dark blue arrow — organic P
mineralization and solubilization; light blue arrow —inorganic P mineralization;
green arrow — uptake of organic and inorganic P; red arrow — regulation of P

turnover.

Figure 10. Share of water extractable organic carbon (WEOC) in natural and artificial
sails given as mean values (n = 3) and standard deviation at different time points (day
0, day 7, day 21, and day 63) in (A) natural sail, (B) MT, (C) IL, (D) MT+CH, and (E)
IL+FH. Green bars represent soil samples treated with plant litter and blue bars
untreated soil samples. Asterisks indicate significant differences in WEOC values
where *P < 0.05 and *P < 0.01.
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Figure 11. Cnic values in natural and artificial soils. Green bars represent Cmic in soils
treated with litter and blue bars Cnic in untreated soils. Cric mean values (n = 3) with
standard deviation are shown for different time points (day 0, day 7, day 21, and day
63) in (A) natural soil, (B) MT, (C) IL, (D) MT+CH, and (E) IL+FH. Asterisks indicate

significant differences in Cnic values where *P < 0.05 and **P < 0.01.

Figure 12. Number of copies of 16S rRNA gene in natural and artificial soils. Green
bars represent number of copies of 16S rRNA gene per gram of dry soil in soils treated
with litter, while blue bars represent number of copies of 16S rRNA gene in untreated
soils. Mean values (n = 3) of number of copies of 16S rRNA gene with standard
deviation are shown for different time points (day O, day 7, day 21, and day 63) in (A)
natural soil, (B) MT, (C) IL, (D) MT+CH, and (E) IL+FH. Asterisks indicate significant
differences in 16S rRNA copy number where *P < 0.05.

Figure 13. Results of PCA analysis of T-RF profiles of microbial communities
originating from natural soil (Luvisol, from Scheyern, Germany) and artificial
soils. T-RFLP was performed on all soils in triplicates (n = 3). (A) natural soll
and all artificial soils, and (B) artificial soils. Natural soil and artificial soils with
different compositions are depicted with different colours (purple — natural
soil, yellow — MT, green — IL, blue — MT+CH, and red — IL+FH), different
sampling times with distinct shapes (rhomb — day 0, circle — day 7, triangle —
day 21 and square — day 63), and samples treated with litter are depicted with

open symbols and untreated with closed symbols.

Figure 14. Principal component analysis (PCA) of montmorillonite (MT, n = 3) and illite
(IL, n = 3) sail metagenomes (A) and microbiota harbouring genes involved in C (B),
N (C), and P turnover (D). (A-D) the first two components based on relative, Hellinger
transformed abundance on the family level are shown. Arrows represent families that
have the largest influence on metagenome separation. No significant changes
between the MT and IL were detected.

Figure 15. Relative abundance of prokaryotic families in artificial soils containing MT
and IL. Sequences were aligned against the NCBI-nr database and annotated with
MEGANS. Relative abundance was calculated based on the number of all assigned
reads. The mean relative abundance with standard deviations (n = 3) of the twenty
most abundant taxa is shown. Asterisks indicate significant differences in prokaryotic

families between two metagenomes (P < 0.05).
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Figure 16. Relative abundance of prokaryotic families involved in C turnover in artificial
soils containing MT and IL. Sequences were aligned against the NCBI-nr database
and annotated with MEGANS. Relative abundance was calculated based on the
number of all assigned reads. The mean relative abundance with standard deviations
(n = 3) of the twenty most abundant taxa is shown. Asterisks indicate significant

differences in prokaryotic families involved in C turnover in artificial soils (P < 0.05).

Figure 17. Relative abundance of prokaryotic families involved in N turnover in artificial
soils containing MT and IL. Sequences were aligned against the NCBI-nr database
and annotated with MEGANS. Relative abundance was calculated based on the
number of all assigned reads. The mean relative abundance with standard deviations
(n = 3) of the twenty most abundant taxa is shown.

Figure 18. Relative abundance of prokaryotic families involved in P turnover in artificial
soils containing MT and IL. Sequences were aligned against the NCBI-nr database
and annotated with MEGANS. Relative abundance was calculated based on the
number of all assigned reads. The mean relative abundance with standard deviations
(n = 3) of the twenty most abundant taxa is shown. Asterisks indicate significant
differences in prokaryotic families involved in P turnover in artificial soils (P < 0.05).

Figure 19. Rarefaction curves based on KO-Ids identified in montmorillonite
and illite-containing artificial soils. Depicted is the number of observed KO ID
of subsampled KEGG hits where the amount of KEGG hits was randomly

chosen from the metagenome for each replicate.

Figure 20. Metabolic and functional diversity in artificial soils containing montmorillonite
(MT) and ilite (IL). Sequences were aligned against the KEGG database and
annotated with MEGANS. Relative abundance was calculated based on the number
of all assigned KEGG reads. The mean relative abundance with standard deviations
(n = 3) is shown. Asterisks indicate significant differences in metabolic and functional
diversity in artificial soils (P < 0.05).

Figure 21. Relative abundance of enzymes involved in carbon turnover in
artificial soils containing MT and IL. Obtained sequences were aligned against
the KEGG database and annotated with MEGANS. Relative abundance was
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calculated based on the number of reads assigned to the C cycle. The mean
relative abundance with standard deviations (n = 3) of predicted genes
involved in (A) cellulose, (B) hemicellulose, (C) chitin, (D) starch, and (E)
pectin metabolism, and (F) C fixation is shown. Asterisks indicate significantly

different (P < 0.05) annotated reads in the artificial soils containing MT and IL.

Figure 22. Correlation between the abundance of genes involved in cellulose
(bglX/bgIB, celB, CBHL1), hemicellulose (abfA, gmuG), chitin (ChiA/CHIT1, nagZ/hexA-
B/hex), starch (amyA, SGAL, nplT), and pectin (polygalacturonase) degradation, and
carbon fixation (aclA/acIB, coxL/coxM/coxS, cooS, rbcl/rbcS), and soil pH, and C:N:P
stoichiometry in artificial soils containing (A) MT and (B) IL. Blue colours represent the
positive, and red negative correlation. Darker colour and larger circle diameter indicate
a stronger correlation. White squares indicate the absence of correlation. Grey squares
indicate significant correlation (P < 0.05).

Figure 23. Relative abundance of prokaryotic families involved in the carbon cycle in
the artificial soils containing MT and IL. Obtained sequences were assigned on the
functional level by aligning against KEGG, and on the taxonomic level against the
NCBI-nr database. Relative abundances were calculated based on the number of
reads assigned to the C cycle. The colour intensity in the heatmap represents the
relative abundance of families associated with a C cycle in montmorillonite and illite.

Twenty most abundant families are depicted.

Figure 24. Distribution of shared and unique families involved in the C cycle
in the artificial soils containing montmorillonite (MT) and (IL). The reads were
functionally assigned with KEGG and taxonomically with the NCBI-nr
database. Shown are the mean values of the most abundant families involved
in cellulose, hemicellulose, and chitin degradation. Relative abundances were

based on the number of all reads assigned to the C cycle.

Figure 25. Distribution of shared and unique families involved in the C cycle in the
artificial soils containing montmorillonite (MT) and (IL). The reads were functionally
assigned with KEGG and taxonomically with the NCBI-nr database. Shown are the
mean values of the most abundant families involved in starch, and pectin degradation,
and C fixation. Relative abundances were based on the number of all reads assigned

to the C cycle.
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Figure 26. Relative abundance of predicted prokaryotic genes encoding enzymes
involved in the nitrogen cycle in artificial soils containing MT and IL. Obtained
sequences were aligned against the KEGG database and annotated with MEGANS.
Relative abundance was calculated based on the number of all assigned KEGG
reads. Values are shown as the mean with standard deviation (n = 3). Asterisks
indicate significant differences (P < 0 .05) in the number of annotated reads between
the MT and IL sails.

Figure 27. Correlation between the abundance of genes involved in
depolymerisation/ammonification (ureC/ureB/urea, chiA, pepA, pepN, pip, pepD, clpP,
clpX, aguB, hmgL, hutH, CTH, sdaA/sdaB, dsdA, tdcB, echA, cynS, nitrilase,
formamidase), N assimilation (gInA, gltS/gitD/gitB, gudB, gdhA), denitrification
(narG/narH/narl, narA/narB, nirk/nirS, norB/norC, nosZ), dissimilatory nitrate reduction
(nirB/nirD, nrfA/nrfH), assimilatory nitrate reduction (nirA, narB, nasA/nasB), nitrification
(amoB/amoC, hao), nitrite and nitrate uptake (nrt, nrtA/nrtB/nrtC/nrtD), and soil pH, and
C:N:P stoichiometry in artificial soils containing (A) MT and (B) IL. Blue colours
represent the positive, and red negative correlation. Darker colour and larger circle
diameter indicate a stronger correlation. White squares indicate the absence of

correlation. Grey squares indicate significant correlation (P < 0.05).

Figure 28. Relative abundance of prokaryotic families involved in the nitrogen
cycle in the artificial soils containing MT and IL. Obtained sequences were
assigned on the functional level by aligning against the KEGG database, and
on the taxonomic level against the NCBI-nr database. Relative abundances
were calculated based on the number of reads assigned to the N cycle. The
colour intensity in the heatmap represents the relative abundance of families
associated with the N cycle in montmorillonite and illite. Twenty most

abundant families are depicted.

Figure 29. Distribution of shared and unique families involved in the N cycle
in the artificial soils containing montmorillonite (MT) and illite (IL). The reads
were functionally assigned using KEGG and taxonomically with the NCBI-nr
database. Shown are the mean values of the most abundant families involved
in N mineralization, N assimilation, denitrification, DNRA, ANRA, nitrification,
and N uptake. Relative abundances were based on the number of all reads

assigned to the N cycle.
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Figure 30. Relative abundance of predicted prokaryotic genes encoding
enzymes involved in phosphorus turnover in artificial soils containing MT and
IL. Obtained sequences were aligned against the KEGG database and
annotated with MEGANS. Relative abundance was calculated based on the
number of all assigned KEGG hits and values were shown as mean with
standard deviation (n = 3). Asterisks indicate significant differences (P < 0.05)
in the number of annotated reads between the investigated soils.

Figure 31. Correlation between the abundance of genes involved in P
regulation (phoB, phoR), P mineralization (phoN, olpA, phoA, phoD, ugpQ,
appA, 3-phytase, phnW, phnX, phnA, ppa, ppx, phnK, phnL, phnN), organic
P uptake (phnC, phnD, phone, ugpA, ugpB, ugpC, ugpE), inorganic P uptake
(pstA, pstB, pstC, pstS), and P solubilization (gcd), and soil pH, and C:N:P
stoichiometry in artificial soils containing (A) MT and (B) IL. Blue colours
represent the positive, and red negative correlation. Darker colour and larger
circle diameter indicate a stronger correlation. White squares indicate the
absence of correlation. Grey squares indicate significant correlation (P <
0.05).

Figure 32. Relative abundance of prokaryotic families involved in phosphorus
turnover in the artificial soils containing MT and IL. Obtained sequences were
assigned on the functional level by aligning against the KEGG database, and
on the taxonomic level against the NCBI-nr database. Relative abundances
were calculated based on the number of reads assigned to the microbial P
turnover. The colour intensity in the heatmap represents the relative
abundance of families associated with a P turnover in artificial soils containing

montmorillonite and illite. Twenty most abundant families are depicted.

Figure 33. Distribution of shared and unique families involved in the P
turnover in the artificial soils containing montmorillonite (MT) and illite (IL). The
reads were functionally assigned using KEGG and taxonomically using the
NCBI-nr database. Shown are the mean values of the fifty most abundant
families involved in P solubilization, mineralization, and uptake. Relative

abundances were based on the number of all reads assigned reads.
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Introduction

1. INTRODUCTION

Soils are one of the most complex systems and an integral part of terrestrial ecosystems,
responsible for maintaining various services including carbon storage, nutrient cycling, and
turnover, water dynamics and quality, soil fertility, regulation of aboveground and
belowground diversity, biotic regulation, filtering and buffering, and transformation of
potentially harmful substances (Haygarth and Ritz, 2009; Paul et al., 2021; Uroz et al.,
2015). They consist of different mineral, organic and biological compounds associated in

complex hierarchical structures.

Soils develop from the underlying bedrock through a series of complex physical, chemical
and biological processes whose rate is determined by various factors, such as climate,
bedrock type, time, microorganisms, and plants. Microorganisms may contribute to the
weathering of inorganic bedrock by enzymatic reactions, pH reduction, synthesis of agents
such as cyanide, oxalate, and gluconic acid, and excretion of siderophores (Cuadros, 2017;
Mauvris et al., 2010; Napieralski and Roden, 2020; Styriakova et al., 2012). The progression
of mineral weathering is characterized by the release of smaller particles i.e. primary and
secondary minerals whose interaction leads to the formation of micro- and macro-
aggregates with different physiochemical properties that stabilize the soil organic matter
(SOM), thus promoting the development of microhabitats and subsequent spatial allocation

of soil microorganisms.

The interaction between microbes and soil constituents, such as clay minerals and organic
matter results in the formation of highly reactive interfaces (Kogel-Knabner et al., 2008;
Totsche et al., 2018), that represent hotspots of microbial diversity and activity. The size
and physicochemical characteristics of the different microhabitats are strongly driven by the
initial parent material. The resulting abiotic soil properties and specific surface areas (SSA)
strongly determine water and nutrient availability for microbes. Uroz et al. (2015) showed
that minerals present in soil play an important role in the biogeochemical cycle. They are
ubiquitous in soil and sediments and form a main fraction of SSA, and can therefore be
considered as a regulator of cation exchange, and the site of organic matter, nutrient, and
pollutant adsorption (Vogel et al., 2014) and as such, greatly influence the survival, activity,
and function of microorganisms (Chaerun et al., 2005). However, the size of SSA and the
exact adsorption site on the clay mineral depend on the type of clay minerals present in the
soil. For instance, in addition to the large external specific area, the swelling clay mineral
montmorillonite possesses an additional large internal surface area where water and
nutrients can be retained. In contrast, non-swelling illite exhibits only external surfaces and

consequently, smaller reactive surfaces (Vogel et al., 2014). Furthermore, Vogel et al.
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(2015) have shown that the influence of clay minerals on microbial diversity increases with
soil aging, while the influence of metal oxides decreases (Babin et al., 2013; Steinbach et
al., 2015).

In addition to mineral composition, other environmental factors, such as nutrient availability,
pH, and redox conditions (Lombard et al., 2011) support different microorganisms, hence
shaping the microbial community structure and function in soils (Boyd et al., 2007). For
example, soils with high nutrient input support the formation of microbial hot spots. The soil-
litter interface is an example of a such hot spot where soluble litter compounds are highly
available. They are characterized by high microbial activity, growth, and C turnover. In
addition, the availability and quality of substrates vary during the decomposition which leads
to the succession of microorganisms (Poll et al., 2008). On the other hand, microorganisms
play a central role in most biogeochemical transformations and subsequent provision of
available carbon (C), nitrogen (N), phosphorus (P), and other nutrients, hence strongly
influencing the terrestrial ecosystem services such as the development of plant
communities and plant production. Nannipieri et al. (2003) estimated that microorganisms
are involved in about 90 % of soil processes. In addition, a large diversity of soil microbiota
is still considered a black box (Simon and Daniel, 2011). Hence, the information on the
exact number of species in a unit of soil is unknown. Furthermore, most functional traits,
such as nutrient cycling and turnover are a result of the close interaction of microbial

communities.

The source of important macronutrients in initial soils differs. C and nitrogen (N) are not part
of mineral composition and are scarce in initial soils. The potential sources of C include the
deposition of allochthonous organic matter, such as plant litter, insects, and cyanobacterial
and algae communities (Hodkinson et al., 2003; Stibal et al., 2008). Potential sources of N,
on the other hand, include N fixation and deposition (Brankatschk et al., 2011). Thus, the
supply of C and N progressively increases with soil maturation (Vitousek et al., 2010). In
contrast, phosphorus (P) is part of inorganic bedrock and P mobilization is mostly
dependent on mineral weathering. Since it is mainly found in inorganic form adsorbed to the
mineral surfaces or in organic form incorporated in biomass or soil organic matter, it
frequently acts as a limiting nutrient in terrestrial ecosystems. P availability, in initial soils,
is at large the function of microbes in mediating the P distribution between the available
pool in soil solution and the total P in the soil through solubilization and mineralization

processes (Richardson and Simpson, 2011).

Even though microorganisms are well-established as the driving force behind nutrient
cycling and turnover (Bardgett and van der Putten, 2014; Bender et al., 2016; Wagg et al.,

2014), the effect of mineral composition on microbial structure, functional diversity, and

2
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subsequent nutrient cycling, especially during soil formation remains unclear. However, the
emergence of methods such as high-throughput metagenomic sequencing could not only
help identify the main microbial drivers of C, N, and P transformations, but it could also
provide a deeper insight into adaptation strategies microorganisms develop to overcome C,

N, and P depletion in early stages of soil development.

1.1. Objective and hypotheses of Ph.D. research

Because community structure and function of soil microbiota are constrained by C:N:P
ratios of ecosystem and nutrient resources, the ecological stoichiometry can help predict a
relationship between soil microorganisms, nutrient availability, and nutrient recycling, as
well as possible constraints on biogeochemical processes. Furthermore, stoichiometric
ratios in soil regulate how elements, C, N, and P in particular, vary based on different
nutrient sources at different levels of the organization including cellular, individual,

population, community, at the ecosystem level.

It is known that microbial abundance and function are influenced by the interaction of biotic
and abiotic factors. However, the influence of mineral composition on microbial structure,
and subsequent macronutrient cycling in the early stages of soil development remains
unclear. Furthermore, we aim to identify the main microbial drivers of C, N, and P turnover
in oligotrophic terrestrial ecosystems and to gain a deeper insight into the mechanisms

related to the early stages of soil formation.

In this respect, the following questions were addressed, and hypotheses were tested in

experiments with artificial soil mixtures:

H1: Do different minerals, types of clay minerals in particular, select for specific

microorganisms and thus shape distinct microbial communities and activity?

Considering that different clay minerals show different characteristics, variable
surface area, and charge, in particular, which influence the nutrient availability, we
hypothesize distinct microbial communities will develop according to mineral
composition.

H2: How does a prolonged incubation after the last external organic matter addition impact

the bioavailable organic matter, nitrogen, and phosphorus content in artificial soil?

Following the consumption of bioavailable nutrients in form of easily degradable
carbon compounds, organic nitrogen and external organic phosphorus, and microbial

cross-feeding, depletion of bioavailable forms of C, N, and P will develop, with only
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recalcitrant forms of C, N, and P remaining in the artificial soil system thus leading to
adapted microbial communities.
H3: Which strategies do microorganisms develop to overcome carbon depletion in the early

stages of soil development?

Since carbon turnover is the critical step in all ecosystems, soil included, and soil
microorganisms play a pivotal role in carbon cycling, a core microbiota, similar to
natural ecosystems, and an adaptation of carbon-associated genes will develop.

H4: Which strategies do microorganisms adapt in the early stages of soil development to
overcome N and P shortage/limitation?

Considering the bioavailability and expected limited nitrogen and phosphorus
concentration after a prolonged maturation, for microorganisms to adapt and survive,
they need to develop strategies, such as recycling mineral and organic N and P, as
well as an increase in N and P uptake which will be reflected in the soil metagenome.

H5: Will the functional microbiota associated with C, N, and P turnover mostly consist of a

generalist or specialists?

Since C, N, and P are crucial macronutrients essential for the survival of
microorganisms, the functional microbiota should consist of generalists and highly
abundant taxa, with only a few taxa with the potential for driving all processes involved
in C, N, or P cycling. Taxa unique for a single artificial soil type with a potential to drive

a specific process are expected in a very low abundance.

The objective of this thesis is to investigate the influence of soil mineral composition on
bacterial community structure in the early stages of soil development, and subsequently to
identify processes and microbial drivers of macronutrient cycling. Since natural ecosystems
are extremely complex, it is difficult to detect an exclusive influence of soil mineral
composition on microbiota in early soil developmental stages. Hence, simplified artificial soil
systems with a well-defined composition where the influence of environmental factors and

higher organisms, such as plants are excluded, were selected in this study.
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2. LITERATURE REVIEW

2.1. Soils as a basis for life on Earth

Soils are an integral part of terrestrial ecosystems where they play a pivotal role in
maintaining ecosystems services such as nutrient cycling and turnover, carbon storage,
and turnover, water dynamics, regulation of aboveground diversity, biotic regulation, filtering
and buffering, and the transformation of potentially harmful elements and compounds
(Haygarth and Ritz, 2009; Paul et al.,, 2021). A central role in most biogeochemical
transformations and the subsequent provision of available carbon (C), nitrogen (N),
phosphorus (P), and other nutrients is played by microorganisms. Hence, strongly
influencing all terrestrial ecosystem services. On the other hand, soil physical and chemical
properties including quantity and quality of soil organic matter (SOM), pH, and redox
conditions strongly influence the microbial community structure dynamics and function in
soils (Bardgett and Caruso, 2020; Bardgett and van der Putten, 2014; Lombard et al., 2011).

2.1.1. Soil development

Soil is a heterogeneous mixture of different mineral, organic and biological compounds that
are associated in complex hierarchical structures. It develops from an underlying inorganic
bedrock over a long time through complex physical, chemical, and biological processes
between lithology, topography, climate, time, plants, and microorganisms (Egli et al., 2018;
Eqgli et al., 2011). Environmental processes like freezing and thawing, heating and cooling,
and abrasion from wind, water, and ice masses, have a strong influence on rock weathering.
Although lichens, algae, mosses, fungi, bacteria, and archaea are known to colonize rock
and other mineral surfaces, the true extent of their impact on mineral weathering is difficult
to quantify. However, several researchers have shown that soil microorganisms can
enhance mineral weathering through different mechanisms, including (1) enzymatic
oxidation or reduction of mineral components, (2) production of a redox agent, and inorganic
and organic acids and consequent local reduction of pH, (3) production of alkali, (4)
production of ligand which forms a highly soluble product with a mineral component, (5)
production of complexing agents such as cyanide, oxalate and gluconic acid, and (6)
excretion of transport vehicles, like siderophores (Cuadros, 2017; Mavris et al., 2010;
Napieralski and Roden, 2020; Styriakova et al., 2012).

Rock weathering processes result in disintegration of rock to smaller particles or chemical
transformations. Chemical weathering of rocks can result in precipitation and/or formation

of secondary minerals like oxides and clay particles. The rearrangement of those minerals,
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flocculation and cementation lead to aggregation (Duiker et al., 2003; Wilpiszeski et al.,
2019). Aggregation is strongly driven by SOM, mineral components like metal oxides and
hydroxides and clay particles, and microorganisms. SOM represents a nucleus and a
binding agent in the formation of aggregates. Metal oxides, metal hydroxides, and clay
particles also act as an aggregator, where metal ions form bridges between mineral and
organo-mineral particles, and clay. In addition to binding particles together they influence
SOM decomposition and turnover (Lavallee et al., 2020; Pronk et al., 2013). SOM, the main
factor in the promotion and stabilization of aggregation is susceptible to microbial
decomposition. Hence, microbial activity promotes not only the stabilization of soil
structures through the production of organic substances capable of binding soil particles,
but also destabilizes it by decomposing SOM, making an aggregation a dynamic and
perpetual process in soil (Baldock, 2002; Merino-Martin et al., 2021).

Furthermore, weathering of the bedrock contributes to the soil-forming processes by
releasing the constituent elements in soluble forms that are available to soil microorganisms
and plants (Zaharescu et al., 2020). The bedrock (soil parent material) is initially colonized
by organisms capable of photosynthesis and nitrogen fixation which produce organic
matter, thus supporting the growth of chemoorganotrophic bacteria and fungi (Meier et al.,
2019). Microorganisms, together with various physical processes, further promote the
dissolution of bedrock into smaller particles and the formation of cracks in the rocks. With
time, the formation of soil particles in the before-mentioned cracks provides the habitat for
pioneering plants. Root-bacteria associations between those early plants and soil
microorganisms facilitate the nutrient and water supply of plants (Donhauser and Frey,
2018; Schulz et al., 2013). The growth of plant roots furthers the rock fragmentation, and
the root excretions increase the microbial abundance and promote the development of
microbial activity hotspots in the rhizosphere. As the weathering proceeds the soil depth
increases and it becomes able to support more complex and larger organisms. Therefore,
soil development is a very complex, dynamic, and long-lasting process, dependent on
climatic, various abiotic, and biotic factors, that can take hundreds to thousands of years
(Hunt et al., 2021).

2.1.2. The interplay between biota and their abiotic environment in soils

Soil development is characterized by the formation of micro- and macroaggregates with
different physicochemical properties which allow the development of microhabitats and
subsequent spatial allocation of soil microorganisms. Mineral and organic soil components

and microorganisms form a continuous system where all components are constantly in
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contact with each other (Figure 1) (Baveye et al., 2018; Cuadros, 2017; Huang et al., 2005;
Merino-Martin et al., 2021).

CLAY MINERALS

BACTERIAL CELL

SAND PARTICLE v FUNGAL HYPHA

O BACTERIAL CELL

. SILT PARTICLE WITH CAPSULE (EPS)

ORGANIC MATTER (HUMUS)
<) Eps

f\° CLAY CRISTAL/PLATELET

Figure 1. The interaction between microorganisms and mineral particles in soil aggregate
(modified from Huang et al., 2005). Bacterial cells which are enveloped by extracellular
polysaccharides (EPS) interact with clay particles. Silt- and sand-size particles surround the
bacteria and clay particles and form pores providing the potential binding site for SOM. The
aggregate can be additionally stabilized by the attachment of fungal hyphae to the outer
surface of an aggregate. The smaller image depicts the adherence mechanisms of clay
minerals to the negatively charged bacterial cells: (i) edge-to-face associations, (ii)

electrostatic interactions, and (iii) bridging through cations (M").

The interaction between microbes, minerals, and other soil constituents, such as clay
particles and organic matter results in the formation of highly reactive interfaces (Kdogel-
Knabner et al., 2008; Totsche et al., 2018), that represent hotspots of microbial diversity
and activity. Those hotspots are highly structured, heterogeneous, and discontinuous
(Stotzky, 1997, Totsche et al., 2018; Vogel et al., 2022).

All minerals show potential for microbial colonization where they act as an attachment site
and nutrient source for microorganisms, thus contributing to different soil functions,
including nutrient cycling, soil fertility, and water quality (Uroz et al., 2015). The minerals
differ according to their nutrient composition, dissolution rate, and subsequent

weatherability. Hence, they can be considered as a reactive site for potential cation
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exchange. However, it remains unclear if the microbial colonization of mineral surfaces is a
random process, if it is controlled by environmental conditions, or by mineral characteristics.
Several researchers have shown that mineral colonization is strongly dependent on
environmental factors suggesting that the mineral colonization represents an adaptation
mechanism where microorganisms colonize different mineral surfaces as a means of
protection from unfavorable external factors such as extreme temperatures, pH, irradiation,
nutrients availability, and water content (Leinemann et al., 2018; Sun et al., 2020; Wang et
al., 2017). For example, both Chan et al. (2012) and Wierzchos et al. (2011) have shown
that the establishment of hypolithic communities in the world’s major deserts and the
microbial colonization of gypsum crust in the Atacama Desert, was dependent on the
moisture content, where higher colonization rates were determined in the environment with
higher moisture content. Other factors such as the availability of carbon and oxygen
(Boeddinghaus et al., 2021; Mauck and Roberts, 2007) influence the microbial colonization
of minerals. lonic strength and pH show a strong effect on surface binding forces with a
subsequent increase of bacterial attachment to the mineral surface of microcline and quartz
(Scholl et al., 1990; Uroz et al., 2015). Nutrient scarcity has increased the incidence of
phosphate-solubilizing bacteria (PBS) in grassland soils with low-P status (Mander et al.,
2012) and the incidence of soil bacteria effective in solubilizing minerals (Acidobacteria Gp2
and Alphaproteobacteria) in a less fertile non-pygmy terrace in the Mendocino site (Uroz et
al., 2014).

Other researchers have shown that bacterial communities colonize different minerals
depending on their characteristics including size, porosity, charge, composition and
complexity. Abdulla (2009) investigated granite fragments and showed that actinomycetes
preferably colonized minerals with higher porosity. Analyses of different sandstone fractions
showed bacterial colonization preferences towards the smallest fractions. Regarding the
mineral composition, it was shown that they are poor in carbon and nitrogen, but they may
contain essential micronutrients (Certini et al., 2004). Hence, the chemical composition and
dissolution rate of minerals can represent an important driver for the selection of distinct
microbial communities.

Furthermore, clay minerals in the soil are highly reactive due to their high specific surface
area (SSA) and cation exchange capacity (CEC), thus binding not only many organic and
inorganic molecules, but binding extracellular microbial enzymes essential for organic
matter degradation and nutrient acquisition as well (Turner et al., 2014; Zhang et al., 2019;
Zhu et al.,, 2018a). In addition, different microorganisms play an important role in the
dissolution of clay minerals which may result in the increase or decrease of organic carbon
(OC) availability, and in the mobilization of essential macronutrients, such as nitrogen (N),

and phosphorus (P). All those factors may directly influence the C, N, and P bioavailability
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and consequently the C:N:P ratios in soil, thus strongly influencing the biogeochemical

processes and elemental turnover and cycling (Wang et al., 2020).

2.2. Nutrient stoichiometry as a driver for microbial activities

The biogeochemical cycling of numerous chemical elements found in soil is essential to
maintain multiple ecosystem functions, including soil fertility, plant production, climate
regulation, etc. However, it is still unclear how and why multiple-element turnover changes
in terrestrial ecosystems depend on soil composition, type and age, environmental factors,
vegetation, and climate (Ochoa-Hueso et al., 2021).

It is well established that soil microorganisms and their enzymes have an essential role in
regulating the transformation of organic matter, plant litter decomposition and mineralization
of associated nutrients, nutrient cycling, primary production, and regulation of greenhouse
gas emission (Bardgett and van der Putten, 2014; Bender et al., 2016; Wagg et al., 2014).
For example, soil bacteria and fungi break down organic matter by using different hydrolytic
and ligninolytic enzymes, thus increasing nutrient bioavailability. Furthermore, soil fauna
also contributes to the nutrient cycling by comminution of plant litter and organic soil matter
and by grazing on microbial biomass (Maaroufi and De Long, 2020; Medina-Sauza et. al.,
2019). However, the physiology of soil microorganisms is highly dependent on
environmental factors, such as pH, salinity, C substrate quality, and quantity, which drive
the establishment of soil communities. Soil bacterial metabolism and growth are, primarily,
limited by water availability, followed by C substrate quality and quantity, and finally by other
major nutrient availability and concentrations including N and P.

A growing body of evidence points to the fact that the community structure and function of
soil microbiota are constrained by C:N:P ratios of an ecosystem and nutrient resources
(Maaroufi et al., 2018; Zechmeister-Boltenstern et al., 2015). Ecological stoichiometry can
help predict a relationship between soil microorganisms, nutrient availability, and recycling,
as well as possible constraints on biogeochemical processes (Maaroufi and De Long,
2020). Furthermore, stoichiometric ratios in soil regulate how elements, C, N, and P in
particular, vary based on different nutrient sources at different levels of the organization
including cellular, individual, population, community, at ecosystem levels (Wei et al., 2020).
However, microorganisms can maintain their C:N:P ratio independently of the C:N:P ratio
of the ecosystem they inhabit and its nutrient sources, meaning, that microbial stoichiometry
reflects the degree of their elemental homeostasis (Buchkowski et al., 2019). However, soil
microbiota, when faced with nutrient imbalances, often constrain their metabolism, growth,
and reproduction which can alter the soil population structure and dynamics, trophic

interactions and consequently change key ecosystem processes (Frost et al.,, 2005).
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Therefore, nutrient scarcity might decrease microbial activity and consequently inhibit
processes such as soil organic matter decomposition, nitrogen, and phosphorus
mineralization (Chen et al., 2014, Liu et al., 2020a; Wang et al. 2022; Zhu et al., 2018b). In
contrast, when nutrients sufficiently meet microbial stoichiometric requirements, microbial
activities are increased, and all mineralization processes are stimulated (Wei et al., 2020;
Wei et al., 2019). When C:N:P ratios are much higher and more variable than C:N:P ratios
required by microorganisms, microbial communities often shift in favor of dominant strains
associated with a distinct C:N:P stoichiometry in response to nutrient levels, thereby
maintaining the microbial biomass C:N:P balance (Cui et al., 2020a; Cui et al., 2020b). In
particular, N:P is a dominant driver of cellular growth (Elser et al., 2003; Wei et al., 2020).
The nutrient input affects not only the soil nutrient cycling but also the microbial community
structure. For example, several researchers have shown that the addition of N and/or P has
changed the microbial diversity and structure in different soils (Ho et al., 2017; Leff et al.,
2015; Li et al., 2016a; Luo et al., 2020; Zeng et al., 2016). Yet, the changes in microbial
community structure could have been caused by other factors, including nutrient availability,
soil pH, temperature, plant diversity, etc. as well (Evans et al., 2014; Zhang et al., 2014;
Leff et al., 2015; Li et al., 2016b). Some studies have shown that the alteration in microbial
community structure has influenced biogeochemical processes and elemental cycling in soll
(Delgado-Baquerizo et al., 2016; Habig and Swanepoel, 2015; Mackelprang et al., 2018),
whereas others have shown the existence of functional redundancy in soil microbiota, i.e.
other microbial species has taken over the same process which was previously driven by
lost species thus negating the impact of altered microbial community structure on
ecosystem functioning (Louca et al., 2018). Therefore, understanding how nutrient addition
affects the microbial communities and how the potential changes in microbial structure are
coupled with the elemental cycling, are essential for predicting C, N, and P cycles.
Furthermore, it is well established, that fresh organic matter input often changes SOM
mineralization rates, thus causing positive or negative priming effects (Liu et al., 2017; Zhu
et al., 2018b). Since soil microorganisms determine the direction and intensity of soil organic
carbon (SOC)/soil organic matter (SOM) mineralization depending on exogenous substrate
quantity and quality (Shahbaz et al., 2018; Yuan and Chen, 2015), the change in linked N
and P mineralization rate might contribute to the succession from opportunist
microorganisms that preferentially utilize labile resources to slow-growing microorganisms
that can utilize recalcitrant components. r-strategist (copiotrophs) with higher nutrient
requirements show lower C:N:P ratios than K-strategist (oligotrophs) (Fontaine et al., 2003;
Zhou et al., 2018). Hence, the priming effect might be dependent on the interaction between
these two microbial functional groups, i.e., copiotrophs decomposing the labile C, and

oligotrophs native, recalcitrant SOM (Fang et al., 2018).
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Altogether, ecosystem and microbial stoichiometry provide a better understanding of soll
organic matter (SOM) decomposition and nutrient cycling such as mineralization and
immobilization of soil carbon (C), nitrogen (N), and phosphorus (P) (Kaiser et al., 2014).
The interaction between C, N, and P turnover processes is intricate and strongly linked,
especially in SOM. SOM dynamics are dependent on the microbial decomposers,
responsible for the depolymerization and mineralization of SOM, thus acquiring necessary
C, N, and P (Cui et al., 2018). Even though in general, C, N, and P turnover play an
important role in soil, and particularly in soil development, the exact interactions,
mechanisms, and predominant processes in C, N, and P turnover concerning the C:N:P

stoichiometry are still unknown.

2.2.1. Carbon cycle

Carbon, nitrogen, and phosphorus are the macronutrients essential for all living organisms,
including microorganisms. C, unlike N and P, is mainly considered as an energy source. In
soil, the energy balance and multiple element cycling are governed by ecological
stochiometry, where C, N, and P cycles are coupled (Liu et al. 2020a; Wang et al., 2022;
Zhu et al., 2018b).

The C cycle consists of the C transfer between the atmosphere, oceans, land, and living
organisms. In terrestrial and marine ecosystems C cycle is dominated by photosynthesis,

respiration, and organic matter formation (Figure 2).
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Figure 2. The representation of the short-term carbon cycle (modified from Johnson, 2016). The carbon
cycle is dependent on autotrophic organisms to fix carbon dioxide (CO2) into organic carbon (CH20) during
the photosynthesis and on the respiration of heterotrophic organisms which transform the organic carbon
into CO2, under aerobic conditions. Under anaerobic conditions, organic carbon is converted by

heterotrophic organisms into methane during methanogenesis.

Autotrophic, photosynthesizing plants and chemoautotrophic microorganisms convert
inorganic atmospheric carbon dioxide (CO) into organic C and deposit it in soil organic
matter (SOM) (Lynn et al., 2017; Trumbore 2006). To date, seven carbon fixation pathways,
the Calvin-Benson cycle, reductive tricarboxylic acid (rTCA) cycle, Wood-Ljungdahl (WL)
pathway, 3-hydroxypropionate (3HP) bicycle, dicarboxylate/4-hydroxybutyrate (Di-4BH)
cycle, 3-hydroxypropionate-4-hydroxybutyrate (3HP-4HB) cycle, and reductive
hexulosephosphate (RHP) pathway have been discovered in nature (Gong et al., 2018;
Kono et al.,, 2017). The Calvin-Benson, 3HP, and 3HP-4HB cycles occur mainly under
aerobic, whereas rTCA, WL, and Di-4HB occur under anaerobic conditions (Gong et al.,
2018). The Calvin-Benson cycle is the most widespread carbon fixation pathway, and more
than 90% of CO: in nature is fixed by plants, algae, and microorganisms using this cycle
(Ducat and Silver, 2012). It consists of three parts, carbon fixation, carbon reduction, and
ribulose-1,5-bisphosphate (RuBP) regeneration. In the first step, ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) catalyses the carboxylation of RuBP by CO. during
which a 6C compound is formed and split into two 3-phosphoglycerate (3-PGA) molecules.
The energy needed for this step mainly originates from light, hydrogen, hydrogen sulfide,

and sulfur. In the second step, 3-PGA is reduced to glyceraldehyde-3-phosphate (G3P).
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And finally, phosphoribulokinase (PRK) catalyses the regeneration of RuBP from ribulose-
5-phosphate (Ru5P) (Kono et al., 2017).

Fixed C is released to the atmosphere as CO; by heterotrophic microorganisms during the
decomposition of organic C of plant, animal, or microbial origin (Liang and Balser, 2011;
Lynn et al., 2017) or as methane by archaea during methanogenesis (Lyu et al., 2018). C
turnover is closely coupled with the turnover of other elements essential for microbial
metabolism, N, and P in particular, and it depends on various environmental factors, such
as soil pH, texture, mineral composition, temperature, and water content (Davidson and
Janssens, 2006).

Microorganisms and microbial enzymes in soil have a crucial role in breaking down and
transforming dead organic material and making it available to other living organisms. One
of the main sources of C in the soil is the plant organic matter that originates from above-
ground plant litter and its leachates or below-ground root litter and its exudation
(rhizodeposition). Rhizodeposition is characterized by a continuous flow of carbon-
containing compounds from roots to the soil. Those compounds can be divided into two
major groups, easily available and recalcitrant carbon compounds. Simple molecules such
as sugars, amino acids, sugar alcohols, organic acids, and more structurally complex
secondary metabolites make up the plethora of root exudates and they can be respired and
deposited into soil rapidly, within days, or even hours (Witzgall et al., 2021). In contrast,
polymers such as lignin, cellulose, and hemicellulose, the typical structural constituents of
plant cells (Kégel-Knabner, 2002), represent recalcitrant carbon compounds that need to
be depolymerized by extracellular enzymes before they can be taken into the microbial cell
and metabolized (Qiao et al., 2019).

Amongst important groups of organisms that participate in carbon cycling are mycorrhizal
fungi. They can be divided into two major groups, arbuscular mycorrhizal fungi, obligate
symbionts that can only obtain carbon from the host plant, and ectomycorrhizal fungi (ECM),
facultative symbionts that can also mineralize organic carbon. It is suggested that up to 30%
of total carbon assimilated by plants may be transferred to the fungal partner. The plant
carbon that is transferred to the mycelia is then very quickly respired back to the atmosphere
(Drigo et al., 2010; Kaiser et al., 2015; Thirkell et al., 2020).

Soil organic matter (SOM) consists of fresh to progressively decomposing plant, microbial,
and faunal debris and exudates, and the microbial biomass that is responsible for the
primary decomposition of the exudate and detritus (Dungait et al., 2012). It encompasses a
series of pools with varying decomposition kinetics, ranging from active pools that can turn

over in months to passive pools that can turn over in thousands of years.
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The passive pool is composed of recalcitrant constituents whose resistance to
decomposition can be attributed to their humified nature. The formation of the humified
substances is a result of spontaneous condensation reactions between reactive microbial
products and biochemically altered structural biomolecules (Drigo et al., 2010; Wu et al.,
2017; Zhang et al., 2018). Some studies suggest that environmental and biological factors
may have a far greater influence on the long-term persistence of SOM than the molecular
structure of plant litter and the subsequent formation of humus (Tarnocai et al., 2009). It is
suggested that SOM persists due to its physical unavailability or inaccessibility to the
microbial extracellular enzymes, microorganisms, and the optimal environmental conditions
needed for the decomposition due to the entrapment of SOM within soil aggregates and/or
sorption to soil mineral phases. Therefore, in addition to the breakdown and release of CO;
from organic matter, soil microorganisms contribute to the formation of persistent SOM.
Also, the soil microorganisms may contribute to the stabilization of soil organic carbon by
promoting the formation of microaggregates and the inclusion of SOM within those
microaggregates, resulting in physical protection from the decomposition (Merino-Martin et
al., 2021; Six et al., 2004).

The breakdown of different carbon sources, especially the breakdown of recalcitrant
polymers such as cellulose, hemicellulose, and lignin, the major constituents of plant cells,

are dependent on the microbial enzymes.

A majority of the cellulolytic microorganisms belong to bacteria and fungi. Several
researchers (Berlemont and Martiny, 2013; Wilhelm et al., 2021) have shown that
cellulolytic microorganisms can establish synergistic relationships with non-cellulolytic
species. Those interactions can lead to the complete degradation of cellulose to carbon
dioxide and water under aerobic conditions, and carbon dioxide, methane, and water under

anaerobic conditions.

Microorganisms capable of degrading cellulose produce a plethora of enzymes with
different activities and specificity for different types of substrates, which complement each
other. For example, cellulases hydrolyze the B-1,4-glycosidic bonds in cellulose. They are
divided into two classes, endoglucanases, and cellobiohydrolases. Endoglucanases (endo-
1,4-B-glucanases, EGs) hydrolyze internal bonds forming new terminal ends.
Cellobiohydrolases (exo-1,4-B-glucanases, CBHSs) act on the existing or endoglucanase-
generated chain ends. Both classes of enzymes can degrade amorphous cellulose and
CBHs can efficiently degrade crystalline cellulose as well. The end product of hydrolysis
catalysed by CBHs and EGs is cellobiose. Released cellobiose is then broken down into

two glucose molecules by B-glucosidases. The released glucose represents available
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carbon and energy sources for cellulolytic and/or other microorganisms present in the

environment where cellulose is degraded.

To function correctly, endoglucanases, cellobiohydrolases, and B-glycosidases must be
stable under varying environmental conditions, including temperature and pH. For example,
the cellulase systems of the mesophilic fungi Trichoderma reesei and Phanerochaete
chrysosporium are glycosylated and show optimum activity at acidic pH (Liu et al., 2021).
CBHs act synergistically with EGs to solubilize high molecular weight cellulose molecules.
On the other hand, the EGs of thermophilic fungi are thermostable and show optimal activity
between 55 and 80 °C, and at pH 5.0-5.5. B-glucosidases show optimal activity depending
on their origin and are active at a wide range of pH, from pH 4.1 to 8.1, and temperatures
from 35 to 71 °C (Ahmed et al., 2017). The most common and best-studied aerobic
cellulolytic bacteria belong to the genera Cellulomonas, Pseudomonas, and Streptomyces
(Kameshwar and Qin, 2016; Pathak and Navneet, 2017).

In addition to the aerobic cellulose degradation, about 5-10 % of cellulose is degraded under
anaerobic conditions. The cellulose-degrading system of anaerobic microorganisms differs
from that of aerobic microorganisms. It is best characterized in Clostridium thermocellum
where the enzymes are organized into a large cell surface-bound protein complex known
as cellulosome (Barth et al., 2018; Ha-Tran et al., 2021). Such organization of cellulolytic
enzymes promotes the synergism between catalytic units and positions them at the
interface between the cell and the substrate. However, since high temperatures are needed
for the growth of these microorganisms and cellulose degradation, their contribution to
cellulose degradation in most ecosystems is most likely only marginal. Although several
mesophilic cellulolytic anaerobes have been isolated from different ecosystems such as
soil, sediments, compost, sewage, and sludge, the majority of well-known anaerobic
cellulolytic microorganisms are associated with ecosystems such as rumen where they

degrade vast amounts of cellulose (Thapa et al., 2020).

Hemicellulose, another recalcitrant polymer, is a group of linear and branched
heterogeneous polysaccharides that are built from different monomeric units and includes
xylans, mannans, arabinans, galactans, glucuronoxylans, arabinoxylans, glucomannans, 3-
glucans, and xyloglucans. Thus, many different enzymes, hemicellulases, are needed to
degrade hemicellulose to monomeric sugars and acetic acid (Kameshwar and Qin, 2018).

Hemicellulases are classified according to their specificity to different substrates.

The main carbohydrate found in hemicellulose is xylan whose complete degradation
depends on the variety of different hydrolytic enzymes including endo-1,4-B-xylanase,

which cleaves the f-1,4-glycosidic bond in the xylan backbone thus producing
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xylooligosaccharides, and B-xylosidase which releases xylose from xylooligosaccharides.
In addition, hemicellulose degradation depends on accessory enzymes such as
arabinofuranosidase which removes arabinose side chains, and acetyl xylan esterases that
remove acetyl groups from the xylan backbone, and feruloyl and ferulic acid esterases

which remove ferulic acid from xylan side chains (Sun et al., 2012).

The complete degradation of mannan-based hemicellulose which includes several
subfamilies, linear mannan, glucomannan, galactomannan, and galactoglucomannan, also
requires several different enzymes called mannanolytic enzymes. The first step in the
degradation is catalysed by B-mannase (endomannases) that randomly cleaves the
backbone of mannan-based hemicellulose, and liberates short [3-1,4-
mannooligosaccharides, such as mannobiose and mannotriose. This is followed by the
hydrolysis of 3-1,4 bonds in $-1,4-mannosides catalysed by -mannosidases, during which
mannose and mannan oligosaccharides are released. Further, -glucosidases hydrolyze (-
1,4 bonds of 1,4-B-D-glucopyranoses at the non-reducing ends of oligosaccharides
released by B-mannase, and finally, a-galactosidases catalyse the removal of galactose

residues (Malgas et al., 2015).

Xylanases, the major component of hemicellulases are isolated from many ecosystems with
plant material. Also, xylanases have been described in several aerobic bacterial species
and some bacteria found in the rumen (Walia et al., 2017). The optimum temperature for
xylanases from bacteria and fungi varies from 40 to 60 °C. In general, fungal xylanases are
less thermostable than bacterial xylanases. Thermophilic xylanases have been found in
Actinobacteria such as Thermomonospora and Actinomadura (Baruah 2018; Sriyapai et al.,
2011; Yu et al., 2021) and hyperthermophilic primitive bacterium Thermotoga (Hamid and
Aftab, 2019). Xylanases from Actinobacteria are active at pH 6.0-7.0 (Corréa et al., 2019).
In addition, xylanases active at alkaline pH have been isolated from Bacillus sp. and
Streptomyces viridosporus (Khusro et al., 2016; L. Liu et al., 2020b; Raj et al., 2018).

Another important structurally complex, high molecular, insoluble, and thus recalcitrant

carbon polymer is lignin. The most efficient lignin degraders belong to the white-rot fungi.

The initial phase of lignin depolymerization depends on the variety of extracellular,
oxidative, and unspecific enzymes. During this phase highly unstable products, which
further undergo many different oxidative reactions, are released. Two major enzymatic
families are involved in ligninolysis, peroxidases, and laccases. In addition, several
reductive enzymes, including cellobiose oxidizing enzymes, aryl-alcohol oxidases, and aryl-

alcohol dehydrogenases, are important in lignin degradation.
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Peroxidases can be divided into two groups, lignin peroxidases (LiPs) and manganese-
dependent peroxidases (MnPs). LiPs have a heme group in their active center thatcan
catalyse the oxidation of phenolic and non-phenolic compounds, amines, aromatic ethers,
and polycyclic aromatics (Singh et al., 2021). MnPs are very similar to LiPs and oxidize Mn
(1N to Mn (l11) which generates phenoxy-radicals that undergo different reactions, leading to
depolymerization. In addition, MnPs can oxidize non-phenolic lignin compounds in the
presence of Mn (Il) via the peroxidation of unsaturated lipids (Datta et al., 2017). Several
researchers have described a versatile peroxidase (VP) involved in lignin degradation,
which shows both manganese peroxidase and lignin peroxidase activity (Datta et al., 2017,
Liu et al., 2019; Moreira et al., 2007; Pérez-Boada et al., 2005). It catalyses the oxidation of
hydroquinone in the absence of exogenous H.O> when Mn (Il) is present. Laccases are
blue-copper phenoloxidases that catalyse mainly the oxidation of phenolic compounds and
non-phenolics in the presence of different mediators (Datta et al., 2017; Vrsanska et al.,
2015). The resulting formation of phenoxy-free radicals can lead to polymer cleavage.
Laccases are mainly associated with fungi and the main producers of laccases are wood-
rotting fungi. In addition, they have also been isolated from other fungi, including Aspergillus
sp., Myceliophthora thermophila, and Chaetomium thermophilium (Chukwuma et al., 2020;
Viswanath et al., 2014). Also, several researchers have found laccase in different bacterial
genera such as Azospirillum, Citrobacter, Staphylococcus, Bacillus, Streptomyces, and
Thermus (Abdel-Hamid et al., 2013; Baruah et al., 2018; de Gonzalo et al., 2016). Contrary,
Alexandre and Zhulin (2000) have found laccases-like enzymes in bacteria, where they are
involved in the polymerization of low molecular weight, water-soluble organic matter from
compost, into the high molecular weight products, suggesting their involvement in

humification processes.

2.2.2. Nitrogen cycle

Nitrogen (N) is an essential macronutrient without which life is not possible, and is required
in the synthesis of most quintessential biological macromolecules, including proteins,
nucleic acids, and chlorophyll (Elser et al., 2007). Even though it is the fourth most abundant
element in biomass, bioavailable nitrogen, or fixed N, is the proximate limiting nutrient in
most of Earth’s surface environments (Du et al., 2020). The largest reservoirs of nitrogen
on Earth are in the atmosphere in form of an inert dinitrogen gas (N2) (Johnson and
Goldblatt, 2015), followed by non-N. nitrogen within the crust and ocean sediments, for
example, as ammonium in silicate minerals and clays and as organic N in the soil,
sediments and sedimentary rocks (Li et al., 2021a; Zhang et al., 2020). The interchange of

unavailable nitrogen and bioavailable nitrogen forms i.e., nitrogen compounds that support
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and/or are part of the cellular metabolism is mostly controlled by microorganisms (Stein and
Klotz, 2016).

In terrestrial ecosystems, generally, amount of bioavailable N is limited which results in
strong competition between microorganisms and plants (Geisseler et al., 2010; Vitousek
and Howarth, 1991). Microorganisms have developed different mechanisms for the
acquisition, uptake, and assimilation of organic and mineral forms of N, thus enabling them
to utilize a wide range of organic and mineral compounds. Here, plant and microbial
residues are the two main sources of organic input, while atmospheric nitrogen gas (N2)
represents the main source of inorganic nitrogen in the soil (Kégel-Knabner, 2002; Nicolas
et al., 2019). Quantitatively most important organic N-containing molecules are proteins.
Proteins alone comprise 60% or more of the N found in soil, plant, and microbial cells
(Geisseler et al., 2010).

Nowadays, it is considered that the nitrogen cycle consists of several nitrogen-
transformation flows and includes depolymerisation/proteolysis, ammonification, nitrogen
fixation, assimilatory (ANRA) and dissimilatory (DNRA) nitrate reduction to ammonia,
nitrification, denitrification, anammox (coupled nitrification-denitrification), and nitrite-nitrate

interconversion (Stein and Klotz 2016) (Figure 3).

At certain stages, nitrogen can be temporarily taken out of the soil, i.e., assimilated into
microbial cells, where it participates in cellular metabolism and is eventually incorporated
into organic cellular material, and later returned into the cycle via dissimilation (Nelson et
al., 2016). Most of the N assimilation into bacterial biomass occurs via the conversion of
NH4* into amino acids glutamine and glutamate which are then used as a source for the
synthesis of other amino acids. The conversion of NH4* into glutamine is catalysed by
glutamine synthetase (encoded by gInA) and glutamate synthase (encoded by gltS),
whereas the conversion into glutamate is catalysed by glutamate dehydrogenase (encoded
by gudB and gdhA) (Chuckran et al., 2021).
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Figure 3. Representation of nitrogen cycle. Main nitrogen transformation processes are colour-coded.
Green arrow — nitrogen fixation; yellow arrows — N mineralization (depolymerisation/ammonification) and
assimilation; orange arrows — nitrification; purple arrows — dissimilatory nitrate reduction (DNRA), blue
arrows — assimilatory nitrate reduction (ANRA); red arrows — denitrification; black arrows — nitrite/nitrate
uptake.

Since most of the N in soil is in the form of organic polymers, they have to be broken down
into smaller units by extracellular depolymerases (Schimel and Bennett, 2004) such as
proteases, and chitinase (Chuckran et al.,, 2021; Geisseler et al.,, 2010). Proteases
hydrolyse large proteins and polypeptides into peptides and amino acids by catalysing the
cleavage of amino acid residues at the N-terminal position of proteins, polypeptides, and
peptides. The aforementioned enzymes show wide substrate-specificities and can degrade
most non-structural proteins. Also, they are widely distributed amongst prokaryotes and
eukaryotes. The most important bacterial proteases include alkaline serine endopeptidase
(gdhA), subtisilin (sub), alkaline (apr), and neutral metallopeptidase (npr) (Khan et al., 2010;
Matkawala et al., 2021).

Chitinases, encoded by chiA, on the other hand, hydrolyse the links between N-acetyl-D-
glucosamine molecules. They are produced by a wide range of organisms, including
bacteria, fungi, and plants. Bacteria produce chitinases mainly to degrade chitin as a source
of N and C, whereas in fungi they are important for cell wall development, as well (Sieradzki
et al., 2020).

The small organic molecules released by the extracellular depolymerases can then be taken
up directly or further mineralized to ammonia or ammonium (NH4*) in the process known as

ammonification. Ammonification, the second step of organic N mineralization, is a
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microbially mitigated process during which low molecular weight, organic molecules with
amine or amide groups (-NH) are converted into ammonia or its ionic form, ammonium
(NH4") (Grzyb et al., 2021). This is mostly a biochemical process catalysed by several
groups of enzymes including intracellular deaminase (codA, ade) and dehydrogenase
(GLUD1, GLUD?2) cell surface-bound amino acid oxidase (aao), and extracellular urease
(ureA, ureB, ureC) (Deng et al., 2020; Fujii et al., 2020). Bacteria and other microorganisms
involved in ammonification derive metabolically useful energy from the oxidation of organic
N to ammonium. Amongst enzymes responsible for the extracellular ammonification of
organic compounds in soil, only the urease has been extensively studied due to the ureas’
importance as a fertilizer. Ammonium released during the ammonification is then available
to be assimilated and incorporated into amino acids or used for other metabolic purposes.
Ammonification is the last step of the nitrogen cycle involving organic compounds and is the
intermediary step between the depolymerization of large organic molecules and the
nitrification step (Bottomley and Myrold, 2015).

Nitrification, as a part of the microbial nitrogen cycle, involves the conversion of ammonia
to hydroxylamine (NH,OH) catalysed by ammonia monooxygenase (encoded by amoABC).
NH2OH is then converted into nitrate (NO3s") either directly or indirectly via nitrite (NO2~,
catalysed by hydroxylamine oxidoreductase HAO encoded by hao) (Nelson et al., 2016).
Indirect nitrification involves the conversion of ammonia to nitrite by ammonia-oxidizing
archaea (AOA) and bacteria (AOB), after which nitrite is subsequently converted into nitrate
by nitrite-oxidizing bacteria (NOB) (Francis et al., 2007). Nitrification can occur when
ammonia is directly converted into nitrate without the intermediate nitrite step by certain
Nitrospira species (Pjevac et al., 2017). Nitrate and nitrite can also be assimilated by
archaea, bacteria, and fungi as cellular nutrients at these points (Nelson et al., 2016).
Additionally, nitrate can be reduced back into ammonium anaerobically in a process known
as dissimilarity nitrate reduction to ammonium (DNRA). Even though it was thought that
DNRA is primarily performed by prokaryotes (Giblin et al., 2013) some research has shown
it can also occur in fungi (Ratting et al., 2011). The final stages of the microbial nitrogen
cycle involve returning nitrogen gas to the atmosphere which can be achieved through two
distinct pathways, denitrification, and anammox (Francis et al., 2007; Nelson et al., 2016).
The anammox pathway combines ammonia and nitrate transforming these compounds into
nitrogen gas (Francis et al., 2007). Anammox can be performed by a deep branching group
of five bacterial genera which belong to the phylum Planctomycetes (Van Teeseling et al.,
2015). Anammox bacteria appear to be highly abundant in freshwater and marine
environments (Francis et al., 2007), though the process has also been detected in

agricultural soils, wetland soil, and forest ecosystems (Xi et al., 2016). Denitrification
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involves the conversion of nitrate (NO3’) into nitrogen gas (N2) through several intermediary
steps via nitrite (NO-), nitric oxide (NO), and nitrous oxide (N-O) (Francis et al., 2007) by
certain chemolithoautotrophic bacteria and possibly archaea (Clark et al., 2012). The
denitrification process has been found under both aerobic and anaerobic conditions

(Marchant et al., 2017) in both terrestrial and aquatic environments (Seitzinger et al., 2006).

Acquisition of N from inert atmospheric nitrogen gas (N) is achieved via biological nitrogen
fixation (BNF), and its transformation into ammonia (NH4"), an intensely energy-requiring
and oxygen-sensitive process (Bellenger et al., 2020). This process is carried out by a small
but diverse group of specialized archaea and bacteria called diazotrophs, which can be
found in both terrestrial and marine environments (Boatman et al., 2017; Regan et al.,
2017). Those microorganisms harbour the nitrogenase complex which catalyses the N»
reduction to ammonia. The nitrogenase is made up of two metalloproteins, the molybdenum
Mo-Fe protein (dinitrogenase) encoded by nifD and nifK genes, and Fe protein
(dinitrogenase reductase) encoded by the nifH gene. There are three biochemically different
forms of nitrogenase with different metallic-containing cofactors, either molybdenum (Mo),
vanadium (V), or iron (Fe) associated with the catalytic site. Mo-nitrogenase is found in all
diazotrophs. V- and Fe- nitrogenases, on the other hand, are mostly found in free-living
bacteria and cyanobacteria. When Nz reduction is catalysed by Mo-nitrogenase, two ATP
molecules are needed for each electron that is transferred from nitrogenase reductase to
the active site of dinitrogenase, and henceforth to the N2 molecule. Also, N reduction is
tightly coupled with H; production from H* at the nitrogenase active site (Harris et al., 2020).
Hence, Mo-nitrogenase requires 16 molecules of ATP, in total, to reduce one molecule of
N2to two ammonia molecules. Alternative nitrogenase, V- and Fe- are less efficient at room
temperature, and require 24 and 40 ATP molecules, respectively, to reduce a single N
molecule (Bottomleey and Myrold, 2015). BNF-produced ammonia becomes bioavailable
and can be assimilated by plants, archaea, bacteria, and fungi, and used for the
biosynthesis of amino acids and other cellular components (Nelson et al., 2016).
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2.2.3. Phosphorus turnover

Phosphorus is an essential macronutrient that has a structural and functional role in all living
organisms. It is a component of macromolecules such as phospholipids and nucleic acids

and it plays an important role in storing and transferring biochemical energy.

Phosphorus is considered one of the most limiting and difficult to obtain macronutrients in
soil, thus, together with nitrogen, it represents an element that most often limits biological
productivity. Unlike nitrogen and carbon, it is primarily rock-derived. At the beginning of the
pedogenesis, it is scarce and mainly depends on the composition of the underlying bedrock.
With the progression of rock weathering the initial content of phosphorus in soil increases,
and it mainly depends on the solubilization of inorganic phosphorus forms. In time, it is
followed by the mineralization of organic phosphorus. The mineralization and solubilization
of P are attributed to different microbial hydrolytic enzymes, such as non-specific
phosphatases, phosphatases, and C-P lyases (Rodriguez et al., 2006), and the excretion
of organic acids. In addition, microorganisms can, directly or indirectly, increase the
orthophosphate ions in soil solution or mobility of organic P (Brito et al., 2020; Seeling and
Zasoski, 1993).

Phosphorus can be present in the soil in several different forms depending on the soil's
physical and chemical properties. Mainly, it occurs in a form of inorganic phosphates and
organic phosphate derivates which vary in solubility and availability. Hence, they form
different P-pools. Phosphorus transformation processes can be divided into biological and
geochemical transformations (Figure 4), where the mineralogical compaosition and transfer
between P-pools are primarily mediated by microorganisms and abiotic factors, respectively
(Hou et al., 2019; Walbridge 1991).
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Figure 4. Representation of phosphorus turnover in soil (modified from Walbridge 1991). The P
transformations (weathering, adsorption/desorption, aggregate formation/destruction, ion exchange) that
are mainly mediated by abiotic factors are depicted in black, whereas the P transformations mediated by
biotic factors, mainly microorganisms, are colour-coded. Dark green arrow — phosphate uptake by plants;
turquoise arrow — plant exudation, green arrows — humus degradation; brown arrows — humus formation;

yellow arrow — microbial P turnover; blue arrows — P immobilization; orange arrows - P mineralization.

In the early phases of soil development mineral-P represents the dominant form. Depending
on the soil pH, part of the P is adsorbed to clay minerals, such as aluminum (Al) and iron
(Fe) oxides, or calcium (Ca) and magnesium (Mg) carbonates. With time this leads to the
increase of secondary mineral-P fraction, Al-, Fe-, Ca- and Mg-phosphates. Another
significant portion of P adsorbs to the organic complexes in soil-forming an organic-P pool.
Organic-P is mainly stable and highly diverse, comprising phosphoesters, phosphonates,

polyphosphates, orthophosphate, inositol phosphates, etc.

Although the P levels in the soil increase with time, it remains one of the most inaccessible
macronutrients in the soil. Firstly, this is because only a small part of organic-P, a fraction
originating from microbial biomass, is biologically active. Microorganisms and plants can
uptake only a small fraction directly after cell lysis and P release into the soil solution. The
remaining organic-P released in such way is quickly stabilized in the soil matrix by
adsorption on mineral components, and it becomes part of the labile, biologically
unavailable, organic-P pool. Secondly, plants can uptake only soluble mineral-P from soil
solution which is quickly depleted in the majority of soils. Biologically available P in soil

solution can be replenished from the labile-P pool. The extent to and rate at which this is
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possible depends on the size of and extent of release of P from the labile-P pool into the
soil solution. At the same time, the labile-P pool depends on the mineralization of organic-
P and desorption of P from oxides and release from primary and secondary P minerals
(George et al., 2018; Hou et al., 2016; Shen et al., 2011). Finally, formation of occluded-P,
encapsulation of P by soil minerals, makes it insoluble and hence unavailable to biological
degradation and plant and microorganism uptake (Schubert et al., 2020; Vitousek et al.,
2010).

During the soil development C and N content in soil increases, while P content decreases,
P most often becomes the limiting step for ecosystem functions (Capek et al., 2018;
Vitousek et al., 2010). Although microorganisms compete with plants for P by incorporating
it into their biomass and making it temporarily unavailable for the plants, they are
indispensable in P and other macro- and micronutrient cycling processes in soil. When
incorporated in microbial biomass, P is protected from adsorption to the soil minerals and
other soil constituents and leaching. In addition, the microorganism can accelerate the
transfer of inorganic-P into the soil solution and mobilize P from organic- and inorganic-P
pools. Finally, highly dynamic microbial biomass releases P back into soil solution in
response to various environmental factors. Such P is biologically active and easily available
for plant uptake. Consequently, microorganisms can be considered a cornerstone for soll

fertility and subsequent sustainable plant production.

The microbial role in nutrient cycling relies on the synthesis and excretion of enzymes.
Microbial mobilization of P is mainly dependent on various hydrolytic enzymes that can
mobilize P either from organic- or inorganic-P. The main enzymes involved in the
mobilization of organic-P are classes of nonspecific acid and alkaline phosphatase
(NSAPs), whereas pyrophosphatase and the exopolyphosphatase use inorganic-P as a
substrate. Several nonspecific acids and alkaline phosphatase (NSAPs and ALP,
respectively) are phosphodiesterases, in other words, they catalyse the breakage of ester
and anhydride bonds in phosphoric acids (Nannipieri et al., 2011; Ragot et al., 2016). Three
classes (A, B, C) of bacterial nonspecific acid phosphatases (NSAPs) encoded by genes
phoN, aphA, and olpA, respectively (Ragot et al., 2016; Rossolini et al., 1998) and three
families (PhoA, PhoD, PhoX) of alkaline phosphatases (ALPs), encoded by the genes phoA,
phoD and phoX (Monds et al., 2006) are known. The occurrence of phosphatase activity

depends on the soil pH, with NSAP dominating in acidic and ALP in alkaline soils.

Although NSAP and ALP are the main enzymes that continuously degrade organic-P
content in soils, other types of phosphodiesterases (UgpQ, PhnP) with the same activity are
known. The main substrate for UgpQ are glycerol diesters. It catalyses the hydrolysis of

glycerophosphoryl diesters into glycerol-3-phosphate (G3P) and the corresponding
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alcohols. On the other hand, the phosphodiesterase PhnP is part of the carbon-phosphorus
(C-P) lyase which degrades various soil organophosphonates into alkanes and a phosphate
group by breaking chemically inert C-P bond (McGrath et al., 2013; Stosiek et al., 2020). In
addition, microorganisms mobilize P from inorganic-P species such as polyphosphate (poly-

P) by inorganic pyrophosphatase (ppa) (Keasling et al., 1993; Mdller et al., 2019).

Another major group of microorganisms important in the P cycle is phosphate-solubilizing
bacteria (PSB) that convert insoluble rock phosphates into soluble forms through
acidification, chelation, and exchange reactions. lllmer and Schinner (1995) suggested that
organic acid production in Aspergillus niger may be an important mechanism for solubilizing
aluminium phosphates. In contrast, they also showed that other organisms, such as
Penicillium aurantiogriseum and Pseudomonas sp. effectively solubilize aluminum or
calcium phosphates without the production of organic acids. They proposed ammonium
assimilation as a possible mechanism. On the other hand, organic acids produced by plant
roots and associated microorganisms may act as chelating agents which form complexes
with Ca, Fe, or Al resulting in the release of phosphates into the soil solution. However, the
exact mechanisms of phosphate solubilization remain uncertain and may be organism-
dependent (Rawat et al., 2021; Rodriguez et al., 2006).

2.3. Artificial soils as atool to study soil development

Important insights into soil development, the formation of biogeochemical interfaces, and
pedogenetic processes were mostly gained by studying chronosequences in the field
(Damig et al., 2012; Mikutta et al., 2019; Qiao et al., 2021; Schaaf et al., 2011; Schurig et
al., 2013; Yang et al., 2021). However, since such studies include analyses of soils in natural
environments, the interpretation of results can be difficult due to the variability of climatic
conditions, biotic and abiotic factors, unclear history of the soil development, and natural

heterogeneity of underlying parent material and environmental conditions.

Understanding how soil biota and their abiotic environment interact and evolve, as well as
the controlling factors and kinetics of various processes, is a key to understanding soll
development and soils themselves (Brevik et al., 2015; Vos et al., 2013). Hence, in such
studies, it is often difficult to separate the effects of specific factors, for example, mineralogy,
nutrient availability, or microbiota, on soil formation and to identify and quantify their relative

importance.

Therefore, simplified artificial soil-like model systems represent a valuable toolbox in
studying natural soil development. Careful design of laboratory experiments with well-

characterized and predefined variables performed under controlled laboratory conditions
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can target and isolate specific processes in simplified systems allowing easy manipulation
of the parameters of interest. Such artificial model systems were first introduced by

Hallsworth and Crawford (1965) in experimental pedology.

The value of such model systems in studying and better understanding soil-forming
processes for specific soil types was recognized long ago (Bockheim and Gennadiyev 2009;
Egli et al., 2021; Porder, 2019). The majority of artificial soil experiments have been
designed to investigate a single factor or a limited number of soil properties and functions.
In addition, several artificial soil incubation experiments were specifically designed to study
the formation of active biogeochemical interfaces and the interplay between
physicochemical and biological processes during the early stages of pedogenesis (Pronk
et al., 2012; Vogel et al., 2014). Those experiments aimed to study the effect of mineral
composition on the formation of biogeochemical interface and understand the aggregate
formation as well as microbial processes affecting it. Currently, it is accepted that the
microaggregates and organo-mineral associations result from direct interactions between
minerals, organic matter, and microbes stabilized by small-dimensioned organic
compounds, whereas macroaggregates formation is affected by the roots and fungal
hyphae, which act as binding agents between particles separated by greater distances or
pores (Egli and Mirabella, 2021; Six et al., 2004). Therefore, experimental approaches
linking micro- and macro-aggregation can help gain deeper insight and understanding of

mechanisms and factors affecting the early phases of soil development.

Altogether, carefully designed artificial soils may be used as a model system, representing
an early phase of soil development. Hence, a well-designed artificial soil with pre-
determined mineral composition is an excellent tool for this research, allowing to study the
effect of clay minerals aggregation dynamics on the availability of major macronutrients in
soil, C, N, and P, and the consequent effect on bacterial abundance, diversity, and its
functional potential. Furthermore, such system enables, an in-depth phylogenetic and
functional study of the microbiota in relation to soil mineralogy, as well as the prediction and
reconstruction of C, N, and P turnover processes prevailing in the early stages of

pedogenesis.
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3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Chemicals

The chemicals used in this study are listed in Table 1.

Table 1. The list of chemicals used in this study.

Chemical

Manufacturer

Agarose

Bovine serum albumin (BSA)

Calcium chloride (CaClz)

Chloroform/isoamy! alcohol

Hexadecyltrimethylammoniumbromide (CTAB)

Diethyl pyrocarbonate (DEPC)

Dimethyl sulfoxide (DMSO)

Deoxynucleotides (ANTPs)

Ethanol
Ethidium bromide solution

Formamide

Isopropanol

Dipotassium hydrogen phosphate (K2HPOa)

Potassium dihydrogen phosphate (KH2POa4)

B-mercaptoethanol

Magnesium chloride (MgCl2)
Mspl and Buffer Tango with BSA
Sodium chloride (NacCl)

Sodium hydroxide (NaOH)

Biozym Scientific GmbH, Hessisch Oldendorf,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Merck KgaA, Darmstadt, Germany
Carl Roth GmbH + Co, Karlsruhe, Germany

Sigma-Aldrich Chemie GmbH, Steinheim,
Germany

AppliChem GmbH, Darmstadt, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Fermentas, Vilnius, Lithuania
Merck KgaA, Darmstadt, Germany

Sigma-Aldrich Chemie GmbH, Steinheim,
Germany

Fisher Scientific GmbH, Schwerte, Germany
AppliChem GmbH, Darmstadt, Germany

Serva Electrophoresis GmbH, Heidelberg,
Germany

AppliChem GmbH, Darmstadt, Germany

Sigma-Aldrich Chemie GmbH, Steinheim,
Germany

Fermentas, Vilnius, Lithuania
Fisher Scientific GmbH, Schwerte, Germany
Merck KgaA, Darmstadt, Germany

Merck KgaA, Darmstadt, Germany
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Table 1. The list of chemicals used in this study — continued.

Chemical Manufacturer

Phenol/chloroform/isoamyl alcohol Carl Roth GmbH + Co, Karlsruhe, Germany

Polyethylene glycol 6000 (PEG 6000) Serva Electrophoresis GmbH, Heidelberg,

Germany
Sodium dodecyl sulfate (SDS) Fisher Scientific GmbH, Schwerte, Germany
TE buffer AppliChem GmbH, Darmstadt, Germany
Tris-HCI Merck KgaA, Darmstadt, Germany

3.1.2. Oligonucleotides

All oligonucleotides used in this study were provided by Metabion International AG
(Planegg, Germany). The primers were synthesized with a scale of 0.02 ymol, purified by
HPLC and their quality was checked with mass spectrometry. The primers were acquired
lyophilized, and the stock solution of each primer (100 uM) was prepared by adding sterile
nuclease-free DEPC-water according to the manufacturers’ instructions. The primers used
in this study are listed in Table 2.

Table 2. The list of primers used in this study.

Target gene  Primer set Sequence Amplicon Reference
size
27f 5-6-FAM-AGAGTTTGATCCTGGCTCAG-3’
16S rRNA ~1.4kb Lane, 1991
1401r 5-CGGTGTGTACAAGACCC-3’
FP 16S 5-GGTAGTCYAYGCMSTAAACG-3
16S rRNA 2e3pp  oachetal,
RP 16S 5-GACARCCATGCASCACCTG-3’ 2002
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3.1.3. Kits and master mixes

The kits and master mixes used in this study are listed in Table 3.

Table 3. The list of kits and master mixes used in this study.

Kit

Manufacturer

Agencourt AMPure XP beads

Agilent DNA 7500 kit

High Sensitivity DNA kit

MapMarker 1000
MiSeq Reagent Kit v3

NEBNext Multiple Oligos for Illumina
(Index Primers Set 1)

NEBNext High Fidelity Master Mix
NEBNext Ultra DNA Library Prep kit for lllumina

NucleoSpin Gel and PCR Clean-up kit

NucleoSpin Genomic DNA from Soil Kit

Lysing Matrix E tubes
Power SYBR Green PCR Master Mix

Quant-iT™ Picogreen dsDNA assay kit

TopTaqg DNA Polymerase kit

Beckman Coulter Inc., Brea, California, USA

Agilent Technologies GmbH & Co, Waldbronn,
Germany

Agilent Technologies GmbH & Co, Waldbronn,
Germany

Eurogentec, Koln, Germany
lllumina Inc., San Diego, California, USA

New England BioLabs LtD., Hitchin, UK

New England BioLabs LtD., Hitchin, UK
New England BioLabs LtD., Hitchin, UK

Macherey-Nagel GmbH&Co. KG, Diiren,
Germany

Macherey-Nagel GmbH&Co. KG, Diiren,
Germany

MP Biomedicals, France
Life Technologies LTD, Warrington, UK

Life Technologies Corporation, Eugene,
Oregon, USA

Qiagen GmbH, Hilden, Germany
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3.1.4. Instruments

The instruments used in this study are listed in Table 4.

Table 4. The list of instruments used in this study.

Instrument

Manufacturer

ABI 3100 Genetic Analyzer System

ABI 7300 Real Time PCR System

Agilent 2100 Bioanalyzer

E220 Focused-ultrasonicator
Elemental analyzer Euro EA 3000

Liquid chromatography coupled with stable
isotope ratio mass spectrometry MAT 253

Precellys® 24 homogenizer

MiSeq System
Nanodrop ND-1000 Spectrophotometer

Pippin Prep

PegStar 96x PCR cycler

SpectraMax Gemini EM Spectrofluorometer
Total organic carbon analyzer TOC-5050
UV-VIS spectral photometer Specord®200

Applied Biosystems Inc, Foster City, California,
USA

Applied Biosystems Inc, Foster City, California,
USA

Agilent Technologies GmbH & Co. KG,
Waldbronn, Germany

Covaris Inc., Woburn, Massachusetts, USA
Hekatech, Wegberg, Germany

Thermo Fisher Scientific, Dreieich, Germany

Bertin technologies, Montigny-le-Bretonneux,
France

lllumina Inc., San Diego, California, USA

PeqLab Biotechnologie GmbH, Erlangen,
Germany

Sage Science, Beverly, Massachusetts, USA
PeglLab Ltd, Fareham, UK

Molecular Devices GmbH, Ismaning, Germany
Shimadzu, Tokyo, Japan

Analytik Jena AG, Jena, Germany

3.2. Methods

The following experiments were the base for this research:

() preliminary screening of bacterial abundance and diversity in artificial soils with
(MT), illite  (IL),
montmorillonite+charcoal (MT+CH), and illite+ferrihydrite (IL+FH)) based on gPCR
and T-RFLP analysis

different  mineral  compositions  (montmorillonite

(i)  an in-depth study of microbial diversity in MT and IL based on a metagenomic

shotgun approach

(i) anin-depth study of functional genes involved in carbon, nitrogen, and phosphorus
turnover, as well as major taxa driving aforementioned processes based on a

metagenomic shotgun approach

30



Materials and methods

This combined approach will allow a better understanding of microbial diversity and
functional potential of artificial soils microbiome, a model for early stages of soil
development, in relation to the type of clay minerals (MT and IL). In addition, it will enable

the reconstruction of major processes and taxa involved in nutrient (C, N, and P) turnover.

3.3. Preparation of artificial soils! and experimental design

3.3.1. Preparation and maturation of artificial soils

Four artificial soils with different mineral compositions, containing montmorillonite (MT), illite
(IL), montmorillonite+charcoal (MT+CH), and illite+ferrihydrite (IL+FH) in nine independent
replicates totaling 500 g were prepared (Vogel et al., 2014). To achieve a similar texture all
mixtures contained 40-42% sand-sized (>63 ym, Quartz Sand Haltern, H33), 52-54 %
coarse and medium silt-sized (6.3-63 ym, Millisil W11H), and 6% fine silt and clay (<6.3 ym,
Quarzwerke GmbH, Frechen, Germany).

Each mixture contained an additional component:
(i)  MT —6.3% montmorillonite (Ceratosil WG, Stud-Chemie AG, Moosburg, Germany)
(i)  IL—8.0% illite (Inter-ILI Mérndki Iroda, Hungary)

(i)  MT+CH — 4.3 % montmorillonite and 2.0 % charcoal, where charcoal was prepared
from commercial barbeque charcoal by grounding and sieving to 63 — 200 um

(iv) IL+FH —7.0% illite and 1.0% ferrihydrite, where ferrihydrite was synthesized under
laboratory conditions according to Schwertmann and Cornell (1991)

Detailed information on the model materials and artificial soil composition can be found in
Table 5.

L All artificial soils preparation and treatments were performed by Dr Cordula Vogel (Chair of Soil
Science, Technical University of Munich, Freising-Weihenstephan, Germany).
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Table 5. Model material (modified from Pronk et al., 2012; Vogel et al., 2014) used for artificial soil
preparation. For materials with an unknown particle size distribution, total content (%) is indicated for all
unknown components (e.g., -100-).

Model Texture CEC C N SSA
B Sand (%) Silt(%) Clay (%) (cmolkg?) (mgg?) (mgg') (BET-N,m2g%)
Quartz sand 100 0.05 0.01 0.1
Silt-sized quartz 6 94 0.05 0.01 1
Montmorillonite 8 25 67 85.97 2.38 0.01 71

Illite 50 50 16.65 0.18 0.16 40
Ferrihydrite -100- 3.50 3.40 247
Charcoal 100 750 3.8 45

At the beginning of the experiment, each batch of 500 g of artificial soil was inoculated with
a water-extractable inoculum from the Ap horizon of a Luvisol (from Scheyern, Germany)
and dry and sterilized manure (4.5 wt %, OC content of 338.5 + 6.9 mg g, N content of
30.7 + 1.6 mg g, C/N ratio 11.0 + 0.4) sieved to <2 mm. The manure was sterilized by
repeated autoclaving at 121 °C over four weeks. The microbial inoculum was prepared by
shaking soil with gravel and demineralized water (ratio 1:1:9) for 2 h. The suspension was
then centrifuged for 12 min at 1000 x g. The supernatant was centrifuged again for 30 min
at 3470 g. The obtained precipitate was resuspended in demineralized water in a ration of
1:10 and 500 g of artificial soil was inoculated with 30 ml of prepared suspension. The
batches were incubated in the dark environment at 20 °C, having water content of 60% of
the maximum water holding capacity for 842 days. After the initial wetting with 0.01 M CaCl>
solution to provide a soil solution with an ionic strength typical for soils, artificial soils were
moistened weakly with water followed by gentle mixing to ensure homogenous water
distribution and to avoid disruption of micro- and macro-aggregates formed in artificial solil
mixtures. To replenish depleted nutrients and overcome nutrient limitations for microbial
growth, fresh organic matter in form of sterile manure (4.5 wt %, OC content of 165.4 + 2.7
mg g, N content of 11.5 £ 0.2 mg g*, C/N ratio 14.4 + 0.2) sieved to <2 mm was reapplied
on day 562 (Figure 5).

First, at the end of maturation, MT, IL, MT+CH, and IL+FH soils were treated and incubated
with plant litter as described in Chapter 3.3.2 and used in a preliminary screening of bacterial
diversity and abundance based on 16S rRNA T-RFLP (Chapter 3.5.3) and gPCR analysis
(Chapter 3.5.2), respectively. In addition, the dynamics of water-extractable carbon (WEOC)
and microbial biomass (Cnic), were determined in all soils used in the preliminary experiment
as described in Chapter 3.5.1. The main goal of preliminary screening was to assess the

effect of different clay minerals and to identify the clay minerals with the greatest effect on
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bacterial diversity and abundance which would then be used for in-depth metagenomic

analysis.

Second, the artificial soils prepared by 842 days long incubation, were stored at -20 °C until
the main experiment, which included the determination of total organic carbon (OC), N, and
P, and shotgun metagenomic analyses of microbial diversity, functional genes, and major
taxa harbouring genes involved in carbon, nitrogen and phosphorus turnover in soils with

the strongest influence as shown by preliminary screening.

inoculant sterilized manure sterilized manure

incubation time

1st phase 2 phase
562 days 842 days

Figure 5. Schematic representation of artificial soil. The first phase represents the period between the
first and second manure addition (0-562 days) and the second phase, the period between the second
manure addition until the end of the maturation period (562-842 days) (modified from Vogel et al.,
2015).

3.3.2. Treatment of MT, IL, MT+CH, and IL+FH soils with plant litter

To evaluate the effect of different clay minerals on the bacterial diversity and abundance,
as well as on WEOC and Cnic dynamics, the matured MT, IL, MT+CH, and IL+FH soils were

treated with plant litter, as a part of preliminary screening.

Briefly, at the end of the 842 days of incubation artificial soils were homogenized, sieved to
<2 mm, and mixed with plant litter (<200 ym) derived from maize (Zea mays) and potato
(Solanum tuberosum) leaves mixed in a 1:1 ratio. The plant litter was characterized by 404.2
+ 1.8 mg g* soil of organic C, 23.3 + 0.0 mg g* soil of N, and a C/N ratio of 17.3 + 0.1. For
this experiment, 35 g of the artificial soil was homogenized with 0.350 g of plant litter in

three independent replicates. The controls, soil columns without plant litter addition, were
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set up in the same way as soil columns treated with plant litter. Additionally, the Ap horizon
of Luvisol used to generate the microbial inoculum was used as natural soil material and
was set up and treated in the same way as artificial soils. All soil columns were then
incubated for 63 days at 14 °C in the dark and at 60 % maximum water-holding capacity.
The soil columns were watered every 2 days with distilled water, to maintain the constant
water content. For each soil, three soil columns were taken at four different time points: 2
hours directly after litter addition (day 0), and after 7, 21, and 63 days (n=24). The overview
of the experimental setup is depicted in Figure 6.

Artificial soil matured over 842 days

control litter
Odays B B
7days B B B
21days @B B B 5l
63days &3 B8 &

Figure 6. Design of the experiment with four artificial soils MT, IL, MT+CH, and IL+FH treated with plant
litter (modified from Vogel et al., 2015).

The soil samples for the preliminary experiment were stored at -80 °C until further analysis.

3.4. Nucleic acid extraction

The MT, IL, MT+CH, and IL+FH soil samples treated with plant litter were stored at -80 °C
until the DNA extraction. The total DNA/RNA from artificial soil samples treated with plant
litter for preliminary screening of bacterial diversity and abundance was extracted according
to the modified protocol described by Towe et al. (2011). The composition of buffers

(Solution A-E) used in the nucleic acid extraction is shown in Table 6.
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Table 6. The composition of buffers used in DNA/RNA co-extraction.

Buffer Composition Concentration
Hexadecyltrimethylammoniabromide (CTAB) 0.27 M
NacCl 0.7M
Solution A 3-mercaptoethanol 10 mli/
K2HPO4 0.94 M
KH2PO4 0.06 M
Solution B Phenol:chloroform:isoamyl alcohol (pH 8.0) 25:24:1 (viviv)
Solution C Chloroform:isoamylalkohol 24:1 (vIv)
. Polyethylene glycol 6000 (PEG 6000) 10 % (v/v)
Solution D
NaCl 12M
Solution E Ethanol 70 %

In brief, the total DNA/RNA was co-extracted from 0.35-0.50 g of a soil sample to Lysing
Matrix E tubes (MP Biomedicals, France) and mixed with 0.5 ml of Solution A and 0.5 ml of
Solution B. The cells were lysed in Precellys®24 Homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France) by a single bead-beating step at 5.5 m s for 30 s followed
by centrifugation at 16,000 xg for 5 min at 4 °C. The aqueous supernatant containing nucleic
acids was purified by mixing with an equal amount of Solution C and centrifugated at 16,000
x g for 5 min at 4 °C. The resulting aqueous supernatant was again mixed with an equal
amount of Solution C. After the repeated centrifugation (16,000 x g, 5 min, 4 °C) the resulting
agueous phase was mixed with 1 volume of Solution D and incubated on ice for 2 h.
Samples were then centrifuged at 16,000 x g for 10 min at 4 °C. The supernatant was
discarded, and the precipitated nucleic acid pellet was centrifuged again at 16,000 xg for 2
min to remove all remaining supernatant. The nucleic acid pellet was washed with ice-cold
Solution E, and centrifuged at 16,000 xg for 10 min at 4 °C. All remains of Solution E were
discarded, and the nucleic acid pellet was air-dried and re-suspended in 50 um of pure,
nuclease-free DEPC-water. Afterward, the nucleic acid concentration was determined with
a nanodrop ND-1000 (PeqgLab Biotechnologie GmbH, Erlangen, Germany) at 260 nm and

stored at -80 °C until further analysis.

Although the quality, purity, and quantity of DNA obtained by Téwe et al. (2011) were
sufficient for bacterial diversity and abundance analysis it was not the case for shotgun
metagenomics analysis. Therefore, DNA for the in-depth shotgun metagenomic analysis of
MT and IL artificial soils was extracted by using NucleoSpin Genomic DNA from Soil Kit
(Macherey-Nagel GmbH&Co. KG, Diren, Germany) according to the manufacturers’

instructions, such to achieve quality, purity, and quantity of DNA needed for the sequencing.
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For in-depth metagenomic analyses of microbial diversity, gene pattern, and taxa harboring
genes involved in C, N, and P turnover, three randomly selected batches of each
composition (MT and IL), stored at -20 °C until the DNA extraction, were selected for further
analyses. Total community DNA (TC-DNA) was extracted from 0.5 g of each replicate using
NucleoSpin Genomic DNA from Soil Kit (Macherey-Nagel GmbH&Co. KG, Diren,
Germany) according to the manufacturers’ instructions. To optimize the DNA yield 700 pl of
lysis buffer SL2 and 150 pl of enhancer SX were used, and the bead beating step using
Precellys® 24 Homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) was
performed twice (5.5 ms?, 30 s). DNA quality was checked on the agarose gel and with a
nanodrop, ND-1000 (PegLab Biotechnologie GmbH, Erlangen, Germany) and quantified on
a SpectraMax Gemini EM Spectrofluorometer (Molecular Devices GmbH, Ismaning,
Germany) using the Quant-iT™ Picogreen dsDNA Assay Kit (Life Technologies
Corporation, Eugene, Oregon, USA) and stored at -20 °C until further analysis.

3.5. Preliminary screening of bacterial diversity and abundance in

artificial soils

To determine which soil minerals have the greatest impact on bacterial diversity and
abundance the preliminary screening based on 16S rRNA T-RFLP and gPCR was
performed on MT, IL, MT+CH, and IL+FH artificial soils treated with plant litter (Chapter
3.3.2). In addition, the dynamics of water-extractable carbon (WEOC) and microbial

biomass (Cnmic), were monitored.

3.5.1 Determination of microbial biomass (Cmic) and water-extractable
carbon (WEOC) in MT, IL, MT+CH, and IL+FH artificial soils?

As a part of the preliminary screening experiment, microbial biomass (Cnic) and water-
extractable carbon (WEOC) were monitored in MT, IL, MT+CH, and IL+FH artificial soils
pre-incubated with plant litter. Microbial biomass (Cmic) was determined by the fumigation-
extraction method described by Vance et al. (1987). Approximately 5 g of fresh soil was
weighed into two separate glass containers. One container was fumigated in a desiccator

under a chloroform atmosphere for 24 hours. Both vessels were mixed and shaken with 25

2 The microbial biomass (Cmic) and water-extractable carbon (WEOC) analyses were conducted by
Franz Buegger (Helmholtz Zentrum Minchen, Germany) and the results were described in detail by
Vogel et. al (2015).
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ml 0.01 M CacCl; solution for 45 min. The supernatant was separated by filtration (4-7 pm,
Watman 59572, Bruchsal, Germany). Supernatants were then used for the determination of
water-extractable carbon (WEOC). WEOC was measured by the Total organic carbon

analyzer TOC-5050 (Shimadzu, Tokyo, Japan) according to Joergensen (1996).

WEOC was calculated according to the formula (1):

¢ (carbon) x Dy

WEOC [ug "' DMI= — = =550

(1)

where c(carbon) corresponds to the carbon concentration of water-soluble carbon in the
non-fumed extracts expressed in mg It and Df to the dilution factor 20.

The Cnmic was calculated according to the formula (2):

WEOC; - WEOC,

Crmic[Mg 9_1 DM]= Kee

(2)

where WEOC is the total carbon in fumigated (f) and non-fumigated (nf) samples, and kec

equals 0.45 (Joergensen, 1996).

The effects of mineral composition and litter addition on the WEOC and Cn,ic values were
tested by multivariate analysis of variance (MANOVA) using R package “vegan” (Oksanen
et al., 2015).

3.5.2. qPCR analysis of pre-incubated artificial soil treated with plant litter®

To monitor the changes in bacterial abundance in artificial soils with different mineral
compositions after the litter addition, 16S rRNA gene copy numbers were quantified using
an ABI 7300 Real Time PCR System. The 16S rRNA gene was amplified by 16S rRNA
primers FP 16S (5-GGTAGTCYAYGCMSTAAACG-3') and RP 16S (5-
GACARCCATGCASCACCTG-3’) described by Bach et al. (2002) and Power SYBR Green

8 The gPCR and T-RFLP experiments were conducted by Nicolas Weithmann as a part of his Master
Thesis.
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PCR Master Mix (Life Technologies LTD, Warrington, UK). The final concentration of the
reagents in each of the 25 pl final reaction volumes was as follows: 1x SYBR Green PCR
Master Mix, 0.4 uM of each primer, 0.06 % BSA, and 2 ul of DNA. Prior to the gPCR, the
DNA was diluted to 1:32 to minimize the amplification inhibition. To enable the 16S rRNA
gene guantification a standard of known concentration was prepared by transforming a 16S
rRNA gene originating from Clavibacter michiganensis into Escherichia coli. Samples were
amplified using the following program: 95 °C for 10 min, followed by 40 cycles of 95 °C for
20s,57 °Cfor 30 s, and 72 °C for 45 s, and a final and dissociation step of 95 °C for 15 s,
60 °C for 30 s and 95 °C for 15 s. The data were collected at each elongation step (72 °C
for 45 s) (Gomes et al., 2001).

The statistical analysis of gPCR was performed in the R environment version 3.0.2 (R Core
Team, 2013). The impact of artificial soil mineral composition and litter addition on the
bacterial abundance was tested by multivariate analysis of variance (MANOVA) using R
package “vegan” (Oksanen et al., 2015).

3.5.3. Terminal Restriction Fragment Length Polymorphism (T-RFLP)

analysis of pre-incubated artificial soil treated with plant litter?

To determine which clay mineral or combination of minerals has the greatest influence on
bacterial diversity a preliminary screening based on 16S rRNA T-RFLP was performed on
MT, IL, MT+CH, and IL+FH soils.

A near full-length bacterial 16S rRNA gene fragments were amplified using the universal
primers 27f with a 5 end-labeled with 6-carboxyfluorescein (6-FAM-5'-
AGAGTTTGATCCTGGCTCAG-3) and unlabelled primer 1401r (5'-
CGGTGTGTACAAGACCC-3') (Lane, 1991). The final concentration of the reagents for
each 50 pl reaction was as follows: 1x Taq PCR buffer, 2.5 mM MgCl,, 0.2 mM of each
dNTP, 0.2 yM of each primer, 2.5 U TopTagq DNA polymerase (Qiagen GmbH, Hilden,
Germany), 0.06 % BSA, DMSO and 20 ng of DNA template. Samples were amplified using
the following program: 94 °C for 5 min, followed by 35 cycles of 94 °C for 1 min, 57 °C for 1
min and 72 °C for 1.5 min, and a final extension step at 72 °C for 10 min (Gschwendtner et
al., 2015). The correct amplicon size was checked after gel electrophoresis (80 V, 60 min)
on agarose gel (2%) stained with ethidium bromide. The amplification products were then
purified with NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel GmbH&Co. KG,
Diren, Germany) according to the manufacturer’s instructions and quantified with a
nanodrop ND-1000 (PeqgLab Biotechnologie GmbH, Erlangen, Germany) at 260 nm. An

amount of 300 ng purified PCR products were digested with the restriction enzyme Mspl
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(Fisher Scientific GmbH, Schwerte, Germany) in a 20 ul reaction. The digests were
incubated in a water bath at 37 °C for 4 h and then in a heating block at 80 °C for 20 min to
deactivate the restriction enzyme. Digested PCR products were purified using NucleoSpin
Gel and PCR Clean-up kit (Macherey-Nagel, GmbH&Co. KG, Diren, Germany). Purified
digests were resuspended in formamide and MapMarker 1000 standard (Eurogentec, Kdlin,
Germany) mixed in a 500:1 ratio. The digests were then denatured by heating at 95 °C for
2 min and separated with capillary electrophoresis on an ABI 3100 Genetic Analyzer
System (Applied Biosystems Inc, Foster City, California, USA) (Gschwendtner et al., 2015).

The T-RFLP profiles were evaluated using Peak Scanner Software v. 2.0 (Applied
Biosystems Inc, Foster City, California, USA), where fragments smaller than 50 bp were
excluded to avoid primer-induced signals. Noise removal and peak alignment were
performed using the online software T-REX (Culman et al., 2009). Noisy peaks were filtered
by using a standard deviation multiplier for fluor B of 0.8 and peaks were aligned across the
sample using the peak aligning algorithm with a clustering threshold of 1.0 bp
(Gschwendtner et al., 2015). The resulting data matrices were analysed by calculating the
Bray-Curtis coefficient and principal component analysis (PCA) using “vegan” R package
(Oksanen et al.,, 2015). Significant differences were determined by permutational

multivariate analysis of variance (PERMANOVA).

Based on the T-RF fingerprints two artificial soil mixtures, MT and IL were selected for

shotgun metagenomic analyses.

3.6. In-depth analyses of microbial diversity, functional genes,
and microbiota involved in carbon, nitrogen, and phosphorus

turnover

3.6.1. Measurements of pH, organic carbon, nitrogen, and phosphorus

concentrations?

The pH, organic carbon (OC), total nitrogen, and different phosphorus (bioavailable
phosphorus (Pnancos), total P (Pwia), Stable inorganic P (Pj), and organic P (P,))
concentrations were measured in artificial soil (MT and IL) at the end of the incubation
period of 842 days. The pH was measured potentiometrically in the solution of soil samples
and 0.01 M CaCl, mixed in a 2.5:1 ratio (Gruba and Mulder, 2015). The OC and total N

4 OC content, total N and phosphorus concentrations were measured by Dr Cordula Vogel (Chair of
Soil Science, Technical University of Munich, Freising-Weihenstephan, Germany) and the results
were published by Vogel et al., 2014 and Tanuwidjaja et al., 2021, respectively.
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content were measured in grinned soil samples using an elemental analyzer Euro EA 3000
(Hekatech, Wegberg, Germany) in duplicates (Zimmermann et al., 2007). The bioavailable
phosphorus (Pnancos) was extracted from 4 g of dry soil by adding 40 ml of 0.5 M NaHCO:s.
The stable P pools, including Pwta, Pi, and P, were measured by the ignition-acid extraction
method as described by Saunders and Williams (1955). To determine the P; 0.5 g of dry soil
was extracted with 25 ml 0.5 M H,SO, before and to determine the P after the ignition at
550 °C. In both H.SO, extracts, the molybdate-reactive P was measured photometrically
with UV-VIS spectral photometer Specord®200 (Analytik Jena AG, Jena, Germany) using
the molybdenum-blue method. All measurements were done in technical triplicates. The P,
was calculated as the difference between Py and Pi.

The significant differences in pH, OC, total N and P, bioavailable P, P; and P, were
determined by an unpaired t-test, with P-values adjusted by the Bonferroni test.

3.6.2. Library preparation and high-throughput metagenomic sequencing

After 842 days of maturation, the total DNA was extracted from the artificial soils containing
MT and IL as described in chapter 3.4. The extracted DNA was used for the preparation of

shotgun metagenomic libraries as described by Michas et al. (2017).

In brief, from each sample, 2 uyg of DNA were fragmented using the E220 Focused-
ultrasonicator (Covaris Inc., Woburn, Massachusetts, USA) with the following settings: peak
instrument power 175 W, duty factor 10 %, 200 cycles per burst, treatment time 100 s.
Fragmented DNA was purified with Agencourt AMPure XP beads (Beckman Coulter Inc.,
Brea, California, USA) and the fragment size was assessed by Agilent Bioanalyzer 2100
(Agilent Technologies GmbH & Co. KG, Waldbronn, Germany) using Agilent DNA 7500 Kit
(Agilent Technologies GmbH & Co. KG, Waldbronn, Germany). Six metagenomic libraries
were prepared from 100 ng DNA per library using NEBNext Ultra DNA Library Prep Kit (New
England BioLabs LtD., Hitchin, UK) according to the manufacturers’ instructions with a
single modification — a 10-fold dilution of NEBNext Adaptor for Illlumina with a final
concentration of 1.5 yM was used for adaptor ligation. In the final enrichment, PCR libraries
were indexed using the NEBNext Multiplex Oligos for lllumina (Dual Index Primers Set 1;
New England BioLabs LtD., Hitchin, UK). PCR reaction contained 2.5 pl of each indexed
primer, 25 ul of NEBNext High-Fidelity 2x PCR master mix, and 20 ul of adapter-ligated
DNA. PCR cycling consisted of initial denaturation at 98 °C for 30 s; 6 cycles of denaturation
at 98 °C for 10 s, annealing at 65 °C for 30 s and extension at 72 °C for 30 s; and a final
extension at 72 °C for 5 min. Metagenomic libraries were electrophoretically size-selected

on Pippin Prep (Sage Science, Beverly, Massachusetts, USA) with the setting “range mode”
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to select for 300-580 bp. The final libraries were checked for size using Agilent Bioanalyzer
2100 (Agilent Technologies GmbH & Co. KG, Waldbronn, Germany) and Agilent High
Sensitivity DNA Kit (Agilent Technologies GmbH & Co. KG, Waldbronn, Germany) and
guantified with Quant-iT™ PicoGreen dsDNA Assay Kit (Life Technologies Corporation,
Eugene, Oregon, USA). Replicate libraries were diluted to 2 nM each and pooled. The
pooled samples were denaturated with 0.2 N NaOH, diluted to 10 pM, and spiked with 2.5
% (v/v) PhiX.

Paired-end sequencing was performed on the MiSeq system (lllumina Inc., San Diego,
California, USA), using MiSeq® 2 x 300 cycle V3 kit (lllumina Inc., San Diego, California,
USA), following standard lllumina sequencing protocol. The obtained sequences were
deposited to NCBI Sequence read archive (SRA) under the accession number PRINA
556907.

3.6.3. Bioinformatics and statistical analysis®

Raw sequences were processed following the protocol described by Vestergaard et al.
(2017) with a few modifications. Any remaining adaptor sequences read shorter than 50 bp
and read with a Phred score < 15 were removed from the dataset using AdapterRemoval
v2 (Schubert et al., 2016). Since an improvement in accuracy is already achieved with
trimming at the Phred score > 5 a less aggressive trimming approach was chosen to avoid
the unnecessary read loss (MacManes, 2014). Further processing included the removal of

PhiX sequences using DeconSeq version 0.4.3 (Schmieder and Edwards, 2011).

For the taxonomic annotation, high-quality fasta sequences were aligned against the NCBI
non-redundant (nr) protein sequences using DIAMOND (version 0.5.2) (Buchfink et al.,
2015) with default settings. Sequences were aligned against the KEGG database (June
2011) (Kanehisa and Goto, 2000) by using DIAMOND with default settings to get the
functional annotation. Blastn results were mapped and taxonomically and functionally
annotated with MEGANS (version 5.6.5) (Huson et al., 2011). Mapping files dated October
2014 and the following parameters: Min Score = 50, Top Percent = 10, Min Support = 1,

Min Complexity = O were used.

Sequences of enzymes with corresponding KO numbers involved in carbon, nitrogen, and

phosphorus turnover were extracted from the functionally annotated dataset obtained from

5 The pipelines for bioinformatic analyses of the shotgun metagenomic sequencing were developed
by Dr Gisle Vestergaard (Department of Biology, University of Copenhagen, Denmark).
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the KEGG database and taxonomically annotated by using DIAMOND against NCBI non-
redundant (nr) protein sequences database.

In total, 45 predicted genes involved in C, 82 in N, and 42 in P turnover were investigated.
The investigated genes, together with corresponding enzymes and genes and KO numbers
are shown in figures 7-9.
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Figure 7. The predicted genes involved in the microbial C cycle with corresponding enzymes
and KEGG KO numbers. Depicted are the enzymes involved in (A) starch metabolism; (B)
pectin metabolism; (C) hemicellulose metabolism; (D) cellulose metabolism; (E) chitin
metabolism, and (F) carbon fixation.
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Figure 8. The predicted genes involved in the N cycle with corresponding enzymes and KEGG

KO numbers. Different processes involved in the N cycle are colour-coded. Orange arrow — N

mineralization and assimilation; light green arrow — Nz fixation; dark green arrows —

nitrification; black arrows — denitrification; purple arrows — dissimilatory and assimilatory nitrate

reduction; light blue arrows — uptake of extracellular nitrite and nitrate.
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Prior to statistical analyses, the absolute counts of the metagenomic datasets were
subsampled to the lowest number of reads per sample using the rarefy function from
“GUniFrac” (Chen, 2012). Statistical analyses were performed on randomly subsampled
data and computed in the R environment version 3.0.2 (R Core Team, 2013). Packages

“stats”, “graphics”, “grDevices” (R Core Team 2013), “vegan” (Oksanen et al., 2015),
“GUniFrac” (Chen, 2012), “gridExtra” (Auguie and Antonov, 2015), “cluster” (Maechler et
al., 2015), “calibrate” (Graffelman, 2013), “RColorBrewer’ (Neuwirth, 2014), “gplots”
(Warnes et al.,, 2013), and “vcd” (Meyer et al.,, 2014) were used. Before the principal
component analysis (PCA), all sequences with an abundance of less than 3.0 % in all
samples were excluded, the abundance data was Hellinger-transformed (Ramette, 2007),
and significant differences were determined by permutational multivariate analysis of
variance (PERMANOVA). The significant differences in the diversity indices between the
metagenomes were determined by Welch’s t-test, whereas significant differences in the
relative abundance of prokaryotic taxa, function, functional genes, and families involved in
C and N cycle and P turnover were determined by unpaired t-test, where P-values were
adjusted by the Bonferroni test. The correlation between the pH, OC, total N, and P,
bioavailable P, inorganic and organic P, C:N:P ratios, and gene abundance involved in C,
N, and P turnover, was determined by Spearman correlation by using the “Hmisc” package
(Harrel and Dupont, 2020).
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4. RESULTS

4.1. Effect of clay minerals on bacterial diversity and abundance

as shown by preliminary screening

To identify which clay minerals or the combination of clay minerals (MT, IL, MT+CH, and
IL+FH) has the strongest influence on bacterial diversity and abundance, the water-
extractable carbon (WEOC) and microbial biomass (Cmic), as well as bacterial diversity and
abundance, were monitored at days 0O, 7, 21, and 63.

4.1.1. Water-extractable carbon (WEOC) and microbial biomass (Cmic)

In all soil samples, including one natural and all artificial soils, WEOC content was always
higher in soils treated with litter than in untreated soils where it never exceeded 200.0 ug g’
1 DM (Figure 10). The WEOC values showed a similar trend in both natural soil and all
artificial soils treated with litter; during the first incubation period, until day 7, the WEOC
content decreased rapidly in all soils treated with litter, and then slowly continued to
decrease over the remaining incubation time until day 63. The only exceptions were natural

and MT soil, where the WEOC value increased between days 21 and 63.

Contrary to the treated soils, in untreated soils, the WEOC values increased at the beginning
of the incubation until day 7. Afterward, the WEOC values decreased until day 21 in all
untreated soils. This decrease was followed by increase of WEOC values until day 63 in all

soils, apart from in MT+CH sail.

The lowest initial WEOC value in all treated soils was detected in the natural soil (164.6 +
3.1 ug g* DM, Figure 10A) which further decreased until day 7 to 33.1 + 27.3 ug g* DM.
Until the end of incubation, the WEOC values in natural soil soils were similar and varied
between 20.3 £ 3.5 ug g* DM (day 21) and 23.8 £ 2.1 ug g* DM (day 63). The WEOC value
in untreated natural soil was even lower at the beginning of the experiment than in treated
natural soil, 19.5 £ 1.3 ug g* DM. Until day 7 it increased to 35.3 + 3.6 ug g** DM at day 7.
This increase in WEOC was then followed by a steady decrease until the end of the
incubation period (16.9 + 2.1 ug g* DM). The WEOC values differed significantly between

treated and untreated natural soil only on day O (P < 0.01).

Although the artificial soils treated with plant litter (Figure 10B-E) showed a similar trend as
natural soil, the WEOC values were always higher when compared to the natural soil. On
day 0, the lowest WEOC values were measured in MT (520.7 + 8.5 ug g* DM), while the
highest were measured in IL (725.3 + 36.8 pug g DM) and MT+CH (736.0 + 47.1 ug g*
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DM). The WEOC values then rapidly decreased by more than two-fold until day 7, followed
by a steady decrease until the end of incubation in all artificial soils except MT. At the end
of incubation, the lowest WEOC values were detected in MT+CH (127.9 + 16.7 ug g DM),
followed by IL+FH (189.5 + 14.0 ug g DM). Slightly higher WEOC values were detected in
simple artificial mixtures with only one component MT (201.2+12.2 ugg* DM) and IL (213.5
+7.4 ug g DM).

In general, the WEOC values were significantly higher (P < 0.05) in all artificial soils treated
with litter at all time points than in untreated artificial soils, with exception of MT+CH on day
21 (Figure 10D).

47



Results

A B
1000 1000
800 800
= =
A A
T, 600 T, 600 e
an o
= = e
o 400 L 400
g 8 % *
= i =
200 200 .-
0 .—h!ggg 0 __!-_
day 0 day7 day21 day63 day 0 day7 day2l day®63
C D
1000 1000
e
800 | _** 800
= =
A A
T 000 Ty 600
o0 0
E 3
Q400 o o 400
S Tk Q *%
§ *% -
= *
200 . . 200 '
- I , AmEE e
day 0 day7 day2l day63 day 0 day7 day2l1 day63
E
1000 M litter M no litter
. 800
E *%
T, 600
on
=
O 4
O 00
i
=

%
%k %%
'
AN ]

day 0 day 7 day21 day63

Figure 10. Share of water extractable organic carbon (WEOC) in natural and artificial soils given as
mean values (n = 3) and standard deviation at different time points (day 0, day 7, day 21, and day 63)
in (A) natural sail, (B) MT, (C) IL, (D) MT+CH, and (E) IL+FH. Green bars represent soil samples
treated with plant litter and blue bars untreated soil samples. Asterisks indicate significant differences

in WEOC values where *P < 0.05 and **P < 0.01.
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The changes in microbial biomass (Cmic) with incubation time in both natural and artificial
soils are shown in Figure 11. In all untreated soils, natural and artificial, the Cnic values were
always lower than in the treated soils and showed similar dynamics. First, microbial biomass
decreased slightly between day 0 and day 7, followed by a steady increase until the end of

the incubation period (day 63).

In general, the highest Cric values were observed in natural soil sample (Figure 11A), and
this was the only soil where microbial biomass was always above 250 ug g DM, regardless
of plant litter addition. The high initial Cmic value (818.5 ug g* DM) in natural soil treated with
plant litter increased even further and reached the maximum value on day 7 (890.2 ug g*
DM). As the incubation continued, the Cnic decreased to 493.8 ug g DM (day 21) and finally
increased to 778.9 ug g DM (day 63) in treated natural soil. In contrast, the initial Cric value
in untreated natural soil was three times lower than in treated natural soil. There, the Cpic
slightly decreased and reached the minimum value of 255.0 ug g* DM on day 21, and then
constantly increased until day 63 when it reached 547.7 ug g DM. With exception of day
63, Cmic concentrations were significantly higher (P < 0.01) in natural soil treated with plant

litter at all sampling points.

In all artificial soils treated with litter, higher Cmic concentrations were detected when
compared to the controls. The Cnic values ranged between 408.8 and 691.9 ug g* DM in
MT, 655.9 and 957.9 ug g*DM in IL, 529.2 and 805.5 ug g* DM in MT+CH, and 459.4 and
713.9 ug g* DM in IL+FH. There was no specific trend in how Cmic changes with incubation
time in artificial soils treated with plant litter. However, slight similarities in Cmic dynamics
were detected in two-component artificial soils (MT+CH, IL+FH), where in both treated and
untreated soils, the initial increase in Cmic value between day 0 (MT+CH: 529.2 ug g* DM,
IL+FH: 459.4 ug g* DM) and 7 (MT+CH: 805.5 ug g* DM, IL+FH: 713.9 ug g* DM) was
followed by a slight decrease until day 21 (MT+CH: 742.7 ug g** DM, IL+FH: 664.1 ug g*
DM). Afterward, the Cmic remained nearly constant until the end of incubation (MT+CH:
735.2 ug g* DM, IL+FH: 617.8 ug g* DM) (Figure 11 D-E).

As for untreated artificial soils, the Cmic values ranged between 89.4 and 319.9 ug g*DM in
MT, 84.0 and 288.8 yg g* DM in IL, 111.2 and 313.2 uyg g* DM in MT+CH, and 75.2 and
307.3 ug g* DM in IL+FH. In all untreated artificial soils, the same Cnmic dynamics were
detected, where the initial cmic value decreased until day 7, and then steadily increased until
the end of incubation. Overall, the Cnic values were significantly higher in treated artificial
soils with few exceptions (day 21 in MT, day 0 in MT+CH, and day 0 in IL+FH) (Figure 11B-
E).
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Figure 11. Cmic Values in natural and artificial soils. Green bars represent Cmic in Soils treated with litter
and blue bars Cnic in untreated soils. Cmic mean values (n = 3) with standard deviation are shown for
different time points (day 0, day 7, day 21, and day 63) in (A) natural soil, (B) MT, (C) IL, (D) MT+CH,
and (E) IL+FH. Asterisks indicate significant differences in Cmic values where *P < 0.05 and *P < 0.01.
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4.1.2. qPCR analysis of pre-incubated artificial soil treated with plant litter

To compare the relative bacterial abundance in natural and artificial soils a gqPCR of 16S
rRNA genes was performed. The 16S rRNA gene copy numbers in natural (Luvisol) and

artificial soils varied between 10° and 10%° copies g* DM (Figure 12A-E).

In the untreated natural soil, the gene copy number between day 0 and day 7 remained
almost constant (day 0: 2.1 x 107 copies g* DM; day 7: 2.3 x 107 copies g** DM) followed by
a continuous increase in copy number over the incubation time, with a maximum value at
day 63 (1.9 x 108copies g DM. The increase between day 0 and day 63 was approximately
one order of magnitude (Figure 12A).

Except for IL (Figure 12B-E), untreated artificial soils initially show a decrease between day
0 and day 7, followed by a constant increase until the end of the incubation period, when
maximum values of copy numbers were reached. A relatively large decrease between day
0 and day 7 was detected in MT, where the 16S rRNA gene copy number gene decreased

from 8.3 x 108 to approximately 2.7 x 108 copies g DM (Figure 12B).

51



Results

-

16S rRNA gene copies g’ DM 0 16S rRNA gene copies g' DM

16S rRNA gene copies g' DM ™

B
4.0x10* 1 - 4.0x10% 5
-~
a
3.0x10" 1 =0 3.0x10°
&
2.0x10* 1 2 2.0x10” 1
* g
25
1.0x10% 4 | < 1.0x10" 1
. OZ‘
—
(,_OJ -.ﬁ-.— 2 0.0 Jomiem —_— i i
day 0 day7 day2l day®63 Vo day 0 day7 day2l day63
D
2.0x10° = 4.8x10° *
a
1.5x10° 4 7 3.6x10" -
2
oy
1.0x10" - o 2.4x10° 1
b=
2
=0
5.0x10" 1 i l ;<Z< 1.2x10” 4 L
(-4
—
0.0 _—_-*-—i— . g 0.0 4=—— — Wii c—— —t—
day 0 day7 day2l day63 day 0 day7 day2l day63

B litter M no litter
1.0x10” -

7.5x10” 4

5.0x107 4

2.5x10” A

00 \— 1 [ [ I
day 0 day7 day2l dayé63

Figure 12. Number of copies of 16S rRNA gene in natural and artificial soils. Green bars represent number
of copies of 16S rRNA gene per gram of dry soil in soils treated with litter, while blue bars represent number
of copies of 16S rRNA gene in untreated soils. Mean values (n = 3) of number of copies of 16S rRNA
gene with standard deviation are shown for different time points (day O, day 7, day 21, and day 63) in (A)
natural soil, (B) MT, (C) IL, (D) MT+CH, and (E) IL+FH. Asterisks indicate significant differences in 16S
rRNA copy number where *P < 0.05.
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In the soils treated with litter, the artificial soils initially showed an increase of gene copy
number between day 0 and day 7 (Figure 12B-E). The largest increase was observed for
IL+FH, where the gene copy number increased from 1.0 x 108 to 8.5 x 108 copies g DM
(Figure 12E). The treated samples of the artificial soils showed a consistent pattern between
day 0 and day 21. Here, bacterial abundance increased from day O to day 7 and then
decreased on day 21. Subsequently, the bacterial abundance in MT+CH (MANOVA, P <
0.05) and IL increased again on day 63, while bacterial abundance in MT and IL+FH
decreased after day 21 (Figure 7B-E).

The natural soil, however, showed a continuous decrease in bacterial abundance from the
beginning (7.5 x 107 copies g* DM) until the end of incubation (1.0 x 10’ copies g* DM,
Figure 7A).

4.1.3. Terminal Restriction Fragment Length Polymorphism (T-RFLP)

analysis of pre-incubated artificial soil treated with plant litter

To determine the potential differences in the composition of microbial communities with
respect to different mineral compositions of artificial soils, a model for the early stages of

soil development, a T-RFLP of partial 16S rRNA gene was run.

The T-RFLP profiles for each sample were composed of on average 67 terminal restriction
fragments (T-RFs). T-RFLP profiles of natural soil (64 T-RFs in treated and 69 T-RFs in
untreated soil), MT (57 T-RFs in treated and 60 T-RFs in untreated soil), and MT+CH (71
T-RFs in treated and 76 T-RFs in untreated soil) showed similar complexity, whereas soils
containing illite (IL: 62 T-RFs in treated and 82 T-RFs in untreated soil; IL+FH: 60 T-RFs in
treated and 72 T-RFs in untreated soil) were more complex. Only, the number of T-RFs in
untreated IL soil was significantly lower than in treated IL (P < 0.01). In general, more T-
RFs were found in untreated than in treated soils indicating that litter addition is an important
factor in selecting specific bacterial groups, thus, inducing changes in bacterial community

composition.

Figure 13 shows the results of the principal component analysis (PCA) performed on a
dataset that included all fragments that accounted for more than 1% of the total relative

abundance in at least one sample.

Figure 13A shows the results of the PCA where natural and all artificial soils (MT, IL,
MT+CH, IL+FH) were included. All samples that originate from the natural soil were grouped
in the upper left quarter of the graph. The samples from natural soil, regardless of the

treatment and the time of sampling, are clustered together and clearly differ from the artificial
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soils. Within this cluster, untreated and treated natural soil formed separate groups. Also,

samples from day 7 and day 21 were grouped separately from days 0 and 63.

The samples originating from the artificial soils, on the other hand, form several clusters,
which are dispersed around the center of the remaining quadrants. Samples from artificial
soils treated with litter at day 0 form a single cluster, and the samples from the later timepoint
form another cluster. Also, there is a clear distinction between treated and untreated

samples, which are grouped into two separate clusters.

Another PCA, in which only the artificial soil clusters are shown (Figure 13B) further
increases the resolution, showing that the samples from treated and untreated soils form
two clusters according to the clay mineral type present. All soils that contain MT (MT and
MT+CH) form a cluster in the upper two quadrants, whereas soils that contain IL (IL and
IL+FH) form a cluster in the lower two quadrants, thus highlighting the role of the MT and IL

on the establishment of distinct microbial communities.

Considering all T-RFs that accounted for more than 1% of the total relative abundance in at
least one sample, the most pronounced differences were found when different clay minerals
were compared. (PERMANOVA, P = 0.001). However, significant differences were also
detected when treatment with litter (PERMANOVA, P = 0.001), and sampling time
(PERMANOVA, P = 0.001) were analysed.
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Figure 13. Results of PCA analysis of T-RF profiles of microbial communities originating from
natural soil (Luvisol, from Scheyern, Germany) and artificial soils. T-RFLP was performed on
all soils in triplicates (n = 3). (A) natural soil and all artificial soils, and (B) artificial soils. Natural
soil and artificial soils with different compositions are depicted with different colours (purple —
natural soil, yellow — MT, green — IL, blue — MT+CH, and red — IL+FH), different sampling
times with distinct shapes (rhomb — day 0, circle — day 7, triangle — day 21 and square — day

63), and samples treated with litter are depicted with open symbols and untreated with closed
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Even though the WEOC, Cnic, and 16S rRNA gene values were similar in both MT and IL-
containing soils, the T-RFLP showed a clear distinction in bacterial diversity depending on
the type of clay minerals present, i.e., the distinct clusters were formed for MT and IL
containing soils. Therefore, based on the T-RFLP fingerprinting analysis, two artificial soils,

MT and IL, were selected for further metagenomic shotgun analysis.

4.2. The influence of different types of clay minerals on
phylogenetic and functional diversity and major processes
involved in carbon, nitrogen, and phosphorus turnover as

shown by metagenomic shotgun sequencing

The preliminary screening has shown that the development of distinct bacterial communities
is dependent on the type of minerals present, i.e., different bacterial communities were
found in MT and IL. Hence, to understand the impact of different types of clay minerals on
the establishment and development of a distinct MT and IL microbiome, and consequent
functional potential, major processes, and taxa that drive the turnover of most important
macronutrients (C, N, and P), a shotgun metagenomic sequencing of MT and IL soils was

performed.

4.2.1. The properties of MT and IL soils

The artificial soils investigated in this study (MT and IL) were prepared as described by
Pronk et al. (2012) and Vogel et al. (2014) (Chapter 3.2.1.) and incubated for 842 days.
Since Vogel et al. (2014) have detected a decline in the respiration rates soon after the first
manure addition, the additional external nutrient input, in a form of second manure addition,
was added to overcome the nutrient depletion. At end of incubation soil pH, OC, total N,
total P, Pnancos, and inorganic and organic P were measured. In addition, C:N, C:P, N:P,
and C:N:P ratios were calculated.

The properties of artificial soils determined after 842 days of incubation, as well as the

manure, which was added to the artificial soils, are summarised in Table 7.
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Table 7. The properties of artificial soils (MT and IL) after 842 days of incubation. The manure was

added twice. The first addition took place at the beginning of the experiment and the second after 562

days of incubation. The values are shown as mean with a standard deviation of three independent

replicates (n = 3). Asterisks indicate significant differences in soil properties between MT and IL as
shown by the t-test (P < 0.05).

MT IL 1t manure 2" manure
pH 7.2+0.2 7.6+0.3 n.a. n.a.
OC [mg g 13.5+ 0.9 11.6 + 0.7 338.5+6.9 165.4 + 2.7
Niotal [Mg g71] 1.5+0.1 1.3+0.2 30.7+1.6 115+ 0.2
Ptotal [Mg g1] 0.40 £ 0.02 0.38 £ 0.03 105+£0.2 2.8+0.1
Pnancoa[mg g1] 0.15 + 0.01* 0.13 + 0.01* 0.87 + 0.03 0.39 + 0.02
Pi[mg g7] 0.30 £ 0.04* 0.26 + 0.01* 8.5+ 0.1 2.0£0.0
Po[mg g1 0.09 + 0.04 0.12 +0.03 2.0+0.3 0.78 £+ 0.13
C:N ratio 9.3£0.3 9.310.6 11.0+04 14.4+£0.2
C:P ratio 346146 30.8+1.6 32.2+0.5 60.1+24
N:P ratio 3.7+05 3.3+0.3 29+0.0 42+0.2
C:N:P 9.3:3.7:1.0 9.3:33:1.0 32.2:29:1.0 60.0:4.2:1.0

In general, the pH value, OC, total N, and total P concentrations were similar in both soils.
The pH value was slightly lower in MT (7.2 £ 0.2) than in IL (7.6 £ 0.3), whereas the OC and
total N concentrations were higher in MT (OC: 13.5 + 0.9 mg g, total N: 1.5 + 0.1 mg g'})
than in IL (OC: 11.6 £+ 0.7 mg g%, total N: 1.3 + 0.2 mg g?). However, the detected

differences were not significant (Vogel et al., 2014).

The P-pools concentrations differed between MT and IL, where total P, Pnancos, and P; were
higher in MT (total P: 0.40 £ 0.02 mg g, Pnaricos: 0.15 £ 0.01 mg g Pi: 0.30 £ 0.04 mg g
1), and organic P was slightly higher in IL (0.12 £ 0.03 mg g*). Only Pnancos and P;iwere
significantly higher in MT when compared to IL.

Even though main macronutrients (C, N, and P) were added to artificial soils with two
manure additions, C:N:P ratios were very low in both soils. C:N, C:P, and N:P ratios in MT
were 9.3 £ 0.3, 34.6 + 4.6, and 3.7 £ 0.5 respectively. Furthermore, they were comparable
with C:N:P ratios in IL (C:N 9.3+ 0.6, C:P 30.8 £ 1.6, and N:P 3.3 £ 0.3).

4.2.2. Taxonomic and functional differences in MT and IL microbiomes

To assess the impact of different clay minerals on the establishment and the structure of
microbial communities, two model artificial soils, one containing montmorillonite and the

other illite were used for metagenomic shotgun sequencing. The used approach resulted in
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35,583,862 raw sequences with an average length of 300 bp. After data trimming and
removal of contaminant sequences, a total of 35,583,824 high-quality sequences with an
average length of 296 bp was obtained. The details of the sequencing run are shown in
Table 8. To minimize the impact of varied sequencing depth and to compare the alpha
diversity, all samples were randomly subsampled to the common depth that corresponded

to 3,074,662 reads per sample by using the rarefy function from the “GUniFrac” package.

Table 8. The number of reads and average fragment length per replicate before and after quality

trimming and removal of contaminant sequences are shown for both forward and reverse reads.

MT1 MT2 MT3 IL1 IL2 IL3
Raw reads 5,162,677 3,293,551 1,646,829 4,097,160 1,537,332 2,054,382
= 0
(O o] .
, £ & Tmmedreads 5467677 3293550 1,646,829 4,097,159 1,537,332 2,054,382
T 2 o
Z o H
g Filteredreads 5167 669 3,293,544 1,646,829 4,097,159 1,537,331 2,054,382
=
s ®a Raw reads 30059  300.60  300.58  300.60  300.58  300.59
c -9 _.
L o £ Trimmed reads 294.24 298.21 295.75 299.04 299.58 297.08
so
= .
2 @ Filtered reads 20424 20821 29575  299.04  299.58  297.08
Raw reads 5,162,677 3,293,551 1,646,829 4,097,160 1,537,332 2,054,382
= 0
(O =] .
, £ & Timmedreads 567675 3,293,550 1,646,827 4,097,158 1,537,331 2,054,382
T 2 o
c Z O H
¢ Filteredreads 5167 669 3,293543 1,646,827 4,097,158 1,537,331 2,054,382
Q.
(78
g %a Raw reads 300.62 300.62 300.60 300.61 300.57 300.60
a = O .
x ¢ £ Trimmed reads 293.38 297.49 294.75 298.28 298.46 296.12
so
= .
2 @ Filtered reads 203.38  297.49 20475  298.28  298.46  296.12

The artificial soil metagenomes coverage based on the read redundancy was calculated by
the Nonpareil algorithm and it ranged between 0.657 and 0.773.

The richness and diversity of detected bacterial families, for all samples were estimated by
the number of detected phyla and families, Pielou evenness, and standard diversity indices,

including Shannon-Wiener, Simpson, and inverse Simpson index (Table 9).

In the whole genome, the number of detected phyla (MT: 66 + 1; IL: 66 + 2) and families
(MT: 462 + 1; IL: 463 £ 3) were similar. Detected phyla and families were evenly distributed
across both MT (Pielou evenness on phylum: 0.50 + 0.03, and family level: 0.66 + 0.02) and
IL (Pielou evenness on phylum: 0.48 + 0.05, and family level: 0.65 £ 0.05). Although no
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significant differences were observed, the diversity was slightly higher in MT, both on
phylum (Shannon-Wiener index: MT - 2.08 £ 0.13, IL -2.00 £ 0.21; Simpson index: MT -
0.79£0.03, IL - 0.76 = 0.06; inverse Simpson index: MT - 4.77 £0.78, IL - 4.29 £ 1.05) and
family (Shannon-Wiener index: MT - 4.04 £ 0.09, IL - 3.97 £ 0.31; Simpson index: MT - 0.96
+ 0.00, IL - 0.95 + 0.02; inverse Simpson index: MT - 24.03 + 2.06, IL - 22.73 £ 7.70) level

then in IL, with respect to all diversity indices calculated.

The number of detected phyla involved in C (MT: 18 + 2; IL: 18 £ 2) and N (MT: 15 + 2; IL:
15 + 2) turnover were similar, whereas slightly more phyla were involved in P turnover (MT:
23 + 3; IL: 21 £ 2). The number of families involved in C, N, and P turnover was similar in
both soils. In total, the smallest number of families was involved in N turnover (MT: 53 £ 12;
IL: 56 + 16). Furthermore, almost twice as many families were involved in C (MT: 103 + 20;
IL: 95 £ 7) and thrice as many in P (MT: 151 + 26; IL: 148 + 28) than in N turnover.

The phyla diversity was similar in both MT and IL soils for all phyla involved in C, N, and P
turnover (Table 9).
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Table 9. Diversity indices based on the phyla and families found in the montmorillonite and illite. All values are shown as mean with a standard deviation of

three independent replicates (n = 3).

Phylum Family
MT IL P-valuef MT IL P-valuef

Index Microbiome in montmorillonite (MT) and illite (IL)

Richness (S)2 66 £ 0 66 £ 2 1.000 462 £ 1 463+ 3 0.599
Pielou evenness (J)° 0.50 £ 0.03 0.48 £ 0.05 0.606 0.66 £ 0.02 0.65 £ 0.05 0.754
Shannon - Wiener index (H')¢ 2.08+0.13 2.00£0.21 0.610 4.04 + 0.09 3.97 £ 0.31 0.746
Simpson index (A)¢ 0.79£0.03 0.76 £ 0.06 0.498 0.96 + 0.00 0.95 + 0.02 0.616
Inverse Simpson index (1/A)® 4.77+£0.78 4.29 £ 1.05 0.558 24.03 £ 2.06 22.73+7.70 0.802
Index Microbiome involved in C turnover in montmorillonite (MT) and illite (IL)

Richness (S)?2 18+ 2 18+ 2 0.842 103+ 20 957 0.541
Pielou evenness (J)° 0.56 £ 0.04 0.55+0.02 0.963 0.69 £ 0.04 0.70 £ 0.03 0.866
Shannon - Wiener index (H')¢ 1.60+0.10 1.59+0.11 0.892 3.19+0.09 3.16 £ 0.14 0.801
Simpson index (A) 0.69 + 0.02 0.67 + 0.04 0.387 0.92 + 0.01 0.91 + 0.01 0.099
Inverse Simpson index (1/A)¢ 3.29+0.26 3.02 £ 0.40 0.403 12.64 + 1.38 10.77 £ 0.81 0.130
Index Microbiome involved in N turnover in montmorillonite (MT) and illite (IL)

Richness (S)? 15+ 1 15+2 0.538 53+12 56 £ 16 0.812
Pielou evenness (J)° 0.51+0.04 0.57 £ 0.06 0.254 0.57+£0.10 0.67 £ 0.06 0.247
Shannon - Wiener index (H")¢ 1.37+£0.10 1.55+0.21 0.281 2.25+0.30 2.68 £ 0.36 0.188
Simpson index (A) 0.67 + 0.06 0.70 + 0.06 0.480 0.77 £ 0.10 0.87 + 0.04 0.206
Inverse Simpson index (1/A)¢ 3.06 £ 0.52 3.47 £ 0.64 0.437 490+ 1.74 8.85+3.77 0.203
Index Microbiome involved in P turnover in montmorillonite (MT) and illite (IL)

Richness (S)? 23+3 21+2 0.233 151 + 26 148 + 28 0.897
Pielou evenness (J)° 0.69 + 0.03 0.71+0.04 0.644 0.69 + 0.03 0.71 £ 0.04 0.590
Shannon - Wiener index (H')¢ 2.17 £ 0.07 2.14+0.16 0.751 3.45+0.07 3.52+0.27 0.703
Simpson index (A) 0.85 1 0.01 0.83+0.04 0.454 0.94 £ 0.00 0.94 + 0.02 0.993
Inverse Simpson index (1/A)¢ 6.87 + 0.58 6.21+1.71 0.579 16.93 + 1.39 17.63 +4.27 0.809

(S)2represents the number of phyla or families observed in the sample. (J)® was calculated as follows (Hill et al., 2003): J = H'/Hmax where H' is Shannon - Wiener index and Hmax

=1In(S). (H')¢ was calculated as follows (Hill et al., 2003): H' = -Z(pi)(In pi) where pi is a proportion of the ith phylum or family in the total number of observed taxa. (A)? was calculated

as follows (Hill et al., 2003): A = 1 - (Zni(ni - 1))/(N(N - 1)) where ni is the number of entities belonging to the ith taxa observed in the sample and N is the total number of taxa.

(1/M)® was calculated as follows (Hill et al., 2003): 1/A where A is Simpson index. P-value' significant differences between the two metagenomes were ascertained by Welch's t-

test.
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Generally, the diversity of families involved in C and P turnover, was slightly higher than the
family diversity involved in N turnover. Only the diversity of families involved in C turnover
(Shannon-Wiener index: MT - 3.19 + 0.09, IL - 3.16 * 0.14; Simpson index: MT - 0.92 +
0.01, IL - 0.91 £ 0.01; inverse Simpson index: MT - 12.64 + 1.38, IL - 10.77 + 0.81) was
slightly higher in MT than in IL. In contrast, the diversity of families involved in and N
(Shannon-Wiener index: MT - 2.25 + 0.30, IL - 2.68 + 0.36; Simpson index: MT - 0.77 +
0.10, IL - 0.87 = 0.04; inverse Simpson index: MT - 4.90 + 1.74, IL - 8.85 + 3.77) and P
(Shannon-Wiener index: MT - 3.45 + 0.07, IL - 3.52 + 0.27; Simpson index: MT - 0.94 +
0.00, IL - 0.94 + 0.02; inverse Simpson index: MT - 16.93 £ 1.39, IL - 17.63 + 4.27) turnover
was higher in IL than in MT.

In addition, the PCA analysis of all families detected in MT and IL metagenomes, and
families involved in C, N, and P turnover was performed. Clear separation and differences
within the family community structure between MT and IL metagenome, and families
involved in C, N, and P turnover were detected (Figure 14). Also, all MT and IL replicates
showed similar variations. Although clear separation of metagenomes was detected no
significant differences (PERMANOVA, C: P=0.1, N: P=0.1 and P: P =0.2) were observed.

For all families found in MT and IL metagenomes, PC1 explained 51.5% and PC2 23.1% of
the total variance (Figure 11A). On the other hand, smaller percentages accounted for the
total variance of microbiome involved in C (PCAL: 38.4%; PCA2: 21.3%), N (PCAL: 43.5%;
PCA2: 22.0%), and P (PCAL: 44.6%; PCA2: 19.6%) turnover.

Different taxa were responsible for the separation of MT and IL metagenome. Phylum
Microgenomates, and families Microchaetaceae, and Ignavibacteriaceae had the greatest
influence on the total MT and IL metagenome separation (Figure 14A). Interestingly,
Microgenomates, the phylum with the greatest influence on the metagenome separation

was the only low abundant taxa (< 2 %).

Different families, with exception of Bacillaceae, had the greatest influence on the
separation of the microbiome involved in a major nutrient turnover. In detail, Bacillaceae,
Rhodothermaceae, and Microchaetaceae had the greatest influence on the separation of
microbiome involved in C turnover (Figure 14B), Bacillaceae, Chitinophagaceae, and
Flavobacteriaceae on N turnover (Figure 14C), and Melioribacteraceae, Microchaetaceae,
and Bacillaceae on P turnover (Figure 14D). Unlike the taxa responsible for the separation
of total MT and IL metagenome, only the highly abundant families influenced the separation

of microbiome involved in a major nutrient turnover.
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Figure 14. Principal component analysis (PCA) of montmorillonite (MT, n = 3) and illite (IL, n = 3)

soil metagenomes (A) and microbiota harbouring genes involved in C (B), N (C), and P turnover

(D). (A-D) the first two components based on relative, Hellinger transformed abundance on the

family level are shown. Arrows represent families that have the largest influence on metagenome

separation. No significant changes between the MT and IL were detected.
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4.2.3. Phylogenetic annotation of MT and IL metagenomes

To determine the microbial community structure in MT and IL and to analyse the response
of microbial communities to different mineralogy, a shotgun sequencing approach was
used. Phylogenetic annotation of the metagenomes was performed by comparing
sequences with the NCBI non-redundant (nr) protein sequence database.

In total, 55.84% of all reads were annotated by using the NCBI-nr sequence database.
Bacterial reads comprised 93.72%, eukaryotic 4.21%, and archaeal 2.07% of all annotated
reads. A total of 68 phyla and 477 families was detected. Only 5 phyla and 7 families showed
a relative abundance >1.0%. The majority of phyla (54 phyla; 98.2% of all annotated reads)
and families (346 families; 97.4% of all annotated reads) were found in both metagenomes.

Both metagenomes were dominated by Bacteroidetes (29.17%), followed by Proteobacteria
(10.56%), Firmicutes (8.30%), and Cyanobacteria (5.58%). At the family level
Microchaetaceae  (4.50%), Bacillaceae (3.51%), Cytophagaceae  (2.95%),
Flavobacteriaceae (2.57%), Flammeovirgaceae (2.48%), Ignavibacteriaceae (1.96%), and
Chitinophagaceae (1.81%) were the most abundant (Figure 15). Besides previously
mentioned families, an additional 339 families were found in both soils but in lower

abundances.

Firmicutes, Ignavibacteriae, Chlorobi, and Planctomycetes were prevalent in MT, whilst
Bacteroidetes, Proteobacteria, Cyanobacteria, and Microgenomates in IL. The same
abundance trend dependent on the mineral composition was observed also on the family
level, with Bacillaceae, Paenibacillaceae, Ignavibacteriaceae, and Chlorobiaceae

dominating in MT, and Microchaetaceae, Cytophagaceae, and Flammeovirgaceae in IL.

To detect significant differences between the prokaryotic communities in MT and IL the
abundance of all annotated phyla and families was compared. To be more stringent, only
taxa with an abundance of at least 0.005 % in one of the samples related to the total number
of assigned sequences were included. On the phylum level, 8 and the family 54 taxa differed
significantly in the number of assigned reads. Ignavibacteriae and Chlorobi were
significantly higher in montmorillonite (Bonferroni adjusted unpaired t-test, P = 0.020 and P
= 0.049, respectively). The families belonging to the previously mentioned phyla were
significantly more abundant in MT with Ignavibacteriaceae, Bacillaceae, and
Paenibacillaceae showing a significant difference (Bonferroni adjusted unpaired t-test; P =
0.010, P = 0.045, and P = 0.003, respectively), whilst no bacterial family was significantly

more abundant in IL.
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Figure 15. Relative abundance of prokaryotic families in artificial soils containing MT and IL. Sequences
were aligned against the NCBI-nr database and annotated with MEGANS. Relative abundance was
calculated based on the number of all assigned reads. The mean relative abundance with standard
deviations (n = 3) of the twenty most abundant taxa is shown. Asterisks indicate significant differences in

prokaryatic families between two metagenomes (P < 0.05).

Even though the number of phyla and families involved in C turnover was threefold lower
than the number of phyla and families found in MT and IL metagenome, the microbiota
involved in C turnover showed a similar abundance trend. A total of 23 phyla and 161
families involved in C turnover was detected in MT and IL containing soils. Of that, 10 phyla
and 16 families had a relative abundance above 1.0%. 20 phyla (87.0%) and 113 families

(70.2%) were common among microbiota involved in C turnover.
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Bacteroidetes (50.48%), Firmicutes (21.14%), Proteobacteria (9.04%), and Cyanobacteria
(6.38%) were the most abundant phyla, and Cytophagaceae (19.44%), Bacillaceae
(13.67%), Flammeovirgaceae (7.00%), Rhodothermaceae (6.91%), Flavobacteriaceae
(6.46%), and Microchaetaceae (6.35%) were the most abundant families involved in C
turnover (Figure 16). Besides those families, an additional 155 families were found in both

soils with abundances lower than 5%.

Firmicutes, Cyanobacteria, Actinobacteria, and Ignavibacteriae were prevalent in MT, and
Bacteroidetes, Chloroflexi, Verrucomicrobia, and Chlorobi in IL. At the same time,
Proteobacteria were equally abundant in both MT and IL. On the family level, Bacillaceae,
Flammeovirgaceae, Rhodothermaceae, and Microchaetaceae were dominant in MT, and
Cytophagaceae, Flavobacteriaceae, Alteromonadaceae, and Cyclobacteriaceae in IL.

The abundance of 2 phyla and 4 families differed significantly between MT and IL.
Firmicutes and Euryarchaeota were significantly higher in MT (Bonferroni adjusted unpaired
t-test, P = 0.011, and P = 0.014, respectively). Bacillaceae (Bonferroni adjusted unpaired t-
test, P = 0.020), and Planococcaceae (Bonferroni adjusted unpaired t-test, P = 0.023) were
significantly higher in MT, and Paenibacillaceae (Bonferroni adjusted unpaired t-test, P =

0.008) and Halobacteriaceae (Bonferroni adjusted unpaired t-test, P = 0.014) in IL.
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Figure 16. Relative abundance of prokaryotic families involved in C turnover in artificial soils containing
MT and IL. Sequences were aligned against the NCBI-nr database and annotated with MEGANS.
Relative abundance was calculated based on the number of all assigned reads. The mean relative
abundance with standard deviations (n = 3) of the twenty most abundant taxa is shown. Asterisks indicate

significant differences in prokaryotic families involved in C turnover in artificial soils (P < 0.05).

The number of phyla and families involved in N turnover was somewhat lower than the
number of phyla and families involved in C turnover. A total of 20 phyla and 112 families
involved in N turnover was detected in MT and IL containing soils. Of that, 7 phyla and 13
families had a relative abundance above 1.0%. 15 phyla (75.0%) and only 61 families

(54.5%) involved in N turnover were common, i.e., found in both MT and IL.

Among microbiota involved in N turnover, Firmicutes (31.45%), Bacteroidetes (25.06%),
Cyanobacteria (15.83%), Proteobacteria (14.16%), Thaumarchaeota (5.29%), and
Ighavibacteriae (2.63%) were the most abundant phyla, and Chitinophagaceae (9.34%),
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Cytophagaceae (8.49%), Flavobacteriaceae (3.10%), Flammeovirgaceae (1.69%),
Cyclobacteriacea (1.11%), and Polyangiaceae (1.02%) the most abundant families involved
in N turnover (Figure 17). In addition, 13 phyla with an abundance of less than 2% and 59

families with an abundance of less than 1% were involved in N turnover.

Firmicutes, Proteobacteria, Thaumarchaeota, and Ignavibacteriae were prevalent in MT,
Cyanobacteria, Fusobacteria, Nitrospirae, and Euryarchaeota in IL, whereas the
abundance of Bacteroidetes was comparable in both MT and IL. On the family level,
amongst the most abundant families, Bacillaceae, Chitinophagaceae, Nitrososphaeraceae,
Ectothiorhodospiraceae, and Clostridiaceae were more abundant in MT, and
Microchaetaceae, Cytophagaceae, Flavobacteriaceae in IL.

Even though the differences on the phylum level were detected, none of them were
significant, whereas, on the family level, significant differences between MT and IL were
detected only amongst low abundant families such as Bradyrhizobiaceae (Bonferroni
adjusted unpaired t-test, P = 0.044), Alcaligenaceae (Bonferroni adjusted unpaired t-test, P
= 0.041), Lentisphaeraceae (Bonferroni adjusted unpaired t-test, P = 0.020), and

Gemmatimonadaceae (Bonferroni adjusted unpaired t-test, P = 0.038).
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Figure 17. Relative abundance of prokaryotic families involved in N turnover in artificial soils containing
MT and IL. Sequences were aligned against the NCBI-nr database and annotated with MEGANS.
Relative abundance was calculated based on the number of all assigned reads. The mean relative
abundance with standard deviations (n = 3) of the twenty most abundant taxa is shown.

A total of 27 phyla and 249 families involved in P turnover was detected in MT and IL soils.
Of that, 17 phyla and 232 families had a relative abundance above 1.0%. 24 phyla (88.9%)

and 172 families (69.1%) were common among microbiota involved in P turnover.

Bacteroidetes (25.23%), Firmicutes (16.49%), (12.15%), and

Cyanobacteria (9.44%) were the most abundant phyla, and Bacillaceae (11.18%),

Ignavibacteriae

Microchaetaceae (8.89%), Melioribacteraceae (8.51%), Nitrososphaeraceae (7.50%),
Leptospiraceae (7.07%), and Cytophagaceae (6.17%) were the most abundant families

involved in P turnover (Figure 18). Additionally, 6 phyla with abundance above 1%, 17 phyla
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with abundance below 1%, and 243 families with abundance lower than 5% were involved

in P turnover.

Ignavibacteriae, Firmicutes, Planctomycetes, and Spirochetes were prevalent in MT, and,
Bacteroidetes, Chloroflexi, Cyanobacteria, and Thaumarchaeota in IL. On the family level,
Ignavibacteriaceae, Melioribacteraceae, Bacillaceae, and Leptospiraceae were more
abundant in MT, and Cytophagaceae, Flammeovirgaceae, Flavobacteriaceae,

Microchaetaceae, and Nitrososphaeraceae in IL.

Only the abundance of 3 phyla involved in P turnover differed significantly between MT and
IL. Firmicutes (Bonferroni adjusted unpaired t-test, P = 0.021), Ignavibacteriae (Bonferroni
adjusted unpaired t-test, P = 0.009), and Spirochetes (Bonferroni adjusted unpaired t-test,
P = 0.013) were significantly higher in MT. Furthermore, the relative abundance of
Melioribacteraceae (Bonferroni adjusted unpaired t-test, P = 0.011) and Paenibacillaceae
(Bonferroni adjusted unpaired t-test, P = 0.030) was significantly higher in MT than in IL.
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Figure 18. Relative abundance of prokaryotic families involved in P turnover in artificial soils containing
MT and IL. Sequences were aligned against the NCBI-nr database and annotated with MEGANS.
Relative abundance was calculated based on the number of all assigned reads. The mean relative
abundance with standard deviations (n = 3) of the twenty most abundant taxa is shown. Asterisks

indicate significant differences in prokaryotic families involved in P turnover in artificial soils (P < 0.05).

4.2.4. Functional analysis of artificial soil

The functional annotation of reads from soils containing montmorillonite and illite was
performed by aligning the subsampled dataset against the KEGG database (Kanehisa and
Goto, 2000) and visualizing the results with MEGANS (Huson et al., 2011). In total 843,312

sequences were assigned.

A rarefaction analysis based on KO identifiers revealed the similar functional richness of

both metagenomes (Figure 19).
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Figure 19. Rarefaction curves based on KO-Ids identified in montmorillonite and illite-
containing artificial soils. Depicted is the number of observed KO ID of subsampled KEGG
hits where the amount of KEGG hits was randomly chosen from the metagenome for each
replicate.

The analysis of level 2 revealed that 68.08% of reads could be assigned. From assigned
reads, the majority of the reads belonged to the global metabolism (35.66%), genetic
(12.69%), and environmental information processes (6.73%) where only nucleotide
metabolism was significantly higher in MT (Bonferroni adjusted unpaired t-test, P < 0.01)
(Figure 20). Further analysis was focused on the genes involved in global metabolism. Most
of the metabolic pathways were present in both artificial soils. The functional Shannon
diversity index calculated for the detected genes involved in the global metabolism was
higher for illite throughout all KEGG levels. However, a significant difference was observed
only on level 5 (6.652 + 0.050 and 6.537 + 0.033 in montmorillonite and illite, respectively;
P =0.036).
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Figure 20. Metabolic and functional diversity in artificial soils containing montmorillonite (MT) and illite
(IL). Sequences were aligned against the KEGG database and annotated with MEGANS. Relative
abundance was calculated based on the number of all assigned KEGG reads. The mean relative
abundance with standard deviations (n = 3) is shown. Asterisks indicate significant differences in
metabolic and functional diversity in artificial soils (P < 0.05).

Although none of the metabolic pathways and genes was unique for a certain mineral
composition the analysis of KEGG level 5 revealed several significant differences that
indicated that microbial communities inhabiting both artificial soils were well adapted to the
degradation of easily available carbon substrates through different pathways. The relative
abundance of genes related to the glycolysis and pentose-phosphate pathway was
significantly higher in montmorillonite, and that involved in fructose, mannose, galactose,
starch, and sucrose metabolism in illite. Furthermore, genes involved in the carbon fixation,
fatty acid, glycerolipid, and amino acid (e.g., glycine, serine, threonine, etc.) metabolism,
were significantly more abundant in montmorillonite. In contrast, energy metabolism in illite
is maintained, in addition to the already mentioned pathways, through methane and other
amino acids (e.g., alanine, aspartate, glutamate) metabolism. Genes involved in nutrient
cycles that are normally energy consuming (e.g., N cycle) were detected in very low
abundance.

Further analysis focused on the genes involved in microbial carbon, nitrogen, and

phosphorus turnover.
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4.2.5. Gene abundance and microbial groups harbouring genes involved in

the carbon turnover

To assess the potential and identify major processes involved in carbon turnover in early
phases of soil development with different types of clay minerals genes involved in C
degradation, C fixation, and methane metabolism were investigated. In total, 13,149 reads
were assigned to the genes predicted to encode enzymes involved in the C cycle. Of 37
investigated genes, 22 genes were detected in both MT and IL (Figure 21). The majority of
reads were assigned to the genes involved in the C degradation (12,404), followed by the
C fixation (733), whereas methane metabolism (2) can be considered undetectable.

Amongst all detected genes, only amyA encoding alpha-amylase was significantly higher in
IL (Bonferroni adjusted unpaired t-test, P=0.03). In addition, nagZ/hexA-B/hex genes
encoding exochitinase, nplT encoding neopullulanase, and polygalacturonase were more
abundant in MT. All other detected genes were more abundant in IL and encoded enzymes
involved in cellulose, hemicellulose, chitin, and starch degradation, i.e. endoglucanase
(celB) and cellobiohydrolase (CBH1); arabinofuranosidases (abfA); endochitinase
(chiA/CHIT1); and glucoamylase (SGAL1). However, none of those differences in abundance
were significant. Lastly, genes associated with C fixation (aclA/aclB, coxL/coxM/coxS, cooS,

rbcL/rbcS) were found in nearly the same relative abundance in both MT and IL.
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Figure 21. Relative abundance of enzymes involved in carbon turnover in artificial soils containing MT
and IL. Obtained sequences were aligned against the KEGG database and annotated with MEGANS.
Relative abundance was calculated based on the number of reads assigned to the C cycle. The mean
relative abundance with standard deviations (n = 3) of predicted genes involved in (A) cellulose, (B)
hemicellulose, (C) chitin, (D) starch, and (E) pectin metabolism, and (F) C fixation is shown. Asterisks
indicate significantly different (P < 0.05) annotated reads in the artificial soils containing MT and IL.

To identify a possible correlation between the abundance of genes involved in C cycling,

and pH and C:N:P stoichiometry in MT and IL, a Spearman correlation analysis was
performed.

In MT and IL the abundance of genes involved in the C cycle was correlated to both pH,

and the C:N:P stoichiometry, including OC, total N, and P, Pnancos, Pi, Po, and all C:N:P
ratios (Figure 22).
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pH showed mostly negative relationships in MT, and mostly positive in IL with genes
involved in the C cycle. In MT, pH was positively correlated only with predicted genes
involved in hemicellulose (abfA, gmuG), chitin degradation (chiA/CHIT1, nagZ/hexA-B,
hex), starch (nplT), and C fixation (coxL/coxM/coxS), and negatively with genes involved in
cellulose (bglX/bglB, celB, CBH1), starch (amyA, SGALl), and pectin degradation
(polygalacturonase), and genes encoding RUBISCO (rbcL/rbcS). Contrary, in IL all genes
involved in cellulose degradation (bglX/bglB, celB, CBH1), and C fixation (aclA/aclB,
coxL/coxM/ coxS, rbcL/rbcS) were positively correlated to the pH. Furthermore, some genes
involved in hemicellulose (gmuG), chitin (chiA/CHIT1), and starch (amyA, nplT) degradation
were also positively correlated to the pH. Other genes were negatively correlated with pH
in L.

In MT the impact of total C, N, and P contents was similar to the impact of C:N:P ratios on
the abundance of genes involved in the C cycle, and they showed a mostly positive
relationship, whereas in IL the impact of total C, N, and P contents was stronger than the
impact of C:N:P ratios, and mostly negative. In MT soil C:N ratio showed a negative
relationship with cellulose, starch, and pectin degradation, and with the abundance of genes
encoding RUBISCO, whereas C:P and N:P ratios showed the opposite trend. In IL, on the
other hand, the C:N ratio positively influenced the abundance of all genes involved in
cellulose degradation, and C fixation, and some genes involved in hemicellulose (gmuG),
and starch degradation (chiA/CHIT1). C:P, and N:P showed mostly opposite trend with
exception of bglx/bgIB, abfA, amyA, SGAL, nplT, and coxL/ coxM/coxS. Both in MT and IL,
pH, total C, N, and P contents, and their ratios showed significant relationships with the

abundance of genes involved in the C cycle (P < 0.05) with few exceptions.
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Figure 22. Correlation between the abundance of genes involved in cellulose (bglX/bglB, celB, CBH1),
hemicellulose (abfA, gmuG), chitin (chiA/CHIT1, nagZ/hexA-B/hex), starch (amyA, SGAL, nplT), and
pectin (polygalacturonase) degradation, and carbon fixation (aclA/aclB, coxL/coxM/coxS, cooS,
rbcL/rbeS), and soil pH, and C:N:P stoichiometry in artificial soils containing (A) MT and (B) IL. Blue colours
represent the positive, and red negative correlation. Darker colour and larger circle diameter indicate a
stronger correlation. White squares indicate the absence of correlation. Grey squares indicate significant

correlation (P < 0.05).
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In order to identify key microbial drivers of carbon turnover in artificial soils (MT and IL), the
22 detected genes associated with the C cycle were extracted from the KEGG annotated
dataset. Those reads were then taxonomically annotated with the DIAMOND and NCBI-nr
protein sequence database. The most abundant families involved in C cyle, in both sails,
belonged to the most abundant families in general, such as Cytophagaceae (19.45%),
Bacillaceae (13.67%), Flammeovirgaceae (7.01%), Rhodothermaceae (6.91%),
Flavobacteriaceae (6.47%), and Microchaetaceae (6.35%) (Figure 16, Figure 23).
Microbiota from both artificial soils had a potential for the degradation of recalcitrant carbon
sources such as hemicellulose, cellulose, and chitin, and a labile carbon source such as
starch. The potential for pectin degradation and methane metabolism was detected only in
MT-containing soil. Several families, including Cytophagaceae, Bacillaceae,
Flammeovirgaceae, Paenibacillaceae, and Streptomycetaceae, could potentially cover
almost all processes, with exception of pectin degradation and methane metabolism.

In detail, in MT the cellulose degradation was driven by Bacillaceae, Cytophagaceae,
Microchaetaceae, Flavobacteriaceae, and Alteromonadaceae; hemicellulose degradation
by Bacillaceae, Trueperaceae, Paenibacillaceae, Alteromonadaceae, and Opitutaceae;
chitin degradation by Rhodothermaceae, Cytophagaceae, Flammeovirgaceae, and
Bacillaceae; starch degradation by Cytophagaceae, Bacillaceae, and Cyclobacteriaceae;

and pectin degradation by Acidobacteriaceae and Burkholderiaceae.

Similar families were involved in the C cycle in IL. For example, Cytophagaceae,
Bacillaceae, Marinilabiliaceae, Alteromonadaceae, and Microchaetaceae showed the
cellulose degradation potential; Flavobacteriaceae, Alteromonadaceae, Trueperaceae,
Flammeovirgaceae, and Paenibacillaceae hemicellulose degradation potential;
Cytophagaceae chitin degradation potential; and Cytophagaceae and Cyclobacteriaceae

starch degradation potential.

The potential for C fixation was detected in similar families in both MT and IL. Bacillaceae
and Anaerolineaceae harboured predicted genes that encode RUBISCO.
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Figure 23. Relative abundance of prokaryotic families involved in the carbon cycle in the artificial

soils containing MT and IL. Obtained sequences were assigned on the functional level by aligning

against KEGG, and on the taxonomic level against the NCBI-nr database. Relative abundances

were calculated based on the number of reads assigned to the C cycle. The colour intensity in the

heatmap represents the relative abundance of families associated with a C cycle in montmorillonite

and illite. Twenty most abundant families are depicted.

78



Results

Predicted genes involved in the C cycle were found in 160 different families. Most of the
families predicted to be involved in C turnover were common for both MT and IL (Figures
24 and 25).

Amongst the 50 most abundant families, 43 families were involved in cellulose degradation,
30 in hemicellulose degradation, 37 in chitin degradation, and 22 in starch degradation in
both MT and IL. In addition, 18 families predicted to be involved in carbon fixation were

shared between MT and IL.

In general, the relative abundance of unique families was very low, and similar diversity of
unique families was found in both MT and IL. Unique families were involved in the same
processes of C turnover as the shared families, namely recalcitrant and more easily
degradable C compounds, and C fixation.

Unique families potentially involved in cellulose degradation in MT belonged to the families
Saprospiraceae, Amoebophilaceae, Gemmatimonadaceae, and Vibrionaceae, whilst none
were found in IL. Unique families predicted to be involved in hemicellulose degradation
included Micromonosporaceae, Thermoanaerobacteraceae, Melioribacteraceae, and
Vibrionaceae in MT, and Pseudonocardiaceae, Rhodothermaceae, Rikenellaceae,
Lachnospiraceae, and Phyllobacteriaceae in IL. Finally, Amoebophilaceae,
Anaerolineaceae, Planctomycetaceae, Burkholderiaceae, and Desulfovibrionaceae in MT,
and Caldilineaceae, Roseiflexaceae, Bradyrhizobiaceae, Xanthomonadaceae, and
Thermotogaceae in IL were unique families predicted to be involved in chitin degradation
(Figure 24).
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Figure 24. Distribution of shared and unique families involved in the C cycle in the artificial soils

containing montmorillonite (MT) and (IL). The reads were functionally assigned with KEGG and

taxonomically with the NCBI-nr database. Shown are the mean values of the most abundant families

involved in cellulose, hemicellulose, and chitin degradation. Relative abundances were based on the

number of all reads assigned to the C cycle.

Unique families predicted to be involved in the degradation of more easily degradable C

compounds, such as starch included Pseudonocardiaceae, Chitinophagaceae,
Burkholderiaceae, and Xanthomonadaceae in MT, and Acidobacteriaceae,
Bacteroidaceae, Ruminococcaceae, and Vibrionaceae in IL. Predicted families

(Acidobacteriaceae and Burkholderiaceae) involved in pectin degradation were only
detected in MT. In MT unique families predicted to be involved in C fixation included only
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Roseiflexaceae, and in IL Chitinophagaceae, Cyclobacteriaceae, Ktedonobacteraceae,

Ruminococcaceae, and Pseudomonadaceae. Only one family, which belonged to low

abundant taxa, Mycobacteriaceae, predicted to be involved in methane metabolism was

found in MT (Figure 25).
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Figure 25. Distribution of shared and unique families involved in the C cycle in the artificial soils

containing montmorillonite (MT) and (IL). The reads were functionally assigned with KEGG and

taxonomically with the NCBI-nr database. Shown are the mean values of the most abundant

families involved in starch, and pectin degradation, and C fixation. Relative abundances were

based on the number of all reads assigned to the C cycle.

81



Results

Although families predicted to be involved in C turnover were very diverse only 9 families
predicted to be involved in C turnover were significantly different, with Cytophagaceae (P =
0.044), Sphingobacteriaceae (P = 0.028), Bacillaceae (P = 0.045), and Paenibacillaceae (P

= 0.006) belonging to the twenty most abundant families.

4.2.6. Gene abundance and microbial groups harbouring genes involved in

the nitrogen cycle

To assess the potential and identify major processes involved in the nitrogen cycle in early
phases of soil development with different types of clay minerals genes involved in N
mineralization (depolymerisation/ammonification), immobilization, denitrification,
dissimilatory (DNRA), and assimilatory (ANRA) nitrate reduction, nitrification, N fixation,
and nitrite and nitrate uptake were investigated. In total, 27,168 reads were assigned to the
genes predicted to encode enzymes involved in the N cycle. Of 82 investigated genes, 49
genes were detected in both MT and IL (Figure 26). Most of the reads were assigned to the
genes involved in the N mineralization (10,666), followed by the N immobilization (9,506),
denitrification (4,649), DNRA (1,686), ANRA (763), and nitrate/nitrite uptake (450), whereas

the abundance of genes involved in nitrification (33) was very low.

The relative abundance of all predicted genes involved in N transformations are shown in
the Figure 26.
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Figure 26. Relative abundance of predicted prokaryotic genes encoding enzymes
involved in the nitrogen cycle in artificial soils containing MT and IL. Obtained
sequences were aligned against the KEGG database and annotated with MEGANS.
Relative abundance was calculated based on the number of all assigned KEGG reads.
Values are shown as the mean with standard deviation (n = 3). Asterisks indicate
significant differences (P<0.05) in the number of annotated reads between the MT and
IL soils.
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In general, all N transformations, with exception of nitrification, were more pronounced in
MT than in IL. For example, the abundance of all genes encoding proteolytic (pepA, pepN,
pepD, pip, clpP, clpX, aguB, hmgL, hutH, CTH, sdaA/sdaB, dsdA, tdcB,) and ureolytic
enzymes (urea, ureB, and ureC) were always higher in MT, and only predicted genes
encoding mineralization of alternative organic N sources, such as chitin (chiA, CHIT1) and
nitrile were dominant in IL. Furthermore, the abundance of predicted genes encoding
enzymes involved in denitrification (nitrate reductase - narH; periplasmatic nitrate reductase
- napA/napB; nitrite reductase — nirK/nirS; and nitrous-oxide reductase - nosZ), DNRA
nitrate reduction (nitrite reductase - nirB/nirD; cytochrome c-522 - nfrA), ANRA nitrate
reduction (ferredoxin-nitrite reductase — nirA; nitrate reductase - nasA/nasB), and
nitrite/nitrate uptake (nitrate/nitrite transporter - nrtP) was always higher in MT. However,
none of these predicted genes differed significantly at the significance level of 5%. Contrary,
the abundance of predicted genes encoding enzymes involved in denitrification (nitrate
reductase - narl), nitrification (ammonia monooxygenase - amoC; hydroxylamine oxidase -
hao), and nitrite/nitrate uptake (nitrate transporter — nrtA/nrtC) was significantly higher in IL
containing soil (Bonferroni adjusted t-test, P=0.04, P=0.01, and P=0.03, respectively).
Finally, N assimilation was dominant in MT, where all predicted genes encoding enzymes
involved in glutamate synthesis, glutamate synthetase (gInA), glutamate synthase (gltS,
gltD, gltB), and glutamate dehydrogenase (gudB/rocG, gdhA/GLUD1, gdhA/GLUD2) were

more abundant in MT than in IL.

To identify a possible correlation between the abundance of genes involved in N cycling,
and pH and C:N:P stoichiometry in MT and IL, a Spearman correlation analysis was

performed.

In MT and IL the abundance of genes involved in the N cycle was correlated to both pH,
and the C:N:P stoichiometry, including total OC, N, and P, Pna+cos, Pi, Po, and all C:N:P
ratios. In general, the impact of pH and C:N:P stoichiometry on gene abundance was
stronger in MT than in IL. In MT, pH showed negative relationships with all genes involved
in the N cycle in MT, and mostly positive in IL. Only with few genes involved in the N cycle
showed a negative relationship with pH (nirK/nirS, norB/norC, nasA/nasB) in IL. C:N:P
stoichiometry showed opposite relationships in MT and IL. C:N showed the same trend as
pH in both soils, with a strong negative relationship with all genes involved in the N cycle in
MT, and a mostly positive relationship with few exceptions (chiA, nirK/nirS, norB/norC,
nasA/nasB) in IL. C:P and N:P were positively related to all genes involved in the N cycle in
MT. In IL, C:N and N:P showed the same effect on N cycling genes, where negative
relationships were predominant. C:N and N:P were positively correlated only with pepA,

pepN, pip, pepD, clpP, clpX, nirK/nirS, nosZ, nirB/nirD, nirA, and nrt in IL.
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Both in MT and IL, pH, total C, N, and P contents, and their ratios showed significant

relationships with the abundance of genes involved in the N cycle (P < 0.05) with few
exceptions (Figure 27).
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Figure 27. Correlation between the abundance of genes involved in depolymerisation/ammonification
(ureCl/ureBlurea, chiA, pepA, pepN, pip, pepD, clpP, clpX, aguB, hmgL, hutH, CTH, sdaA/sdaB, dsdA,
tdeB, echA, cynS, nitrilase, formamidase), N assimilation (gInA, gltS/gitb/gitB, gudB, gdhA), denitrification
(narG/narH/narl, narA/narB, nirk/inirS, norB/norC, nosz), dissimilatory nitrate reduction (nirB/nirD,
nrfA/nrfH), assimilatory nitrate reduction (nirA, narB, nasA/nasB), nitrification (amoB/amoC, hao), and
nitrite and nitrate uptake (nrt, nrtA/ntB/nrtC/nrtD), and soil pH, and C:N:P stoichiometry in artificial soil
containing (A) MT and (B) IL. Blue colours represent the positive, and red negative correlation. Darker
colour and larger circle diameter indicate a stronger correlation. White squares indicate the absence of

correlation. Grey squares indicate significant correlation (P < 0.05).

To identify key microbial drivers of N turnover in MT and IL, the 82 detected genes

associated with the N turnover were extracted from the KEGG annotated dataset and

taxonomically annotated with DIAMOND and NCBI-nr protein sequence database.
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Results

The most abundant families involved in N turnover, in MT and IL, belonged to the most
abundant families, including Bacillaceae (35.78%), Ectothiorhodospiraceae (16.86%),
Chitinophagaceae (9.40%), Flavobacteriaceae (5.16%), Pseudomonadaceae (4.68%),
Cytophagaceae (2.69%), Nitrososphaeraceae (2.66%), and Caulobacteraceae (2.25%).
Additional 5 families involved in N turnover with relative abundance > 1% were detected
(Figure 17, Figure 28). Microbiota in both artificial soils had a potential for denitrification,
DNRA, ANRA, nitrification, and nitrate/nitrite uptake.

Unlike the microbiota that drove C turnover, in MT and IL the N turnover was driven by very
similar families. The denitrification was driven by Bacillaceae, Ectothiorhodospiraceae,
Chitinophagaceae, Flavobacteriaceae, and Pseudomonadaceae in MT and IL. In MT the
DNRA was driven by Bacillaceae, Flavobacteriaceae, Pseudomonadaceae,
Nitrososphaeraceae, and Planctomycetaceae, and in IL by Bacillaceae, Flavobacteriaceae,
Pseudomonadaceae, Cytophagaceae, and Planctomycetaceae. ANRA was driven by
Bacillaceae, Flavobacteriaceae, Nitrososphaeraceae, and Planctomycetaceae in MT and
IL. Additional taxa that drove ANRA in MT, belonged to the family Cytophagaceae, and in
IL to Cyclobacteriaceae. Only three families, Flavobacteriaceae, Nitrososphaeraceae, and
Nitrosomonadaceae drove nitrification in MT and |IL. Finally, Bacillaceae,
Pseudomonadaceae, Cytophagaceae, Paenibacillaceae, and Flammeovirgaceae drove
nitrate/nitrite uptake in MT, and Bacillaceae, Ectothiorhodospiraceae, Pseudomonadaceae,

Cytophagaceae, and Flammeovirgaceae drove nitrate/nitrite uptake in IL.

Flavobacteriaceae, Paenibacillaceae, and Flammeovirgaceae could potentially cover all

processes involved in N turnover.
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Figure 28. Relative abundance of prokaryotic families involved in the nitrogen cycle in the artificial soils containing MT and IL. Obtained sequences were

assigned on the functional level by aligning against the KEGG database, and on the taxonomic level against the NCBI-nr database. Relative abundances were

calculated based on the number of reads assigned to the N cycle. The colour intensity in the heatmap represents the relative abundance of families associated

with the N cycle in montmorillonite and illite. Twenty most abundant families are depicted.
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Results

Predicted genes involved in the N turnover were found in 73 different families. Most of the

families predicted to be involved in N turnover were found in both MT and IL (Figure 29).

Amongst the 50 most abundant families, 41 families were involved in
depolymerisation/ammonification, 27 in N assimilation, 20 in denitrification, 16 in DNRA, 4
in ANRA, 2 in nitrification, and 3 in nitrate/nitrite uptake in both MT and IL. In MT and IL, all
N transformations were driven mostly by Bacillaceae, Cytophagaceae, Microchaetaceae,

and Nitrosomonadaceae.

As the abundance of unique families involved in C and P turnover, the relative abundance
of unique families involved in N turnover was very low. The unique families involved in N
turnover were only found in MT (number of unique families involved in mineralization: 1; N
assimilation: 3; denitrification: 1; ANRA: 1), and none in IL. Amongst the 50 most abundant
families, nitrification, DNRA, and N uptake were driven only by shared families.

Unique families potentially involved in N mineralization in MT belonged to the families
Alcaligenaceae, Amoebophilaceae, Anaerolineaceae, Planctomycetaceae,
Burkholderiaceae, and Desulfovibrionaceae, and in IL to families Caldilineaceae,
Roseiflexaceae, Bradyrhizobiaceae, Xanthomonadaceae, and Thermotogaceae.
Furthermore, Caulobacteraceae, Alcaligenaceae, and Moraxellaceae were the unique
families that drove N assimilation, and Cytophagaceae ANRA in MT, whereas only

denitrification was driven by a rare family Gemmatimonadaceae. (Figure 29).
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Figure 29. Distribution of shared and unique families involved in the N cycle in the artificial

soils containing montmorillonite (MT) and (IL). The reads were functionally assigned using

KEGG and taxonomically with the NCBI-nr database. Shown are the mean values of the most

abundant families involved in N mineralization, N assimilation, denitrification, DNRA, ANRA,

nitrification, and N uptake. Relative abundances were based on the number of all reads

assigned to the N cycle.
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Results

4.2.7. Gene abundance and microbial groups harbouring genes involved in

phosphorus transformation

In order to identify major processes that take place in the early phases of soil development
genes that code for enzymes involved in solubilization, mineralization, and phosphorus
transport and uptake were investigated. A total of 92,430 reads of all functionally annotated
reads was related to the phosphorus turnover. The majority of reads were assigned to the
genes involved in phosphorus transport and uptake (33,720), followed by mineralization
(26,461), regulation systems (18,774), and solubilization (13,525) (Figure 30).

In total, 29 genes from 42 investigated were detected in both MT and IL. Among all predicted
genes, only three were significantly more abundant in MT, phnX (encodes
phosphonoacetaldehyde hydrolase), phnK (C-P lyase subunit), and pstC (phosphate-
specific transport system subunit). Interestingly, different genes involved in P transport and
mineralization were more abundant in MT when compared to IL. However, none of those
predicted genes differed significantly at the significance level of 5 %. The more abundant
genes involved in P transport and mineralization in MT included other subunits of the
phosphate-specific transport system (pstSCAB), inorganic pyrophosphatase (ppa), and
exopolyphosphatase (ppx). In contrast, genes encoding the glycerol-3-phosphatase
transport system (ugpBAEC), alkaline phosphatases (phoA, phoD), glycerophosphoryl
diester phosphodiesterase (ugpQ), and quinoprotein glucose dehydrogenase (gcd) were
more abundant in IL, although these differences were also not significant. Lastly, genes
associated with P regulation (phoR, phoB) showed almost the same relative abundances in

both soils.
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Figure 30. Relative abundance of predicted prokaryotic genes encoding enzymes involved in phosphorus turnover in artificial soils containing MT and IL.
Obtained sequences were aligned against the KEGG database and annotated with MEGANS. Relative abundance was calculated based on the number of all
assigned KEGG hits and values were shown as mean with standard deviation (n = 3). Asterisks indicate significant differences (P < 0.05) in the number of

annotated reads between the investigated soils.
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To identify a possible correlation between the abundance of genes involved in P turnover,
and pH and C:N:P stoichiometry in MT and IL, a Spearman correlation analysis was

performed.

In MT and IL the abundance of genes involved in the P turnover was correlated to both pH,
and the C:N:P stoichiometry, including total OC, N, and P, PNaHCO3, Pi, Po, and all C:N:P
ratios. Relationships between abiotic factors and genes involved in P turnover showed a
similar trend as N cycling genes, where the impact of pH and C:N:P stoichiometry on gene
abundance was stronger in MT than in IL. In MT, pH showed both positive and negative
relationships with genes involved in the P turnover in MT (positive: phoB, phoR, phoN, olpA,
phoD, ugpQ, appA, 3-phytase, phnW, phone, ugpA, ugpB, ugpC, ugpE, pstS, gcd; negative:
phoA, phnX, phnA, ppa, ppx, phnK, phnL, phnN, phnC, phnD, pstA, pstB, pstC) and IL
(positive: phoB, phoR, phoN, olpA, ugpQ, appA, 3-phytase, ppa, phnN, phnD, phone, ugpC,
ugpE, ugpC, ugpE, pstA, pstC, pstS; negative: phoA, phoD, phnX, phnA, ppx, phnC, ugpA,
ugpB, pstB, gcd). In MT C:N showed a positive relationship with genes involved in P
regulation and genes involved in P, mineralization and uptake, and negative with P;
mineralization and uptake, whereas the C:P and N:P showed an opposite effect on the
same N genes. In IL, on the other hand, C:N, C:P, and N:P were positively correlated with
the abundance of genes involved in P turnover, and negatively correlated with P,. C:N, C:P,
and N:P had the same effect on the rest of the genes involved in P turnover as in MT. In
MT and IL, pH, total C, N, and P contents, and their ratios showed significant relationships
with the abundance of genes involved in the P turnover (P < 0.05) with few exceptions
(Figure 31).
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Figure 31. Correlation between the abundance of genes involved in P regulation (phoB, phoR), P
mineralization (phoN, olpA, phoA, phoD, ugpQ, appA, 3-phytase, phnW, phnX, phnA, ppa, ppx, phnK,
phnL, phnN), organic P uptake (phnC, phnD, phone, ugpA, ugpB, ugpC, ugpE), inorganic P uptake
(pstA, pstB, pstC, pstS), and P solubilization (ged), and soil pH, and C:N:P stoichiometry in artificial
soils containing (A) MT and (B) IL. Blue colours represent the positive, and red negative correlation.
Darker colour and larger circle diameter indicate a stronger correlation. White squares indicate the

absence of correlation. Grey squares indicate significant correlation (P < 0.05).

To identify the key drivers of phosphorus turnover in MT and IL sequences of enzymes
involved in phosphorus turnover were extracted from the KEGG annotated dataset, and
taxonomically annotated by using DIAMOND against NCBI non-redundant (nr) protein
sequences database. Microbiota belonging to phyla Bacteroidetes (42.55 %), Firmicutes
(17.84 %), Proteobacteria (11.64 %), and Planctomycetes (1.22 %) were involved in all P

turnover processes in both sails.
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In MT P solubilization was driven by Bacteroidetes (14.67 %), mineralization by
Bacteroidetes (11.43 %), Firmicutes (8.27 %), Proteobacteria (4.47 %) and Cyanobacteria
(3.15 %) and uptake by Bacteroidetes (7.61 %), Firmicutes (9.26 %), Proteobacteria (4.00
%) and Ignavibacteriae (0.40 %). Similar phyla were the drivers of P turnover in IL, except
for Ignavibacteriae in P uptake, where members of phylum Chloroflexi (2.08 %) were more
abundant. Most of the genes involved in the P turnover were harboured by Bacteroidetes,
whilst ugpBAEC was specific for Firmicutes and Proteobacteria, and ppx was dominant in
Cyanobacteria and ppa in Proteobacteria. In addition, different families belonging to the
same phyla were the drivers of P turnover in MT in comparison to the IL (Figure 32).

In general, families predicted to be involved in most P turnover processes in both soils
mostly belonged to the highly abundant families, such as Nitrososphaeraceae,
Cytophagaceae, Bacillaceae, Chitinophagaceae, and Flammeovirgaceae. (Figure 18,
Figure 32). More specifically, it was predicted that P solubilization in MT was driven by
Ignavibacteriaceae, Cytophagaceae, Chitinophagaceae, candidate division WWE3, and
Nitrososphaeraceae. The mineralization of P was predicted to be dominated by Bacillaceae
and Microchaetaceae and uptake by Anaerolinaceae, Bacillaceae, and Meliobacteriaceae

in MT. Similar families were potentially involved in P turnover in IL.
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Figure 32. Relative abundance of prokaryotic families involved in phosphorus turnover in the artificial soils containing MT and IL. Obtained sequences were
assigned on the functional level by aligning against the KEGG database, and on the taxonomic level against the NCBI-nr database. Relative abundances were
calculated based on the number of reads assigned to the microbial P turnover. The colour intensity in the heatmap represents the relative abundance of families
associated with a P turnover in montmorillonite and illite. Twenty most abundant families are depicted.
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Interestingly, most of the families predicted to be involved in P turnover were shared
between the two soils (Figure 33). Among the 50 most abundant families, 17 were similar
in IL and MT for solubilization, 41 for mineralization, and 43 for the uptake of P. The relative
abundance of unique families was generally very low. In IL, unique families potentially
involved in P solubilization were assigned to Prolixybacteraceae and Halobacteriaceae, and
for P mineralization to Ignavibacteriaceae and Sphaerobacteraceae. Unique families in MT
predicted to be involved in P solubilization (Streptomycetaceae, Saprospiraceae,
Deinococcaceae, Thermaceae, Paenibacillaceae, and Pseudomonadaceae) and P
mineralization (Chlamydiaceae, Herpetosiphonaceae, Thermaceae, Syntrophaceae, and
Thermotogaceae) were slightly more diverse when compared to IL. Regarding P uptake,
only one family per soil was predicted to be unique, namely Leptospiraceae in MT and
Cryomorphaceae in IL. Although both soils had many families in common, the relative
abundance of 13 bacterial families that were predicted to be involved in P turnover was
significantly different, with only Meliobacteriaceae (P = 0.002) and Paenibacillaceae (P =
0.042) belonging to the 20 most abundant families. Only Bacillaceae potentially covered all
processes in both soils, while the other families were predicted to drive specific

transformation steps in P turnover (Figure 33).
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Figure 33. Distribution of shared and unique families involved in the P turnover in the artificial

soils containing montmorillonite (MT) and (IL). The reads were functionally assigned with

KEGG and taxonomically using the NCBI-nr database. Shown are the mean values of the fifty

most abundant families involved in P solubilization, mineralization, and uptake. Relative

abundances were based on the number of all reads assigned reads.
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5. DISCUSSION

5.1. Influence of clay minerals on the establishment of the

microbiome in the early phases of soil development

One of the aims of this research was to investigate the influence of clay minerals on the
establishment of the microbiome in the early phases of soil development. To test the
hypothesis (H1) that clay minerals with different physicochemical characteristics select for

distinct microbial communities, two approaches were used.

In the first approach, artificial soils with different mineralogy (montmorillonite (MT), illite (IL),
montmorillonite+charcoal (MT+CH), and illite+ferrinydrite (IL+FH)) were treated with litter
after prolonged maturation. The use of such pristine mineral surfaces in combination with
organic litter allowed us to investigate the dynamics of nutrient release from minerals, the
impact of nutrient bioavailability on the microbial community establishment and the
influence of the established microbiome on overall nutrient turnover, focusing in particular

on the drivers of microbial C, N, and P turnover in the early stages of soil development.

5.1.1. The influence of clay minerals on the dynamics of water-extractable

carbon in natural and artificial soils

The addition of litter to the artificial soils initially caused increase of water-extractable carbon
(WEOC) indicating a quick release of bioavailable, easily degradable carbon that represents
a potential substrate that soil microorganisms can easily utilise, followed by a steady
decrease in WEOC values until the end of the experiment. A previous experiment with the
same soils has shown that biogeochemical interfaces are rapidly forming in artificial soils
leading to complex, aggregated systems which is in line with other studies (Totsche et al.,
2018). However, a quick release of low molecular weight molecules, i.e., rapidly degradable
carbon compounds from the litter at the beginning of the experiment can also be attributed
to the high microporosity and the hydrophobic surface structure of the clay minerals (Egli
and Mirabella, 2021; Prost and Yaron, 2001). Furthermore, as only a small amount of
minerals was present in the artificial soils, it is possible that during the two years of
preincubation already a large part of the mineral surfaces were covered with organic carbon.
Hence, a large part of the water-soluble organic compounds could not be bound to the
mineral surfaces. For example, Pronk et al. (2012) using similar artificial soils, showed that
deposition of organic matter through interactions with minerals took place at the specific

surface of the soils directly after the start of the incubation. This has led to a significant
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decrease in the available specific surface area of the minerals. All aforementioned
parameters, together with the low specific surface area of the main components, sand, and
quartz, could have limited the binding of water-soluble organic compounds in artificial soils
at the beginning of the experiment, thus explaining the high initial concentrations of easily

degradable carbon.

Contrary to the artificial soils, the initial increase of easily degradable carbon in natural soil
was significantly lower. Following the initial increase, the WEOC values decreased in the
natural soil and reached the level of the soil without litter as early as day 7 which confirms
that unbound water-soluble carbon compounds from the litter were either completely
degraded by microorganisms or bound to the aggregates and SOM within the first week.
The much more effective retention of water-soluble organic compounds in natural soil, when
compared to the artificial soils, could be explained by the presence of better-developed
structures in the natural soil, which bind nutrients released from the litter more effectively.
Such structures are often present in older soils, and their formation is promoted by the input
of external carbon sources, the more complex external influences that promote the soil
aggregation, and the formation of organo-mineral complexes during the natural soil
formation process. While the artificial soils were pre-incubated under constant conditions,
the natural soil was exposed to fluctuations such as cycles of freezing/thawing and heat,
dry/humid periods, as well as soil plant and animal influences, and several previous studies
have shown that changing environmental conditions have a positive effect on aggregation
in the soil (Denef et al., 2002; Egli and Mirabella, 2021; Six et al., 2004).

5.1.2. The release of easily degradable carbon and microbial activity

The levels of easily degradable carbon compounds in artificial and natural soils are a direct
reflection of the microbial activity, thus allowing additional testing of the hypothesis that clay

minerals select specific microbial communities and thus shape microbial activity (H1).

All artificial soils in this study reacted to the readily available carbon sources with an
immediate decrease in WEOC values that correspond to the increase in microbial metabolic
activity. Although a similar trend was detected in all artificial soils, slightly lower WEOC
values were detected in all MT-containing soils when compared to IL-containing soils. This
might be attributed to the higher microbial respiration rates in MT, thus indicating that the
microbial activity is dependent on different minerals present in the soils. However, these
differences were not pronounced. Similarly, the addition of external OM after long-term
incubation, but before the litter addition, to the soils used in this study, also resulted only in

slight differences in microbial activity, as was already described by Vogel et al. (2015).
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Contrary to results of this study, Pronk et al. (2012) detected no differences in microbial
activity as shown by CO; respiration rates over 18 months with a consistent supply of

nutrients between artificial soils with similar mineralogy.

In contrast to artificial soils, in natural soil, the increase of microbial activity was delayed
between day 7 and day 21, rather than between day 0 and day 7 as in artificial soils. This
could also be due to the better-developed structure of the natural soil, which, as shown by
the significantly lower WEOC value, binds nutrients from the litter more effectively. The
significant increase in activity at day 21 in natural soil indicates that the readily degradable
carbon was finally mobilized by the microorganisms even when it was bound to mineral
surfaces. It might be that the microorganisms in the natural soil had to move the bound
nutrients, which is in concurrence with the time delay, whilst in the artificial soils, the
nutrients are readily available to the microorganisms, thus resulting in an earlier increase in
activity. In general, a similar trend in WEOC dynamics was detected in all artificial sails,
thus for artificial soils, the H1 hypothesis could not be fully resolved based on WEOC results.

5.1.3. The influence of clay minerals on the microbial biomass and bacterial

abundance

In all soils, artificial and natural, treated with litter, the Cnic values increased significantly at
day 7 when compared to the controls without litter addition. An analysis of Cmic value in
added litter showed that no microbial carbon was present, which indicates that the buildup
of microbial biomass started immediately after the homogenization of the soil and the litter
most likely due to the microbial consumption of easily available carbon present in the litter.
Since the microbial carbon was analysed in the chloroform fumigation extracts (CFE), the
lower initial value could be explained by the fact that the lysis under a chloroform
atmosphere does not immediately detect all microorganisms (DelLuca et al., 2019). Since
both Cwic and bacterial abundance are a measure of the microbial biomass, a correlation
between these values could be expected. However, a correlation could only be recognized
in rare cases, which could be due to the presence of fungi and archaea, in addition to the
bacteria, in the soils. Hence, they are also lysed in CFE and thus contribute to biomass
(Alessi et al., 2011). However, the abundance of fungi and archaea is not reflected by the
16S rRNA gene.

Furthermore, the correlation between Cnic values and 16S rRNA gene abundance could be
affected by multiple heterogeneous copies of 16S genes occurring within a genome (Louca

et al., 2018; Vétrovsky and Baldrian, 2013). Depending on the bacterial species present, it
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can lead to variations in the number of copies and thus to the imprecise prediction of an

actual microbial community abundance.

The bacterial abundance, as shown by 16S rRNA gene abundance, in natural soil did not
increase over time despite the addition of litter. The abundance of the 16S rRNA gene in
MT, MT+CH, and IL+FH initially decreased in untreated soils, followed by an increase at
later incubation time. In the soils treated with litter, such a decrease did not occur. The initial
decline in abundance could be a result of the disturbance of aggregate structures during
the soil transfer in experimental preparation. This could have initially made it difficult for
microorganisms to access the nutrients from the soil. One possible consequence would be
the resolution of microbial hotspots. The increase in bacterial abundance throughout the
experiment indicates a reformation of interfaces and microbial communities. Similarly,
Denef et al. (2002) showed that aggregate structures in sieved soils can be regenerated
after a few weeks. The increase in bacterial abundance in the soils with litter could be
explained by the fact that the partial destruction of the aggregates was compensated by the
easily accessible carbon. Due to the methodological limitation in linking bacterial biomass
and activity directly to soil mineralogy, we tried to account for this limitation by evaluating
the establishment of bacterial communities in artificial soils with different clay content by T-

RFLP analysis.

5.1.4. Linkage between bacterial community structure and clay minerals

The composition of the bacterial community of natural soil was distinctly different when
compared to the artificial soils. As shown in the PCA, the T-RF fragments from the natural
soil, independent of the litter treatment, formed a distinct group, which was clearly separated
from the artificial soils. Even though the artificial soils were inoculated with an inoculum
originating from the natural Luvisol, the differences between artificial and natural soils could
be explained by the selection of specific microbes dependent on mineral composition, and,
thus, distinct microbial communities in artificial soils have developed. In a previous
experiment, using soils of the same composition, significant similarities in the microbial
community could be identified when the same clay minerals were added to the soils (Kdgel-
Knabner et al., 2010; Totsche et al., 2018). However, in the said experiment, the soils were
not preincubated, the samples were taken at different intervals over 90 days and the 16S
rRNA gene was analysed by temperature gradient gel electrophoresis. Here, the
Unweighted Pair Group Methodology with Arithmetic Mean (UPGMA) showed that
communities from soils with montmorillonite differed from samples with illite, and a clear

clustering of the community was observed in soils containing charcoal. Similarly, in the
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present research, the microbial communities differed depending on the MT and IL content
as shown by the PCA analysis of T-RFs from artificial soils. However, the bacterial
community did not cluster with respect to charcoal or oxide presence in artificial soil. This
could be attributed to the loss of the formative properties of the soil components over time.
For example, it may be possible for charcoal to lose its porous structure and thus reactive
surface over time as it is degraded by microorganisms (Kolb et al., 2009, Kome et al., 2019;
Totsche et al., 2018). Besides, the differences in the active microbial community between
respective soils may be too small to achieve the formation of distinct groups.

PCA based on T-RFs which included only artificial soils showed that they form groups
according to the clay mineral present. In addition, the microbial community was exposed to
the same incubation conditions, such as water content, nutrient intake, and temperature,
during preincubation for two years, indicating that the diversity of the microbial community
in the long term is not only determined by environmental conditions and food supply, but
also by the soil components. Muller-Stover et al. (2012) made a similar observation in
natural soils. In this experiment, the soils were of similar composition but of different ages.
While the soils at the time of sampling still showed significant differences in the microbial
community, a steady adjustment process could be observed over the test duration of 100

days due to the same incubation conditions.

In general, our findings could not entirely confirm the hypothesis (H1) that different clay
minerals select for specific microorganisms and thus shape distinct microbial communities
and activity. Only artificial soils containing clay minerals montmorillonite and illite supported
the differentiation of the bacterial community composition after prolonged soil development
thus indicating that properties of MT and IL might regulate the establishment of the bacterial

community via the formation of microbial habitats in soil.

5.2. Microbial diversity and establishment of microbial
communities after a prolonged artificial soil incubation as

affected by soil mineralogy

The simplified model artificial soils with comparable and well-defined physicochemical
characteristics were used to test hypothesis (H1) that nutrient depletion after a prolonged
soil incubation, as well as clay minerals affect microbial diversity, microbial establishment
and development, and consequent functional diversity in dependence of clay minerals

(montmorillonite and illite).

103



Discussion

Confirming hypothesis (H1), results of PCA analysis of MT and IL metagenome revealed
distinct prokaryotic communities that have developed in the two selected artificial soils.
Variations within prokaryotic communities were similar in both respective artificial soils,
suggesting that macro-aggregation in both soils (Vogel et al., 2015) resulted in the spatial
formation of nutrient and activity hotspots. As special care was taken during the watering,
and mixing of the artificial soils, so as not to disturb the formed macro-aggregates and to
limit the outside disturbance of the systems, spatial heterogeneity and niche development
may have increased and contributed to the observed variation (Vogel et al., 2015).

The effect of the mineral composition on the establishment of different microbial
communities was observed in several short-term (Babin et al., 2013; Ding et al., 2013) and
long-term artificial soil incubation experiments (Vogel et al., 2014). Clay minerals show
different physical and chemical properties, for example, size, porosity, specific surface area
(SSA), and cation exchange capacity (CEC) (Kome et al., 2019; Ouyang et al., 2021;
Stotzky, 1986). It is assumed that they can directly interact with microbes, thereby altering
the rate of microbial metabolism, modifying the environment, and binding extracellular
enzymes (Olagoke et al., 2019; Stotzky, 1986; Stotzky and Rem, 1967). Several studies
have indicated that montmorillonite stimulates microbial activity due to its buffering capacity
(Kunc and Stotzky, 1974; Stotzky and Rem, 1966). In this study, the differences in bacterial
community structures depended on clay mineralogy, which is in line with the findings of
several other experiments, thus confirming hypothesis H1. Ding et al. (2013) and Vogel et
al. (2014) showed that clay minerals (montmorillonite and illite) have a strong influence on
the bacterial community structure only after prolonged incubation of artificial soils, after 90

and 862 days, respectively. This has been confirmed in the present study.

Sequence analysis revealed that the microbial communities established in both
montmorillonite and illite had high richness and evenness, especially at the family level.
However, microbial diversity was slightly lower in illite when compared to montmorillonite.
This could be due to the lower specific surface area of illite that could result in decreased

availability of microhabitats and consequently in the decrease of microbial diversity.

Furthermore, sequence analysis revealed several taxa with higher abundance in
montmorillonite than in illite-containing soil, for example, Firmicutes, lgnavibacteriae,
Chlorobi, and Planctomycetes were prevalent in montmorillonite, whilst Bacteroidetes,
Proteobacteria, Cyanobacteria, and Microgenomates in illite. Similarly, Ding et al. (2013)
found that the genera belonging to the phyla Proteobacteria, Firmicutes, Actinobacteria,
and Bacteroidetes were significantly more common in illite. Together, this suggests that

certain bacterial taxa favour different types of minerals.
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Different clay mineral characteristics, their interaction with organic matter, and consequently
nutrient availability could have caused the establishment of different microbial communities.
For instance, the protective influence of SSA on organic matter and consequent lower
mineralization rate leads to the decrease in the nutrient availability in montmorillonite. We
assume that this could have selected for the members of Firmicutes, Ignavibacteriae, and
Chlorobi that can utilize recalcitrant compounds from organic matter. Higher mineralization
rates in illite, on the other hand, could account for the higher nutrient availability that could
explain the higher abundance of Bacteroidetes and Proteobacteria, whose members are
typically found in copiotrophic environments (Fierer et al., 2007). Altogether, this confirms
the hypothesis that different types of clay select for distinct microorganisms (H1).

5.3. Microbial nutrient turnover in montmorillonite and illite

containing artificial soils

In addition to studying the effects of clay minerals on the microbial diversity and structure,
simplified matured model artificial soils represent a good system for studying the effects of
nutrients, such as C, N, and P depletion on microbiota and expression of different
compensation mechanisms by simulating a developing soil system where C, N, and P are
limiting factors due to the elimination of their input and other external disturbance, as well
as the elimination of plant competition for C, N, and P (Vitousek et al., 2010; Walker and
Syers, 1976). With the metagenomic approach, we tested several hypotheses including that
prolonged incubation will lead to the consumption of easily degradable carbon compounds,
organic N and P that will lead to the depletion of bioavailable forms of C, N, and P (H2) thus
leading to the microbial adaptation to the nutrient shortage which will be reflected in genes
involved in C, N, and P turnover (H3, H4) as well as in the development of functional
microbiota (H5).

5.3.1. Nutrient limitation in artificial soils

Since the last nutrient addition occurred more than 300 days before the sampling, a carbon,
nitrogen, and phosphorus depletion were detected which is underlined by low OC, Ny, and
Pwta, and a very low C:N, C:P, and N:P ratios of less than 9.3, 3.8 and 34.6 respectively.
The calculated ratios were lower than normally found in grassland and forests (Cleveland
and Liptzin, 2007). However, they were comparable to severely nutrient-depleted systems
such as glacial and mountain regions (Krauze et al., 2021). The C and N limitation found in

our system was not surprising given that plants, which were excluded from our experiment,
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are the major source of both C and N in the soils (Daly et al., 2021; Jiling et al., 2018).
Surprisingly, high concentrations of available inorganic P, similar to forest soils (Lang et al.,
2017) were found in both soils. This might be linked to the low microbial respiration rates at
the time of sampling (Vogel et al., 2014) indicating low microbial activity and highly efficient
strategies for the remobilization of P from the microbial biomass, as the community
composition significantly changed since the last manure addition (Vogel et al., 2014).
Furthermore, the limitation of other nutrients like nitrogen and carbon might have caused
high remaining P concentrations, which is underlined by very low C:P and N:P ratios of less
than 3.8 and 34.6, respectively. These values are much lower than those observed by
Cleveland and Liptzin (2007), who postulated a well-constrained C:P ratio of 186:1 and N:P
ratios of 13:1. This is also in line with the findings of Heuck et al. (2015), who demonstrated
that under C limitation, organic P resources are mineralized with the aim to take up the
released C first, which explains higher C:P ratios in our experiment. Thus, our findings
confirm hypothesis (H2) that after a prolonged maturation an easily available C, N, and P
compounds will be depleted with only recalcitrant forms of macronutrients remaining in

artificial soils.

5.3.2. Carbon transformations and functional microbiota involved in

overcoming carbon depletion

Due to the severe C depletion, underlined by low C:N, and C:P ratios, in both MT and IL
soil, the C transformation processes were mainly directed towards the degradation of
remaining organic recalcitrant C compounds as a source of C needed for the microbial
metabolism, rather than C fixation and methane metabolism. Similar findings come from
biological soil crusts on bare land (Li et al., 2021b; Su et al., 2013; Wang et al., 2021), which
are very limited in C content. Even though it is known that in the early stages of soil
development archaea and bacteria mainly use C sources provided by autotrophic CO fixing
bacteria (Wang et al., 2021), such a pattern was not detected in our MT and IL atrtificial
soils. This may indicate that at the studied timepoint, after manure addition, available C
sources supported an establishment of stable heterotrophic, degrading communities rather
than autotrophic communities. Also, the low abundance of predicted genes involved in C
fixation and methane metabolism could be explained by the artificial soil incubation
conditions, such as prolonged soil incubation in dark and aerobic conditions which do not
favour the aforementioned processes (Evans et al., 2019; Foster et al., 2022; Masuda et
al., 2018; Morales et al., 2018).
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Furthermore, several different genes encoding for cellulose, hemicellulose, and chitin
degradation were detected in both MT and IL, which is comparable to other ecosystems
(Berlemont and Martiny, 2013; Luo et al., 2020) confirming that complete polymer
degradation comprises ubiquitous and complex processes that involve several different
steps catalysed by several enzymes in many bacterial taxa. The prevalence of genes
predicted to encode enzymes involved in polymer degradation found in both MT and IL is
in line with several other studies that have shown that the degradation of polymers
originating mostly from plant cell walls is mostly driven by soil microorganisms, and it is
considered a key step in carbon cycling in many ecosystems, including soil (Aanderud et
al., 2018; Buchkowski et al., 2019; Wei et al., 2020). However, not all microorganisms can
degrade recalcitrant polymers and are dependent on polymer degrading bacteria, to release
short-chain molecules, which they can then hydrolyse and utilize. Such bacteria are known
as “cheaters” and they are mostly associated with Bacteroidetes (Schimel and Schaeffer,
2012) which were also highly abundant in our soils, further underlining the complexity of
processes and the diversity of microorganisms included in complete polymer degradation.

The abundance of main genes involved in C cycling in both soils was mainly governed by
soil C:N:P stoichiometry, and to a lesser extent by other abiotic factors including pH, and
OC, N, and P content. This is consistent with previous studies which showed that multiple
edaphic factors, including soil stoichiometry, physicochemical properties, temperature, and
moisture, either together or individually influence microbially driven processes (Luo et al.,
2020; Wei et al.,, 2020). For example, Luo et al. (2020) have shown that the C:N:P
stoichiometry imparted a greater effect on the abundance of microbial groups associated
with the main C, N, and P transformation processes than mean annual temperature and
precipitation, whereas Wei et al. (2020) identified that N:P ratios are critical for the regulation

of soil C mineralization.

As the soil development progresses, the development is characterized by ever-frequent
external C input suggesting a need for diverse C sources including autotrophic C originating
from primary producers (i.e., plants, algae, cyanobacteria), photo- and chemolito-
autotrophs (Wang et al., 2021; Wei et al., 2020). Contrary, to this study, C input is partially
restricted due to the experimental design which excludes the effect of plants and
photoautotrophs. However, the detection of Cyanobacteria and genes coding for enzymes
involved in C fixation, indicate that C fixation is an additional albeit marginal, C source in
MT and IL soils. Even though soil microbes preferentially use readily available substrates
rather than recalcitrant C sources (Wei et al., 2020), only the genes predicted to code for
enzymes involved in the degradation of more readily available substrates such as pectin,

and starch were detected in MT, and IL, respectively. This together with a substantial
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decrease in the diversity of taxa involved in C turnover in comparison to the overall diversity
in both MT and IL, indicates that the microbes became increasingly C-limited as the soil
incubation proceeds. We speculate that this leads to the death of microorganisms that are
poorly adapted to the utilization of recalcitrant C forms, and a consequent increase in
microbial necromass, with a shift towards prokaryotic taxa capable of utilizing remaining
necromass and recalcitrant C sources. This is in line with studies that showed that the
addition of easily available substrates such as low molecular weight organic sugars, acids,
and necromass provide a C source and energy for soil microorganisms, inducing rapid
mineralization of easily available C compounds, and increasing microbial diversity, growth,
and activity followed by a decrease in microbial activity due to the C limitation (Gunina and
Kuzyakov, 2015). Contrary, other studies (Qiao et al., 2019) have shown that the C limitation
leads to the decrease in degradation of recalcitrant SOM, due to the protective influence of
microbial necromass which might cover the soil surface, thus physically protecting the SOM
and decreasing the accessibility of SOM for microbial decomposition. A similar discrepancy
in microbial activity was detected, as reported by Vogel et al. (2015), in our soils, where
lower microbially-assisted OM degradation was detected in MT than in IL, probably due to
the differences in clay physical properties. For example, the higher SSA and CEC in MT
when compared to the IL, might lead to the sorption of SOM to the MT, thus protecting SOM
from decomposition and subsequently reducing mineralization and the metabolic activity of
the microbiota (Saidy et al., 2015).

To our knowledge, the phylogenetic distribution of genes encoding enzymes involved in
polymer degradation is still largely unknown. Moreover, since genes encoding processes
involved in C cycling are ubiquitous and present in all life forms, it is often difficult to

differentiate the true origin of those genes (Berlemont and Martiny, 2013).

In this study, the bacterial phyla that dominated the C cycle included Bacteroidetes,
Firmicutes, Actinobacteria, and Verrucomicrobia. A higher abundance of members of phyla
Verrucomicrobia found in our soils was not surprising as they are normally associated with
oligotrophic environments characterized by low carbon availability (Cederlund et al., 2014;
Yao etal., 2017; Zhang et al., 2015). However, the response of Actinobacteria to the nutrient
availability and its trophic characterization, on the other hand, is still not clear. Our findings
are consistent with the study of Wang et al. (2021) where Actinobacteria, together with
Proteobacteria, were the dominant bacterial taxa involved in C cycling during the biological
soil crusts development. Contrary, several studies have documented an increase in the
relative abundance of Actinobacteria in response to nutrient additions (Pan et al., 2014;
Ramirez et al., 2012). Surprisingly, we have also detected a high abundance of

Bacteroidetes and Firmicutes which are normally associated with copiotrophic ecosystems
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(Francioli et al., 2016). However, more and more studies have indicated that the dominant
bacterial communities in soils, including Acidobacteria, Actinobacteria, Proteobacteria, and
Bacteroidetes, are similar in various ecosystems and the bacterial community composition
does not vary significantly across different biomes (Fierer et al., 2007). Furthermore, since
C is one of the essential macronutrients in energy metabolism, enzymes related to the
degradation of C sources are harboured by a wide range of microorganisms (Nannipieri et

al., 2011), which was also demonstrated in this study.

Various studies have shown that dominant phyla (Bacteroidetes, Firmicutes, Actinobacteria,
and Verrucomicrobia) found in our soils are also dominant during the decomposition of plant
residues which often comprise recalcitrant C compounds, such as cellulose (Bernard et al.,
2007). In addition, these bacteria can often also metabolize hemicellulose and cleave
glycosidic bonds present in xylan (Flint et al., 2012).

At the family level, functional microbiota involved in C cycling was highly diverse, and mainly
shared between both MT and IL, with exception of a few families unique for each soil,
however, those were only marginal. In both soils, cellulose and hemicellulose degradation
was assigned to the several families, amongst them the Bacillaceae and Paenibacillaceae
whose members, such as Bacillus spp. and Paenibacillus spp., respectively, are known to
produce exogenous cellulases located on the surface of bacterial cells called cellulosomes
(Gorska et al., 2015; Pason et al., 2006). Moreover, not only were different families involved
in chitin degradation, but the diversity of chitin degrading community was also smaller than
the diversity of cellulose and hemicellulose degrading community, indicating that more
microorganisms can decompose less recalcitrant organic forms of C, while a smaller
number of individual microorganisms can decompose recalcitrant organic C such as chitin.
Our results are in line with a study by Dai et al. (2021) who investigated soil microbial
communities involved in carbon cycling along elevation climosequences. Interestingly, C
fixation was additionally driven exclusively by Roseiflexaceae in MT, and
Ktedonobacteraceae in IL, the members of Chloroflexi. However, those families were
detected only in low abundance. Similarly, Zhou et al. (2018) have shown that vegetation
cover plays an important role in the distribution of microorganisms, in particular,
photosynthetic microorganisms. This is further supported by the increased abundance of
Chloroflexi in the highest elevations without vegetation cover (Dai et al., 2021). Even though
in our experiment the vegetation cover was omitted, we could tentatively argue that the
incubation of soils in dark has to some extent mimicked the vegetation cover concerning
the light availability, thus affecting the Chloroflexi abundance. Furthermore, Crouzet et al.
(2019) have shown that soil photosynthetic microbial biomass is negatively affected by

exposure to the dark periods.
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Altogether our results confirm the hypothesis that with prolonged incubation following
the last organic matter input mostly recalcitrant C forms remain in the system (H2) which is
also reflected in the adaptation of carbon-associated genes (H3). In addition to
mineralization of recalcitrant C forms, our results indicate mineralization of microbial
necromass and C fixation as an additional C source in the early phases of soil development
is independent of soil mineralogy. Furthermore, our findings indicate that the degradation
of C compounds is the main function of microbiota found in both MT and IL and that all the
dominant species participate in the C cycle which is consistent with previous studies (Liu et
al., 2017; Wang et al.,, 2021) which confirms our hypothesis that functional microbiota
involved in C cycle consists of generalists and highly abundant taxa (H5).

5.3.3. Nitrogen transformation and microbiota driving the nitrogen

remobilization

In both MT and IL soils, N inputs are generally dependent on N depolymerisation, even
though the depolymerisation of complex organic N compounds to oligomers or monomers
is considered to be the rate-limiting step in terrestrial N cycling (Daly et al., 2021). In this
study, most of the detected genes encoded enzymes associated with the degradation of
microbial residues such as cell walls and proteins identifying the microbial necromass as
an important source of organic N which is confirmed by other studies. For example, Hu et
al. (2020) have found that the microbial cell walls represent a primary input to soil organic
matter (SOM), that soil microorganisms can readily utilize. Also, Séneca et al. (2021)
detected a high transcription level of genes encoding enzymes involved in the breakdown
and recycling of microbial residues. Furthermore, it was shown that the depolymerisation is
influenced by soil mineral compaosition, in particular by soil physicochemical properties that
influence substrate bioavailability by entrapping substrate in small pores and aggregate
structures, thus regulating the breakdown of N polymers into bioavailable N (Daly et al.,
2021; Jilling et al., 2018; Noll et al., 2019). In addition, other studies have shown that the
organic N depolymerisation is dependent, as well, on other abiotic factors, such as substrate

availability, pH, elevated temperature, etc. (Noll et al., 2019; Z. Wang et al., 2021).

Even though no significant differences were detected in N depolymerisation between MT
and IL, detected gene abundances indicate that microorganisms in MT and IL may utilize
different organic N sources. For example, in MT, the elevated abundance of predicted
genes involved in N depolymerisation and mineralization which encode proteases and
ureases indicates that the N acquisition in MT mainly depends on the decompaosition of

organic N compounds originating from organic litter and dead microbial biomass which is in
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line with above mentioned studies (Daly et al., 2021; Jansson and Hofmockel, 2020; Séneca
et al., 2021). Contrary, the microbiome in IL was mainly dependent on alternative organic
N sources, such as chitin which was underlined by a higher abundance of predicted genes
encoding chitinase, in particular, CHIT1 which not only increases the availability of N but
also C. This is in line with the study of Brankatschk et al. (2011) who found that the
mineralization in glacier forefield with scarce vegetation cover which is characterized by
nutrient depletion was dependent on simultaneous chitinolysis and proteolysis.
Furthermore, we could argue that fungal cell walls are contributing more to the microbial
necromass in IL than in MT. However, as the fungal abundance was extremely low, this

conclusion is speculative at best.

Unlike N depolymerisation, biological N fixation was only marginal in both MT and IL, which
is contrary to other research that showed that ecosystems characterized by low nutrient
content and scarce vegetation are mainly dependent on N fixation (Levy-Booth et al., 2019;
Luo et al., 2020). This, further confirms that the added plant litter, as well as the microbial

necromass, were the main source of N in this study.

Inorganic N transformation processes were also detected in both the MT and IL with DNRA,
and ANRA prevailing in MT, and nitrification in IL. On the other hand, denitrification and
nitrogen uptake was detected in both soils, however, different genes encoding enzymes
involved in denitrification and N uptake were more abundant in MT (narl, napA/napB,

nirk/nirS, nosZ, and nitrite/nitrate transporter nrtP), and IL (narH, and nrtA/nrtC).

Those results further underline that different, effective microbial strategies for N recycling,
and preventing additional N loss in an already N depleted system, have developed
depending on the clay mineral composition of artificial soils which is in line with several
other studies (Malik et al., 2018; Yarwood et al., 2015). Furthermore, N assimilation was
dominant in MT, where all predicted genes encoding enzymes involved in glutamate
synthesis, glutamate synthetase (glnA), glutamate synthase (gItS, gltD, gltB), and glutamate
dehydrogenase (gudB/rocG, ghhA/GLUD1, gdhA/GLUD?2) were more abundant than in IL.
Similar was found in the study by Chuckran et al. (2021) where under low-to-moderate
intracellular concentrations of NH.*, the enzymes glutamine synthetase (GS) (encoded by
glnA) and glutamate synthase (GOGAT) (gltS) convert NH4* to glutamate in a two-step
reaction known as the GS-GOGAT pathway.

Even though the N fixation was only marginal in both MT and IL, the elevated abundance
of nosZ and nirS, and detection of the N-fixing bacteria belonging to the genera
Microchaetacea and Bradyrhizobium in MT and IL, respectively, indicate a potential

relationship between biological N fixation and denitrification in both soils (Résch and Meier,
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2009). In addition, nitrification which leads to the conversion of ammonium to nitrate, and
loss of nitrate via denitrification indicates a dependence on the energy provided by carbon
decomposers (Forbes et al., 2009; Levy-Booth et al., 2019; Luo et al., 2020). Thus, a
broader understanding of N biogeochemical cycling in all ecosystems can be attained only
by simultaneous analyses of all the genes and the microbial populations harbouring not only

the N but also C cycling genes.

Both MT and IL soils were characterized by a highly diverse community dominated by
Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, = Gemmatimonadetes,
Cyanobacteria, and Chloroflexi. This is in line with the observations in other nutrient-poor
habitats (Bajerski and Wagner, 2013; Ganzert et al., 2011; Meier et al., 2019). Higher
abundances of Firmicutes, especially Bacillaceae, and Bacteroidetes, especially
Flavobacteriaceae, were observed in both MT and IL. Said families are known for resilience
to adverse abiotic factors due to the sporulation ability, and pH resistance, respectively,
allowing them to survive unfavourable conditions. In addition, the detected members of
Bacteroidetes could prefer the distinct clay minerals (Meier et al., 2019). Even though
predicted genes involved in C and N fixation were only marginal, Cyanobacteria and
Chloroflexi, known for N fixation, were found in MT and IL indicating the potential for
alternative pathways in N acquisition. Due to the low diversity and abundance of
chemoautotrophic organisms, in general, in MT and IL, organic and inorganic N compounds
and metabolic pathways utilizing those may have a more pronounced role in sustaining the
initial stage of the soil development (Meier et al., 2019). Also, among detected prokaryotic
families, the Thaumarchaeota were found in relatively high abundance in both MT and IL.
These oligotrophic, chemoautotrophic archaea are known to oxidize ammonia aerobically

to nitrite thus contributing to the increasing N in its habitat.

Since the C, N, and P requirements of microbial biomass differ among species and are not
homeostatic through time it is expected that ecosystems' nutrient stoichiometry will govern
the development of microbial community structure, and consequently function (Buchkowski
et al., 2019; Cleveland and Liptzin, 2007). As expected, the majority of N cycling gene
abundances were related to soil C, N, and P contents and C:P and N:P ratios. For example,
the abundance of the nifH gene was correlated with soil total C and N contents because
fixed N can drive the coupling of N and C cycling processes, as seen in litter decomposition
(Wei et al., 2020). Thus, resource allocation processes may balance C and N acquisition,
and restore stoichiometric balance. The abundances of genes involved in soil C, N, and P
cycling were differentially induced in MT and IL. These idiosyncrasies may stem from
different chemical and physical properties of MT and IL clay minerals, likely affecting the

microbial community structure. Therefore, selecting for different functional groups (Uroz et
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al., 2015) and with different mechanisms for surviving nutrient depletion, thus reflecting
complex macronutrient cycling processes within the soil-microorganism system. For
example, both bacteria and fungi are known to induce survival strategies against
unfavourable conditions, including nutrient depletion, desiccation, and rewetting, which
include the accumulation of easily available C, and N when in abundance, in streptomycetes
(Schimel and Bennet, 2004), exopolysaccharide production studied in Pseudomonas and
Acidobacteria (Chang et al., 2007), and the induction of dormant phases such as spore
production in Bacillaceae (Barnard et al., 2013). Therefore, microbial functional groups may
select for characteristic patterns in responding to nutrient depletion by implementing varied
physiological strategies that enable survival in unfavourable conditions such as C and N
depletion.

Overall, our results showed the increased metabolic investment towards the production of
depolymerizing enzymes that act on the microbial necromass and the remaining insoluble
high-molecular organic N sources, thus confirming our hypothesis (H4) that recycling of
organic N, together with increased nitrogen uptake, is likely a key strategy for
microorganisms in overcoming the N limitation in the early stages of soil development.
Furthermore, we detected differences in dominant genes involved in different processes of
the nitrogen cycle, but only a few to no changes in the structure of the microbial communities
responsible for nitrogen transformations between MT and IL soils. This suggests that
physiological changes rather than major changes in community composition were
responsible for adaptations to nitrogen limitation, especially since the ability to produce and
secrete enzymes involved in the nitrogen cycle is widespread among soil microorganisms
thus confirming our hypothesis (H5) that functional microbiota involved in N transformations

consist of generalists and highly abundant taxa.
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5.3.4. Microbial phosphorus turnover and microbiota involved in

phosphorus recycling

Similar to the C and N cycling, our data have shown that the P turnover in MT and IL mainly
relied on the utilization of remaining inorganic Pi or Po, respectively, which was paired with
highly effective P uptake systems. In both soils, genes predicted to encode the phosphate-
specific transport system (pst) were highly abundant, while no reads were assigned to the
phosphate inorganic transporter (pitA). This suggests that P is a highly competitive nutrient
in those soils, as this transporter is typically expressed under P starvation (Santos-Beneit,
2015). It is not surprising that bacterial families predicted to be involved in P cycling
belonged to the most abundant families, as P mobilization and uptake are of high
importance in nutrient-limited soils. Members of Bacillaceae were among the most abundant
bacteria in both soils and have the potential to perform all processes of P turnover. These
results are consistent with previous data from cultivation studies of Bacillaceae family
members. For example, Bacillus spp. include well-known phosphorus-solubilizing bacteria
(PSB). They harbour a variety of P-solubilizing mechanisms including changing pH,
excretion of organic acids, siderophores, and phosphatase (Oliveira et al., 2009). In
addition, members of the Bacillaceae family can sporulate under unfavorable conditions,
which helps them to survive and outcompete other microbiota in MT and IL soils (Mandic-
Mulec et al., 2015). Since P is one of the most important macronutrients, essential in energy
metabolism and other cellular processes, enzymes related to the use of external P sources
are harboured by a wide range of microorganisms (Richardson and Simpson, 2011), which
we also show in this study. Genes predicted to be involved in external P turnover were
assigned to microbiota belonging to Bacteroidetes, Firmicutes, Proteobacteria, and
Planctomycetes in both soils, which is comparable to findings of Grafe et al. (2018) in
mature agricultural soils. This is not surprising, as the artificial soils had been inoculated
with a microbial community extracted from agricultural soil at the beginning of the maturation
phase. In contrast, Bergkemper et al. (2016) found that most reads assigned to P turnover
in metagenomes from P-depleted forest soils belonged to the Acidobacteria
(Acidobacteriales, Solibacterales), Actinobacteria (Actinomycetales), and Proteobacteria
(Rhodospirillales, Burkholderiales). This difference could be due to the complexity of forest
soil and the resulting differences in physicochemical properties, as well as to the different
mineral composition, which selects for different families. In the MT, the most abundant
predicted gene associated with P mineralization were ppa and ppx; the respective enzymes
are predominantly involved in the utilization of inorganic P. The ppa gene codes for an
inorganic pyrophosphatase, an enzyme that hydrolyzes polyphosphate compounds (poly-

P), and ppx for an exopolyphosphatase which in turn releases inorganic P from poly-P
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chains (Keasling et al., 1993) in prokaryotes under the condition of P starvation (Adams et
al., 2008). Thus, a first mechanism in overcoming P starvation might be the use of internal
P storage pools like acidocalcisomes, which might have been developed after the addition
of manure. Acidocalcisomes are well known and widespread both in prokaryotes and
eukaryotes (Docampo et al., 2005). Moreover, MT has a higher storage capacity than IL
due to its bigger soil surface area. Thus, inorganic P from external sources like manure
might persist longer. Interestingly, in MT, the reads predicted to code for the ppx gene
(exopolyphosphatase) were exclusively assigned to members of Cyanobacteria. Adams et
al. (2008) have shown that the expression of the ppx gene allows Cyanobacteria to adapt
to the environmental fluctuation of P and C. Additionally, it has been demonstrated that
exopolysaccharides can be used to solubilize P. As Cyanobacteria are well known as
exopolysaccharide producers, it might be an advantage in MT soils where more reaction
sites are available (Sharma et al., 2013). An additional advantage of some Cyanobacteria
could be their potential capability to fix nitrogen and CO- (Rai et al., 1992). In contrast, the
relative abundance of predicted genes involved in P mineralization did not significantly differ
in the two soils. This was further accompanied by comparable P, concentrations. This
included genes coding for alkaline phosphatases (ALP), namely phoA and phoD, and ugpQ,
which coded for a glycerophosphoryl diester phosphodiesterase. While PhoA includes
mainly phosphomonoesterase, PhoD shows phosphodiesterase activity as well (Rodriguez
et al, 2014). UgpQ has phosphodiesterase activity and hydrolyzes
glycerophosphoryldiesters to glycerol-3-phosphate (G3P). In line with that, we also detected
reads, which were assigned to all four subunits of the glycerol-3-phosphate transporter
system (ugpBAEC), whose relative abundance exceeded those detected in other studies
(Bergkemper et al., 2016; Grafe et al., 2018). This could allow the utilization of organic P
sources in nutrient-depleted systems. The detection of predicted ALP genes was higher
than that of the predicted acid phosphatase genes in both soils. However, this was not
surprising as both soils had a pH of 7.7 at the beginning of the experiment (Pronk et al.,
2012) and of 7.2 (MT) and 7.6 (IL) after 842 days of incubation (Vogel et al., 2014), which
is still above the optimal pH for acid phosphatase activities (Nannipieri et al., 2011).
Moreover, Fraser et al. (2015) demonstrated that the addition of manure might increase the
abundance of the phoD community as well as the ALP activity. Genes coding for the Pho
regulon (Rodriguez at al., 2014) that controls phoA and phoD gene expression were also
highly abundant in both soils, which was in line with the high abundance of pstS, underlining
again the need for a strict control of P utilization. Interestingly, the predicted quinoprotein
glucose dehydrogenase (PQQGDH), potentially involved in P solubilization, was among the
top three abundant genes in both soils. Its relative abundance was even higher compared

to a study on agricultural soils (Grafe et al., 2018), which regularly obtained organic

115



Discussion

fertilizers. Solubilization processes so far have been mostly described for P-rich systems
(Bergkemper et al., 2016, Frkova et al., 2021). However, the Pnancos concentration and the
total Pi concentration suggest that there is still a high potential to solubilize P from the stable

inorganic fraction.

Our results have shown that microorganisms in MT rely on the effective P uptake and use
of internal poly-P stores, whereas in IL on organic P sources thus confirming our hypothesis
(H4) that microbiota in the two soils will develop different strategies to overcome P depletion.
Furthermore, same as in C and N cycle, the P turnover was driven by highly abundant taxa,
where only a few unique taxa were detected in very low abundance, which is in line with our

H5 hypothesis.

Altogether, our results have shown, that the abundance of main functional genes involved
in the biogeochemical cycling of C (cellulose, hemicellulose, chitin, starch, and pectin
degradation), N (mineralization, assimilation, denitrification, DNRA, ANRA, nitrification,
nitrite, and nitrate uptake), and P (P mineralization, solubilization, and P uptake) were
dependent not only on the type of clay mineral present but also on C:N:P stoichiometry.
Several studies have shown multiple edaphic factors, including soil physicochemical
properties, temperature, and moisture, either together or individually to influence the
processes driven by microorganisms (Luo et al., 2020; Wei et al., 2020). Since the microbial
C, N, and P requirements differ among different species and are not constant through time
(Aanderud et al., 2018), the hypotheses (H3, H4) have confirmed that the abundance of the
majority of predicted C, N, and P cycling genes was related to total C and total N content,
and with Po and Pi in MT and IL. In addition, the aforementioned genes were also related
to C:N:P ratios which in turn depend on the physical and chemical properties of clay

minerals (Kome et al., 2019).

5.4. Artificial soil systems as a model for unraveling soil

processes

The soil development, including the formation of biogeochemical interfaces and
pedogenetic processes, was extensively studied in different soils in both natural and
anthropogenically influenced environments. In particular, the studies of chronosequences
have provided important insights into soil development (Dimig et al., 2011; Mikutta et al.,
2019; Schurig et al., 2013). However, the interpretation of the results obtained through those
studies can be difficult or even impossible due to the unavailability of data about the soll
development through time, natural heterogeneity of parental material, and the varying

climatic conditions. Also, it is often difficult to separate the effects of specific factors such
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as mineral composition, nutrient availability, or microbiota, on soil formation and to identify
their relative importance since they are inherently related. Furthermore, a resident microbial
community is present before the initial stages of soil development, making it difficult to
determine their exact role in the subsequent development and maturation of the soil. Lastly,
most studies include soils whose’ development spans over a long period of time and are

thus not suited to study processes that occur during the initial phase of soil development.

Hence, carefully designed laboratory experiments with simplified artificial soil systems that
eliminate the effect of plant roots, fauna, and varying environmental conditions, performed
under predefined and controlled conditions, can be considered a valuable tool in studying
and pinpointing the effect of a limited number or even a single parameter on the soail
development and avoiding ambiguities which arise when studying natural and more
complex soils (Barré et al., 2014). A clear advantage of such systems is that they can be
easily tailored according to the specific hypothesis, needs, and aims of the experiment, that
the experimental conditions can be controlled, and parameters of interest can be easily
manipulated. Despite such a long history of use in experimental pedology (Bockheim and
Gennadiyev, 2009; Hallsworth and Crawford, 1965; Madhok, 1937) artificial soils are still
recognized as a valuable resource in studying the processes involved in soil formation,
including the microbial dynamics, formation of OM, macro-, and micro-aggregation (Guenet
et al., 2011; Lamparter et al., 2014).

The soil development as shown by atrtificial soils containing MT or IL was influenced,
exclusively, by the direct interactions between fine clay particles and microbes. Although
the effects of plant roots, soil fauna, and varying environmental conditions which are
essential for many soil-forming processes, were excluded from the experiment, the micro-
and macro- aggregates formed in the artificial soils within 28 months. In addition, the OC
mineralization after the addition of litter to the 28-month matured artificial soils was similar
to natural soil (Vogel et al., 2015). The development of organo-mineral associations and
aggregates and the mineralization of OC in the artificial soils were comparable with natural
soils, stressing the suitability of artificial soils as a model for studying the processes in soil.
However, it must be taken into account that the investigated MT or IL soils were provided
with a larger amount of mineral surfaces than natural initial soils and that the soil
development normally takes a much longer period of time than in this study. Furthermore,
the artificial soils went through a cycle in which structural associations and
macroaggregates were established followed by their decline as soil microorganisms
colonized mineral and organic surfaces and substrate availability became reduced (Ding et
al., 2013; Pronk et al., 2012; Vogel et al., 2014). Aggregation could be reactivated by the

addition of manure and/or plant litter (Vogel et al., 2015) creating new, more variable niches
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which could result in succession and diversification of microbial communities with
subsequent increase in biodiversity (Or et al., 2007). This general trend in the formation and
decline of soil systems must be taken into account whilst designing the experiments and

choosing the sampling times since it can greatly affect the study outcomes.

As various materials in the formation of artificial soils can be added and different parameters
can be varied independently, artificial soil systems can thus be used in a wide range of
experiments. Such an approach may help avoid the ambiguities encountered when studying
complex natural soils (Barré et al., 2014). Altogether, artificial soils with carefully selected
model clay minerals, as was the case in this study, is an invaluable tool that allowed us to
isolate and investigate the effect of clay minerals on the establishment of soil microbiota,
the main processes involved in C, N and P transformations, as well as the microbial drivers
of aforementioned processes during early phases of soil formation. Thus, allowing us to
investigate the proposed hypotheses (H1-H5).

5.5. Potentials and drawbacks of the shotgun metagenomic

approach

Soils are the most diverse ecosystems on micro- and macroscale, that consist of a vast
mixture of niche and microhabitat with different physicochemical properties, hence,
selecting different microbial communities. It is estimated that several thousand different
bacterial species are present in only 1 g of soil (Nannipieri et al., 2003), which translates to
approximately 1,000 Gbp of microbial genome sequences per gram of soil (Vogel et al.,
2009). In addition, the soils are not only three-dimensional structures but are also highly
dynamic and change with time, and in response to abiotic and anthropogenic influences
(Nannipieri et al., 2020). Hence, it is extremely difficult to assess microbiological diversity,
community structure, and activity, as well as to link taxa to specific soil functions. In that
aspect, several approaches, including cultivation-based and cultivation-independent, were
used with varying success, leaving the comprehensive assessment of soil microbiome and

understanding of soil processes as one of the biggest unsolved challenges.

Since our knowledge of microbial requirements (e.g., nutrients, growth factors, temperature,
pH, the combination of, etc.) is incomplete, the majority of soil microorganisms cannot be
cultivated under laboratory conditions (Torsvik et al., 1990). It is estimated that less than
0.5 % of soil microorganisms have been cultivated in vitro (Guazzaroni et al., 2009; Vogel
et al., 2009). Hence, cultivation-based methods can introduce bias by selecting only the

cultivable part of the soil microbiome (Torsvik and @vreas, 2002).
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Thus, coupled with ever-decreasing sequencing prices and high-throughput bioinformatic
analyses, in the last couple of decades, the studies of soil microbiome are more and more
directed towards the cultivation-independent methods. There are two main cultivation-
independent techniques, molecular barcoding and amplification of target genes, and
shotgun sequencing. The molecular barcoding and amplification of target genes do not
provide any information on soil microbiota function and are likely to introduce bias in the
microbial community composition due to the amplification step (Bergmann et al., 2011,
Scholer et al., 2017).

Hence, the next-generation shotgun sequencing of the soil metagenome was used in this
study to gain an insight into the microbiota involved in the early stages of soil development
and to test the hypotheses H2-H5. Namely, shotgun sequencing of the microbial community
DNA can provide a piece of comprehensive information not only about the community
structure but also about the genetic potential and the role of soil microorganisms in various
soil processes, including different biogeochemical cycles. The detection of specific genes
can enable the detection and reconstruction of metabolic pathways (Myrold et al., 2014).
Also, taxonomy can be linked to the function by annotating the reads belonging to studied
genes, thus predicting and identifying the soil microorganisms, and linking them to a certain
process. This can reveal different ecological patterns, and indicate a relationship between
microorganisms and function (Thomas et al., 2012). Finally, comparing metagenomes from
different environments can provide powerful indications of a core- and biome-specific
genetic potential in microbial communities. For example, Howe et al. (2016) identified the
“core” set of C associated genes widely spread in multiple soil metagenomes from fertilized
prairie (n=20), whereas Berlemont and Martiny (2013) showed that, in around 2,000
metagenomes collected from different biomes, the potential for utilization of carbohydrates

differed according to the type of biome.

However, several drawbacks that can undermine the importance of shotgun metagenomic
data need to be taken into account. Even though the NGS capacity is several terabases, it
is still impossible to reconstruct the genomes of all microorganisms in a single gram of soil
(Nannipieri et al., 2020). In addition, due to the heterogeneity of soil microbiota and dynamic
changes in microbial communities with time (Penton et al., 2016; Scholer et al., 2017,
Vestergaard et al., 2017), such analysis would give only limited information about the overall
soil functionality in a given ecosystem. Also, soils are three-dimensional structures that
differ not only on the macro- but also on the microscale. Besides, 1 gram of soil can contain
a large number of niches with different physicochemical properties and consequently,

different microbial communities, which questions if such a sample is adequate.
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DNA extraction is another potential step that can introduce bias since the quality and
quantity of DNA are heavily dependent on the soil type and extraction method (Bakken and
Frostegard, 2006). Simultaneously with DNA extraction, humic substances are often
coextracted. Since they can limit or even inhibit downstream analyses, DNA purification is
advised. However, purification can result in DNA loss. Several studies have shown that
during DNA extraction certain microorganisms such as active microbial communities can
be favored, thus influencing the amount and proportion of DNA extracted from soil (Delmont
et al., 2012). In addition, DNA extraction can lead to DNA shearing, which can influence the
shotgun metagenomic sequencing which requires higher amounts of quality, high-molecular
weight DNA (Vestergaard et al., 2017).

The sequencing library preparation is not only laborious and time-consuming but it is also
prone to the selection of DNA sequences with higher stability which are resistant to
mechanical shearing, and size selection steps which can lead to artificial exponential
amplification during the PCR, and a false representation of sequence frequency in a
dataset.

In the last decades, different bioinformatics tools and pipelines have become available.
Since different pipelines often involve different quality filtering and de-noising steps, and
comparison with different databases, results of the metagenome or amplicon analyses may
vary depending on the pipeline used (Vestergaard et al., 2017). Also, considering the
sequencing depth the sequencing efforts are still questionable. In the majority of soil
sequencing projects, based on the rarefaction analysis it was shown that the metagenomic
data covered less than 20 % of total diversity. In addition, to reconstruct and identify genes
involved in major nutrient cycles at least 5-10 Gb per sample is needed (Vestergaard et al.,
2017).

Furthermore, the conclusions in metagenomic sequencing projects are mostly based on
taxonomy and predicted gene relative abundances acquired by reads annotation and
comparison with publicly available databases. Often, those predictions for a metagenome
are not reliable, since read annotation is normally given as “best hits” or are considered
“‘unknown”. The publicly available databases (e.g., National Center for Biotechnology
Information - NCBI, Kyoto Encyclopedia of Genes and Genomes - KEGG, SEED, and
Clusters of Orthologous Groups - COG) differ greatly, once again stressing the fact that
analyses results depend on the pipelines and databases used. However, such annotations
are not indicative of absolute abundances, as the annotation is dependent on several

factors, including the previously mentioned sequencing depth.
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Firstly, annotation quality is highly dependent on the read length, and for short reads, it
increases with the assembly of contigs. Secondly, only the fraction of sequencing reads can
be both taxonomically and functionally annotated when reference sequences from publicly
available databases are used for comparison (Wooley et al., 2010). The sequences in
previously mentioned databases contain mostly sequences that originate from cultivation
studies, gene isolation and expression, and biochemical characterization studies. However,
lately, an increasing number of sequences in databases originate from high-throughput
sequencing studies of DNA from various environments (Benson et al., 2013). Such
sequences are only putative and not as reliable as sequences that originate from cultivation
and biochemical characterization studies, since the microorganisms which harbour those

sequences were never cultivated and characterized.

The majority of genomic databases are not representative of the soil microbiome (Choi et
al., 2017). However, numerous reliable reference sequences are still available. For
example, Pruitt et al. (2012) estimated that in 2012, the curated NCBI Reference Sequence
(RefSeq) database contained around 18,000 species from which 64 % belonged to the
microbes, where bacterial and archaeal sequences (approx. 59 %) dominate, whereas only
around 7 % of all accessions belong to the fungi and Pruesse et al. (2007) that the SILVA
database contained nearly 6 million small-subunit ribosomal sequences which
corresponded to approximately 700,000 non-redundant sequences. Keeping in mind that
less than 0.5 % of soil microorganisms (Guazzaroni et al., 2009; Vogel et al., 2009) and
around 1% of bacteria, in general, have been cultivated under the laboratory conditions
(Amann, 1995) the true extent of microbial diversity and related functions in different
ecosystems are still largely unknown. The underrepresentation of fungal sequences in
particular, in publicly available databases may be contributed to even greater cultivation
difficulties (Collado et al., 2007) in comparison to other microorganisms. Due to this
underrepresentation, fungi are often detected in soil metagenomes in low abundance 0.2-
1.6 % (Noronha et al., 2017), despite their high abundance and diversity estimation in
different soils (Buée et al., 2009).

Furthermore, despite the increasing number of studies and soil sequencing datasets
available a soil-specific database is still missing. To bridge this gap Choi et al. (2017) have
curated the RefSoil database, a subset of NCBI’s database of sequenced genomes, RefSeq
(release 74). This database consists of sequenced genomes of organisms originating from
soil. In total it contains 922 genomes, of which 888 belong to bacteria and 34 to archaea.
Whilst it contains similar dominant microorganisms (e.g., Proteobacteria, Firmicutes, and

Actinobacteria) as RefSeq, it also contains higher proportions of Armatimonadetes,
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Germmatimonadetes, Thermodesulfobacteria, Acidobacteria, Nitrospirae, and Chloroflexi

which are underrepresented in RefSeq, whilst they are associated with different soil.

In the artificial soil metagenomes analyzed here, the percentage of reads which could
be taxonomically assigned using the NCBI non-redundant protein sequence database
(NCBI-nr) was approximately 56 %. Of those annotated sequences approximately 94 %

were bacterial, 4 % eukaryotic, 2 % archaeal, and only up to 0.4 % fungal reads.

Generally, the annotation success is higher for taxonomic than for functional reads. In
this study, 35 % and 22 % of all sequences from the MT and IL metagenome, respectively,
were functionally annotated. This is in line with other previously published soil
metagenomes, where successful functional annotation varies from 10-35 % of reads
(Delmont et al., 2011; Fierer et al.,, 2012). The lower functional annotations might be
contributed to a large number and high diversity of genes encoding proteins and enzymes
found in microbial genomes. For example, the average bacterial genome consists of 5,000
protein-coding regions. Escherichia coli contains more than 60,000 unique and only
approximately 3,000 core gene families (Land et al.,, 2015). Although the gene-coding
regions in microbial genomes are well predicted, the functional annotation of such a variety
of genes is still not fully successful. Even though according to Kanehisa et al. (2016) KEGG
database comprises approximately 25 million gene sequences obtained mainly from the
Genbank and Refseq databases, divided into approximately 21,000 orthologous groups, it,

apparently, still does not cover the estimated diversity of genes encoding proteins.

All considering, it is not surprising that a significant portion of metagenome sequences
cannot be taxonomically or functionally assigned. Altogether, the above-mentioned factors
may limit the overall taxonomic and functional annotation of the metagenomes, as well as
the linkage between function and taxonomy. However, besides all potential drawbacks,
shotgun metagenomics represents one of the best tools for a comprehensive study of
microbial diversity, the complexity of microbially driven processes in soil, and linking the
studied process with microbial taxa driving them, at the moment. Finally, this was an

invaluable approach that allowed us to test and confirm the hypotheses H2-H5.
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6. CONCLUSIONS AND OUTLOOK

Since the artificial soil allows the use of pristine mineral surfaces, it represents a strong
foundation for mechanistic inference. Despite the simplification inherent in such approach,
particularly with respect to the biological and physical processes involved in aggregation,
the limited maturation times, and the absence of other biotic factors such as flora and fauna,
it provides a valuable insight into soil dynamics in the early stage of soil development. The
present study focused on the effect of different clay minerals, montmorillonite (MT) and illite
(IL), on the establishment and development of a distinct microbiome and henceforth the soil
activities in the initial stages of soil development characterized by main nutrients, such as
C, N and P depletion.

Our results confirmed that physicochemical properties of clay minerals MT and IL, such as
variable surface area, and charge, in particular, dictate the bioavailability of nutrients thus,
shaping the microbial communities, and activities later on. Furthermore, they gave us insight
into the processes involved in C, N, and P transformations during the initial phase of soil
formation, as well as into the functional groups that drive said processes, thus, enabling us
to predict the main processes involved in nutrient cycling and turnover depending on the
soil stoichiometry.

In addition, this research has shown that the predicted key players involved in C, N, and P
transformation were among the dominant taxa, which underlines the importance of main
nutrient acquisition in both artificial soil mixtures, with only a few taxa with the potential for
driving all processes involved in C, N, or P cycling. Families unique for a single artificial soil
type with the potential to drive a specific process were found in a very low abundance. The
dominant families predicted to be involved in C, N, and P turnover like Bacillaceae,
Microchaetaceae, and Thaumarchaeota are perfectly adapted to harsh environments with

the ability to rest as spores or acquire additional nutrients like C and N by fixation.

Since the bioavailability of carbon, nitrogen, and phosphorus was limited after a prolonged
maturation, our results have shown that microorganisms have developed new strategies,
such as recycling of mineral and organic C, N, and P, as well as an increase in N and P
uptake, in order to adapt and survive. For example, our data indicate that mainly recalcitrant
C compounds, organic N compounds, and organic P are an important source in both
artificial soil mixtures, as many reads were assigned to genes potentially involved in the
recalcitrant C compounds degradation, N mineralization, and assimilation, as well as
effective use of organic P sources, including different cellulolytic, proteolytic, ureolytic
enzymes, and different alkaline phosphatases and glycerophosphoryl diester

phosphodiesterase, respectively. These might be involved in the mineralization of still
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available C polymers, organic N, and organic P introduced with the manure or released
from the dead microbial biomass, whose composition significantly changed in more than

300 days after the last manure addition.

Furthermore, our data has shown that in MT, which has a larger soil surface area, the
relative abundance of the predicted gItDB and pstC gene was higher when compared to IL.
These genes encode highly effective enzymes involved in the assimilation of N into
microbial biomass under N depleted conditions, and the high-affinity phosphate-specific
transporter (pstSCAB) system acting under P starvation, respectively, thus allowing
effective recycling of N and P, and overcoming nutrient depletion.

However, since our observations were based on DNA sequencing, they represent the
system’s potential, which allowed us to investigate the general potential of the microbial
communities but doesn't provide information about the activity of the microbiomes. In order
to deepen the insight into nutrient turnover mechanisms and to identify active microbial
communities involved in the processes, RNA and proteome-based studies and additional
experiments should be employed.
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