Microbial denitrification control in acid and neutral soils
with implications for greenhouse gas emissions and
atmospheric chemistry

Mikroorganismer kontrollerer denitrifikasjon i sur og neutral jord
med implikasjoner for veksthusgassutslipp og atmosfaerekjemi

Philosophiae Doctor (PhD) Thesis

Lim Yen Nee, Natalie

Faculty of Chemistry, Biotechnology and Food Science
Norwegian University of Life Sciences

As 2017

Thesis number 2017:51
ISSN 1894-6402
ISBN 978-82-575-1450-1



PhD supervisors

Prof. Asa Frostegard (main supervisor)

Faculty of Chemistry, Biotechnology and Food Science
Norwegian University of Life Sciences

1432 As, Norway

asa.frostegard@nmbu.no

Prof. Lars R Bakken (co-supervisor)

Faculty of Environmental Sciences and Natural Resource Management
Norwegian University of Life Sciences

1432 As, Norway

lars.bakken@nmbu.no

Dr. Linda Bergaust (co-supervisor)

Faculty of Chemistry, Biotechnology and Food Science
Norwegian University of Life Sciences

1432 As, Norway

linda.bergaust@nmbu.no

Thesis evaluation committee

Univ.-Prof. Dipl.-Biol. Dr. Christa Schleper (Opponent 1)
Department of Ecogenomics & Systems Biology

University of Vienna

1090 Vienna, Austria

christa.schleper@univie.ac.at

Prof. Dr. Marcus Andreas Horn (Opponent 2)
Institute for Microbiology

Leibniz Universitat Hannover

30419 Hannover, Germany
horn@ifmb.uni-hannover.de

Dr. Phillip Pope (Coordinator)

Faculty of Chemistry, Biotechnology and Food Science
Norwegian University of Life Sciences

1432 As, Norway

phil.pope@nmbu.no



mailto:asa.frostegard@nmbu.no
mailto:lars.bakken@nmbu.no
mailto:linda.bergaust@nmbu.no
mailto:christa.schleper@univie.ac.at
mailto:horn@ifmb.uni-hannover.de
mailto:phil.pope@nmbu.no

Table of Contents

Table of Contents

ACKNOWIEAGEMENES ...ttt et e e b e e teeseesreenteeneesreers i
SUMIMBIY ..tttk ettt ekttt ekt e e st e ekt e eht e oo be e e R b e e b e e ehb e e ebe e embe e ke eenbeenbeeembeenbeeanneen i
SAMMENUIAG .ttt e bbbt bt b e bbb e e e bbb e bttt se e vii
ADDIEVIALIONS ...ttt bbbttt b bbb Xi
TS 0 o= 0T £SO Xiii

1 Introduction

1.1 The NITFOGEN CYCIE......eiiiiiiei e bbb 1
1.1.1 ACTODIC PrOCESSES ...ttt bbbttt bbbt 2
1.1.2 ANGEIODIC PIrOCESSES ....viivviveeiieiie it esieetesteeste s e s et e st e et e s e e ste e e s re e raebesneesreenneanes 2
1.1.3 Simultaneous anaerobiC PrOCESSES .......cueieeireiiieireerieeeeseeteseesreesresreesreeseesree e enseanes 5

A T o 1o LA o] OSSPSR 6
1.2.1 Nitrogenous compounds in denitrification ..., 6

0 N N (PP PS SRR 7
12,02 INHEFIEE oottt sttt ettt ne bt eneanas 7
1.2.1.3 NItriC 0XIde (NO) ...oouiiiiiiiieitisiesesee bbb 8
1.2.1.4 Nitrous oxide (N20) and dinitrogen gas (N2) .......ccooverrererenenenenesesceeeeens 8
1.2.2 Enzymes related to the denitrification ProCeSs .........ccocvvvereivieiveve s 9
1.2.2.1 Nitrate reductase (NAR)......cci i 9
1.2.2.2 Nitrite reductase (NIR) .......ccoooiiiiiiiieieee s 9
1.2.2.3 Nitric oxide reductase (NOR) ........cooiiiiriiiiiieiiseee e 10
1.2.2.4 Nitrous oxide reductase (N20R)........ccccoieiierieiie e 11
1.2.3 GENE FEQUIALION ......cviiiiceic ettt sbeebe s e nne s 11
1.2.4 Environmental variables affecting denitrification ............c.ccooceveiiiiniiiiiine 12

1.3 Chemical deCOMPOSITION ........ciiiiiieieieite et 13

1.4 MEeta-0miC @NAIYSIS......cveiuiiieiieeie ettt re e e te e nreereens 14
1.4.1 Obtaining material for analysSiS............cooviiiiiiii i 15
1.4.2 Sequencing and aNalYSIS ........ooeiiiiiiiiiiiiee s 16
1.4.3 Comparing meta-omic data with the phenome.............ccocveiieii i 18
1.4.4 Other types of MetaomiC data .........ccccoveiieeiiiiiiic e 19

2 Main approaches and rationales of theSiS............cccveviiiiiciic i 21



Table of Contents

3 Main results and discussion

3.1 Nucleic acid extraction for downstream meta-omic analyses ..........cccocevererininnieinenn, 25
3.2 Abiotic nitrite decomposition vs. biotic nitrite reduction............ccccccceviveveviesieere s, 28
3.3 Anaerobic nitrate consumption at acidic and neutral pH...........cccccocoeviviieiieicce e, 31
4 Concluding remarks and future PerspPeCtiVES ..........ccoovererereriiineseeeee e 37
SR RS (=] (][00t PSPPSR 41

Papers I-111 (individually numbered)



Acknowledgements

Acknowledgements

The present work was performed at the Faculty of Chemistry, Biotechnology and Food Science,
Norwegian University of Life Sciences, with financial support from the university. Additional
bioinformatics work was performed during a visit to the Department of Microbiology, Cornell

University.

First and foremost, my sincerest thanks to my supervisor and co-supervisor, Asa Frostegérd
and Lars Bakken, for their invaluable guidance and support since | had first started as a Masters
student in your group. The countless opportunities you have provided me with for scientific
research and conference networking are much appreciated. My experience here has allowed me

to grow both as a scientist and as a person, and for that alone, you have my utmost gratitude.

I am immensely grateful to all the members of the NMBU Nitrogen Group for providing
me with my home-away-from-home. | will always treasure the countless (and sometimes
random) discussions | have had with you guys. Special thanks to Else and Rannei — the fact that
the labs still stand and none of us has burnt anything down is testament to your science monkey-

herding prowess. ©

Last but not least, thank you to my friends and family, both in Norway and abroad, for their
support regardless of their physical proximity. In particular, my boundless gratitude to mum
and dad for listening to my many complaints with kind words of encouragement, and Jonathan
for helping me to de-stress (with Assassin’s Creed discussions, no less!). To my friends, thanks
a million for dragging me out of the lab for a short chat/coffee/ice-cream, going dancing, or just
playing the piano — I really needed those all-too-seldom breaks from my work.

I will forever be grateful to all who have given me assistance, big or small, during my time here

in Norway. This has truly been a life-changing experience.

As (Norway), June 2017

Lim Yen Nee, Natalie



This page intentionally left blank



Summary

Summary

As with the ancient philosophy of ex nihilo, nihil fit (out of nothing, nothing is produced:
nothing comes from nothing), the law of the conservation of mass dictates that no atoms in a
chemical reaction may be created or destroyed. Such conservation of Earthly nitrogen makes
up the global nitrogen cycle — a series of biological processes continuously recycling nitrogen.
Of special interest is denitrification, an anaerobic process which contributes to the sizeable
yearly production of environmentally-important nitrite, NO and N2O. In itself, N2O is a
powerful greenhouse gas with a global warming potential >300 times that of CO.. Nitrite and
NO, in contrast, may influence atmospheric chemical reactions via gaseous nitrous acid
(HONO) production, and may also wreak havoc at a molecular level within microorganisms.
Nitrite is potentially toxic because of its propensity to form aqueous nitrous acid (HNO3), which
is able to pass freely through cell membranes; whereas NO is a key signalling molecule in
regulating the transcription of various genes, further demonstrating the biological and chemical

impact of denitrification intermediates.

Despite its key role in producing environmentally important compounds, there is still
considerable ignorance surrounding denitrification in an environmental setting. Not to say our
current knowledge is insignificant, quite the contrary: Denitrification is a modular process
primarily mediated by bacteria, where nitrate/nitrite is reduced to N2O/Nz via NO; under anoxia
denitrifiers shift from respiring O> to nitrate and other N-oxides; denitrification is adversely
affected by O levels and decreasing pH (most sensitive being N2O reduction to N2); and many,
if not all, of the genes involved in denitrification are controlled by transcriptional regulators
influenced by NO. Nevertheless, much of what we currently know has been elucidated from
pure culture studies, and precious little is understood in mixed communities or in the
environment.  Further complicating this, commonly-used investigation methods
(e.g. primer-based analysis of genes and transcripts) have been restricted by their unsuitability
for community-wide application due to inherent biases. Additionally, relatively few studies
have attempted to reconcile genetic/transcription studies with phenotypic observations of
substrate consumption/production, leading to a disconnect between proposals of molecular

systems/responses and real-world effects.
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Thus, the aim of this thesis was to identify pH-dependent, anaerobic biological and chemical
N-redox transformations in soils. The sub-goals therein were to:

e Develop improved protocols for co-extracting DNA and mRNA from inhibitor-rich
soils for metagenomic/metatranscriptomic analyses

e Understand the pH-dependent regulatory mechanisms of denitrification controlling
nitrite, NO and N2O accumulation

e Map the genetic potential (metagenome) and transcriptional response
(metatranscriptome) related to N-transformations by different organism groups, and the
realised metabolism (process measurements)

e Determine the extent of abiotic reactions controlling nitrite levels in soils of different

acidity

Soils of contrasting pH (pH 3.8 and 6.8) were assessed for their denitrification ability by
monitoring nitrate, nitrite, and N-gas kinetics in microcosm experiments during anoxia
(Paper I11). Soil pH had the expected effect on N2O reduction: there was immediate reduction
at pH 6.8, while pH 3.8 showed negligible reduction during the first 35-40 h. Although both
soils produced nitrite and NO transiently, nitrite was kept low at pH 3.8, unlike pH 6.8 where
approximately half of added nitrate-N accumulated as nitrite before further reduction. Despite
this high total nitrite concentration at pH 6.8, concentrations of un-dissociated HNO> were two
orders of magnitude lower than at pH 3.8. Such information is important for understanding

HONO emissions to the atmosphere.

To identify the reasons behind these phenotypes, we sequenced the DNA and mRNA of
both soils obtained using our Paper | co-extraction method for inhibitor-rich samples.
Classification revealed contrasting gene and transcript taxonomic profiles, indicating
widespread modularity of denitrification potential and activity across microbial guilds in soils.
Regardless, both soils had similar denitrification genetic potential, with a clear dominance of
nirK and gnor over nirS and cnor. Transcription of nap+nar > nirK+nirS, potentially explaining
the accumulation of nitrite at pH 6.8, but not the low nitrite levels at pH 3.8 which were
attributed instead to combined chemodenitrification and metabolic control. Curiously, N.O
reductase (N20OR) gene transcription at pH 3.8 was detected without corresponding N20O
reduction. This is the first time to our knowledge that N2OR gene transcripts from multiple
bacterial lineages have been confirmed in the absence of consequent N2O reduction. This

suggests that N2OR non-functionality is an overarching phenomenon across microorganisms
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in acid environments, strengthening the hypothesis of post-transcriptional N2OR gene

regulation.

Abiotic degradation of the same soils was modelled using sterilised soils (Paper II) to
clarify the control of nitrite reductases on nitrite levels at different pH. Predictably, chemical
decomposition at pH >6 was negligible, but comparable to biological reduction at pH <6.
However, under highly acidic conditions (pH <4), abiotic decomposition was overshadowed by
enzymatic reduction during most of the incubation period, indicating strong biological
suppression of nitrite levels. This non-linear chemical response contends for more careful

consideration of abiotic N-kinetics in soils.

Collectively, these results present a convincing argument for pH-dependent N2O
management in the presence of strong biologically-driven control of potentially toxic and
environmentally harmful denitrification intermediates (nitrite and NO). Additionally, this thesis
challenges predictions of NO, N20, and N2 emissions from genetic potential and/or

transcriptional activity without relevant phenotypic data.
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Sammendrag

Sammendrag

Parmenides’ utsagn «de nihilo quoniam fieri nil posse videmus» (gresk; fra ingenting kommer
ingenting) har sitt motstykke i loven om massens konstans som sier at intet atom i en kjemisk
reaksjon dannes eller gdelegges. Det gjelder selvsagt ogsa for nitrogen, som gjennom
nitrogensyklusen endrer binding og oksidasjonstrinn gjennom et mangfold av biologiske
reaksjoner. Det transporteres mellom biosfere, lithosfeere, og atmosfere, men mengden
nitrogen forblir konstant. Denitrifikasjon inntar en ngkkelrolle i nitrogensyklusen fordi den
resirkulerer nitrogen fra biosfere til atmosfaerisk N2. Men i tillegg til N2 produseres ogsa N-O,
som er en klimagass med >300 ganger sterkere klimapadriv (pr kg) enn CO-. Videre kan
denitrifikasjon gi utslipp av NO og HONO (HNO>), som begge pavirker troposfaerens kjemi.
NO og HNO- har ogsa biologiske effekter pa andre organismer i jord; de er giftige for noen

organismer, og de pavirker genregulering hos andre.

Gitt denitrifikasjonens ngkkelrolle i nitrogensyklusen, og dens mangfold av biologiske og
gkologiske bivirkninger, vet vi mindre enn vi burde om prosessen og organismene. Ikke sa a
forsta at vi er helt uvitende: vi vet at det er en «modulaer» prosess, som reduserer nitrogen
trinnvis fra nitrat/nitritt til N> via NO og N2O, og at de gjer dette for & opprettholde respiratorisk
metabolisme i fravaer av oksygen. Vi vet at oksygen er en universell repressor av de genene
som koder for denitrifkasjons-enzymene, og vi kjenner mange av de andre komponentene i det
genregulatoriske nettverket som kontrollerer de enkelte genene. Mye av denne kunnskapen er
imidlertid basert pa studier av noen fa modellorganismer, gjerne studert i renkultur (ikke i
samliv med andre organismer), og det rader usikkerhet med hensyn til relevansen av denne
kunnskapen for forstaelsen av hvordan prosessen reguleres i komplekse mikrobesamfunn.
Forsgk pa & studere genregulering i slike samfunn har avdekket mange metodiske problemer.
Standard-verktgy i slike undersgkelser har veart a kvantifisere gener og gen-ekspresjon basert
pa Polymerase Chain Reaction (PCR), men svakheten ved denne teknikken er at vi kan fa
misvisende resultater fordi 1) metodene for ekstraksjon av DNA/RNA er darligere (bias) og 2)
«primerne» fanger kun opp en liten andel av de sekvensene som finnes, for eksempel i jord. En
annen svakhet med mange slike molekylarbiologiske studier av denitrifikasjon i jord har veert
mangelfull analyse av «fenotypen», det vil si prosesshastigheter og kinetikk. I verste fall har
man ngyd seg med a kvantifisere gener og gen-transkripter, og tatt det for gitt at dette er uttrykk

for potensiell og faktisk metabolsk aktivitet.

Vil
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Dette er bakteppet for mitt doktorgradsarbeid, som i hovedsak har dreid seg om a bestemme
hvordan pH i jord pavirker anaerobe biologiske og kjemiske nitrogen redoks-transformasjoner

i jord. Delmalene har veert

e Utvikle en bedre metode for effektiv og representativ ekstraksjon av bade DNA og RNA
fra jord for & muliggjere troverdige metagenomiske og metatranskriptomiske analyser
e Forsta hvordan pH pavirker regulering av denitrifikasjon i jord, og derigjennom

regulerer utslippet av NO og N.O

e Kartlegge det genetiske potensialet for nitrogentransformasjoner (metagenom),
organismenes forsgk pa a uttrykke dette potensialet (metatranskriptom), og i hvilke grad
de faktisk lykkes (prosess-maling)

e Bestemme betydningen av biotisk versus kjemisk transformasjon av nitritt, som

funksjon av pH i jord.

Jord med pH 6.8 og 3.8 fra et langvarig kalkingsforsgk ble undersgkt med hensyn til
denitrifikasjons-kinetikk, deriblant transient akkumulasjon av mellomproduktene nitritt, NO og
N-O. Eksperimentene viste den forventede effekten av lav pH pa jordens evne til a redusere
N20 (forsinket N>O-reduksjon ved lav pH gir hgyt utslipp av N20). Nitritt-akkumulasjon viste
det motsatte mgnster: jord med pH 6.8 akkumulerte store mengder nitritt, mens
nitrittakkumulasjon i sur jord var marginal. Pa tross av dette var konsentrasjonen av udissosiert
nitritt langt hgyere i sur enn i basisk jord. Dette belyser pH-virkning pa emisjon av HNO, som

antas a veere proporsjonal med konsentrasjonen av udissosiert nitritt.

Metagenomiske ag metatranskriptomiske analyser ble anvendt for & forsta disse
fenomenene. Det var klare forskjeller mellom jordtypene, bade med hensyn til genetisk
sammensetning av  denitrifikasjonsfloraen ~ (metagenom) og dens  genuttrykk
(metatranskriptom), men den totale mengden av gener som koder for de enkelte stegene i
denitrifkasjon viste mindre avhengighet av pH, og kunne bare i noen grad forklare de klare
forskjellene i prosesshastighet. Dette illustrerer naiviteten i & anta at tilstedevaerelsen av et gen
(eller et transkript) er ekvivalent med aktivitet. Spesielt viktig er observasjonen av at bakteriene
i sur jord apenbart pravde a uttrykke genet som koder for N2O-reduktase (de transkriberte nosZ
i like stor grad som i basisk jord), men ingen lyktes (ingen aktivitet). Dette er i og for seg
observert tidligere, bade i renkulturer og i jord, og tilskrives en post-transkripsjonell effekt av
lav pH. Mine resultater har imidlertid stor betydning fordi transkripsjon ble undersgkt ved
analyse av meta-transkriptomet. Tidligere undersgkelser i jord har alle vert basert pa PCR, med

de mangler og usikkerheter som er knyttet til dette. Pa bakgrunn av mine resultater kan vi med

viii
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langt starre sikkerhet fastsla at den post-transkripsjonelle blokkeringen av nosZ-uttrykket ved

lav pH er et universelt fenomen.

De lave nitritt-konsentrasjonene i sur jord kan i teorien skyldes rask kjemisk nedbrytning
av nitritt ved lav pH, det vil si at dette ikke skyldes regulering pa celleniva. For a belyse dette
ble den kjemiske nedbrytningskinetikken av nitritt bestemt i gammasterilisert jord, og denne
forste-ordens kinetikken ble brukt til & modellere nitrittkinetikken i levende jord. Resultatet
viste at nitritt holdes lavt i sur jord farst og fremst pa grunn av bakterienes regulering, og i
mindre grad pa grunn av kjemisk nedbrytning. De er med andre ord en regulatorisk respons pa

lav pH.

Samlet har resultatene gitt sterk statte til hypotesen at N2O emisjon kan begrenses ved a
juster pH i jord, fordi dette skyldes en post-transkripsjonell effekt av lav pH. Videre er det klart
at nitritt-kinetikk i sur jord i all hovedsak er styrt av mikro-organismenes regulering av balansen

mellom nitratreduktase og nitrittreduktase.
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Introduction

1 Introduction

1.1 The Nitrogen Cycle

Nitrogen is one of the six essential elements of life (carbon, hydrogen, nitrogen, oxygen and
sulphur), and is a key element in a large number of molecules involved in a variety of biological
processes. Given that it constitutes the bulk of the atmosphere in the form of dinitrogen gas (N>)
making up 78 %, the cycling of nitrogen is an important and well established field of study.
Several interlinked aerobic and anaerobic processes make up the biological pathways of the
nitrogen cycle, with nitrite and nitric oxide (NO) being two central molecules involved in
almost all processes except nitrogen fixation (Fig. 1). Often, these processes can be observed
in the same environment, and may either vie for the same nitrogenous molecules or are favoured
under contrasting conditions (such as under oxic and anoxic conditions) e.g. simultaneous

nitrification and denitrification (Burns et al., 1996; Russow et al., 2009).

Aerobic Anaerobic
- Anammox
NO; L
Denitrification
nas
nxr napA Nitrification
narG Nitrifier denitrification
Nitrogen fixation
nirk
NOz- \ner
\ cnor
\o
hao \\‘q\nor
NZO nosZ
nifA
nirB
NHZOH haoﬂ?y N2
hh
N2H,
amo nif
+
NH,

Fig. 1 Aerobic and anaerobic nitrogen cycle pathways. Genes encoding the enzyme related to each
pathway are listed next to the respective arrow: nitrate reductases (nas, nar, nap), nitrite reductases
producing nitric oxide (nirK, nirS), nitrite reductases producing ammonium (nrfA, nirB), nitric oxide
reductases (cnor, gnor), nitrous oxide reductase (nosZ), nitrite oxidoreductase (nxr), hydroxylamine
dehydrogenase (hao), ammonia monooxygenase (amo), hydrazine hydrolase (hh), hydrazine
oxidoreductase (hzo), and nitrogenase (nif). The reduction of N.O to N by nitrifiers has not yet been
confirmed and is thus not included in this figure. Figure adapted from Canfield et al. (2010) and Pauleta
et al. (2013).
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1.1.1 Aerobic processes

Nitrification is the main aerobic biological process in the nitrogen cycle, and involves the
oxidation of ammonium (NH4") to nitrite (NO2") and nitrate (NOz’). Nitrification can be further
split into the two processes: ammonium oxidation (NHs" = NHOH - NOy) and nitrite
oxidation (NO2> - NOz3’), using the enzymes ammonia monooxygenase (AMO) and
hydroxylamine dehydrogenase (HAQ), and nitrite oxidoreductase (NXR) respectively (Fig. 1).
Since nitrification preserves nitrogen in the soil and provides a key connection between
decomposing matter and denitrification, soil nitrifiers play an important role in the nitrogen
cycle. Nitrifiers make up three very different group of organisms: (i) ammonia-oxidising
archaea (AOA) fall within the phylum Thaumarchaeota; (ii) ammonia-oxidising bacteria
(AOB) are comprised of a monophyletic cluster within the gammaproteobacteria and a few
clusters in betaproteobacteria; whereas (iii) nitrite-oxidising bacteria (NOB) are the most
diverse, spread out over four phyla (Brochier-Armanet et al., 2008; Daims et al., 2016; Purkhold
et al., 2000). Since ammonia-oxidation is generally considered the rate-limiting step in
nitrification and AOA are known to dominate the ammonia-oxidising population in soils, there
has been much interest in AOA in the environment (Daims et al., 2016; Leininger et al., 2006;
Like et al., 2016; Prosser and Nicol, 2012). However, aside from these three classical nitrifier

groups, there is also the recently discovered comammox (complete ammonia oxidisers) bacteria

that possess homologues of AMO, HAO, and NXR, and are able to perform the complete

nitrification process within a single organism (Daims et al., 2016).

1.1.2 Anaerobic processes

Nitrogen fixation may be regarded as the most important biological process in the nitrogen
cycle, since the fixing of N2 gas as ammonia introduces biologically-accessible nitrogen into
the environment. An exclusively prokaryotic process (eukaryotes involved in nitrogen fixation
do so with prokaryotic symbionts), nitrogen-fixing organisms utilise the nitrogenase enzyme
(NIF) to perform a very energy-costly process that requires the hydrolysis of 16 ATP molecules
per N2 molecule (Barney et al., 2006; Seefeldt et al., 2009). However, in recent decades
anthropogenic processes such as the Haber-Bosch process contribute to 45% of yearly fixed
nitrogen globally, introducing large quantities of biologically-available nitrogen into terrestrial
and marine environments that are not completely offset by the major N2-emitting process,
denitrification (Canfield et al., 2010).
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Denitrification has been studied extensively for many decades, because it is a major loss
of biologically-available nitrogen (Canfield et al., 2010; Wijler and Delwiche, 1954). Sensu
stricto, classical denitrification is the stepwise reduction of NOs™ or NO2=> NO -> nitrous
oxide (N2O) or N2 (Mahne and Tiedje, 1995; Shapleigh, 2013), using the enzymes nitrate
reductase (NAR), nitrite reductase (NIR), NO reductase (NOR), and N2O reductase (N20R),
respectively (Zumft, 1997). Denitrifiers may be bacterial or fungal, but only prokaryotes are,
as far as we know today, able to perform the final step of N2O reduction to N2 because fungi do
not possess the N2OR enzyme (Thomson et al., 2012). Moreover, while fungal denitrification
Is not necessarily insignificant, bacteria are known to play the more important and influential
role in denitrification (Herold et al., 2012; Long et al., 2013). Thus, many environmental studies
concentrate solely on bacterial denitrifiers (Brenzinger et al., 2015; Henderson et al., 2010).
Being a major part of this thesis, classical denitrification is further elaborated below (Section 1.2

below).

Nitrifier denitrification, the reduction of nitrite to N-gas by nitrifiers, is a separate process

from classical denitrification, and is thus different from nitrification-coupled-denitrification.
Nitrifier denitrification is performed solely by nitrifiers possessing both nitrification- and
denitrification-related enzymes, whereas the coupled processes simply refer to the use of
nitrifier-generated nitrate/nitrite by denitrifiers (Wrage et al., 2001; Zhu et al., 2013). While
nitrifier denitrification appears to be identical to denitrification (in terms of enzymes and
reaction intermediates), there is no nitrate generated in this process — nitrite oxidised from
ammonia is followed by the reduction to NO, N2O, or even N2 (Cantera and Stein, 2007; Muller
et al., 1995; Wrage et al., 2001). However, studies on the effect of O2 on these processes have
noted that while nitrifier denitrification is capable of producing significant quantities of NO and
N20 at low O2 concentrations (0.5 % Oz), only classical denitrification is active under anoxic
conditions (Zhu et al., 2013). To complicate matters, despite the evidence of N2-production by
nitrifier denitrification and finding NIR, NOR and N2OR gene homologues in different
nitrifiers, no complete set of denitrification enzymes has been found in a single organism, nor
has an N20OR gene homologue been found in the nitrifier that had produced N2 gas (Hu et al.,
2015; Muller et al., 1995). Furthermore, some believe that the term “nitrifier denitrification” is
a misnomer because there is little evidence that the process is dissimilatory, and may thus

simply be a nitrite detoxification mechanism (Schreiber et al., 2012).

Codenitrification produces N2O or N2 from two separate N sources (resulting in the

formation of hybrid N-gases), and has been regarded as the pathway through which fungi, which
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lack N2OR, produce N2 (Spott et al., 2011). However, it bears remarkable similarities to
chemodenitrification (which involves chemical nitrosation reactions that also produce hybrid
N-compounds, Section 1.3), and there have been suggestions that codenitrification may be
better known as “bionitrosation” (Spott et al., 2011). Despite apparent evidence of hybrid N>
from codenitrification in the environment (Laughlin and Stevens, 2002; Long et al., 2013),
chemical nitrosation alone is capable of producing comparable quantities as detected in
codenitrification studies (Kumon et al., 2002; Mania et al., 2014; Stieglmeier et al., 2014). A
recent report has also questioned the reliability of hybrid N-gas measurements as evidence of
codenitrification, doubting fungal codenitrification as a true biological process (Phillips et al.,
2016).

Anaerobic ammonium oxidation (anammox) is the other process capable of producing

hybrid N2 from two distinct sources of N (Fig. 1). Believed to be the predominant pathway for
N-loss from marine environments and aquifer soils (Lam et al., 2009; Wang et al., 2017),
anammox is an anaerobic process performed by a slow-growing monophyletic cluster within
the phylum Planctomycetes (Jetten et al., 2001). Anammox bacteria utilise NAR and NIR to
reduce NOz™ = NO2 > NO, then use hydrazine hydrolase (HH) to produce hydrazine (N2Ha),
and either HAO or hydrazine oxidoreductase (HZO) to form N». Because HAO and HZO are
both capable of oxidising N2H4 and have similar gene sequences (HZO is believed to be the
HAO equivalent in anammox bacteria), they are often collectively referred to in the anammox
process as HAO/HZO (Jetten et al., 2001; Kraft et al., 2011).

Dissimilatory nitrate reduction to ammonium (DNRA) is the other main anaerobic process

in the nitrogen cycle aside from denitrification, and involves the reduction of nitrate to NH4*
via nitrite (Fig. 1). Unlike denitrification, DNRA keeps N in biologically accessible forms, thus
making it an important N-cycling process. The reduction of nitrite to NH4" is performed by
NrfA or NirB, although the former is more commonly associated with DNRA and the latter
with nitrite detoxification (Decleyre et al., 2016; Mania et al., 2016; Moreno-Vivian et al.,
1999). However, DNRA organisms are also known to produce N2O (possibly as a detoxification
mechanism) despite not necessarily possessing NOR, thus the relationship between DNRA and
N20O emissions is not entirely clear (Hu et al., 2015; Riitting et al., 2011; Streminska et al.,
2012).
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1.1.3 Simultaneous anaerobic processes

Aside from the previously mentioned nitrification-coupled-denitrification, many of the
biological processes are known to occur simultaneously in mixed communities (Bleakley and
Tiedje, 1982; Dalsgaard et al., 2014; Dong et al., 2009; Long et al., 2013). In the environment,
denitrification and DNRA coexist and compete for nitrate, resulting in the production of both
N2O/N2 and NH4" (Bleakley and Tiedje, 1982; Ritting et al., 2011). However, DNRA appears
to be more efficient and competitive at higher C/NOs" ratios (Bleakley and Tiedje, 1982; Ritting
et al., 2011; Stevens et al., 1998; Streminska et al., 2012; Strohm et al., 2007), and is likely
favoured under high C-decomposition conditions, although high quantities of NOs™ may swing
in favour of denitrification (Hardison et al., 2015). Similar observations have been made in pure
cultures of Bacillus vireti, where the transcription of DNRA- or denitrification-related genes
were favoured under low or high nitrate levels respectively, resulting in different accumulation
of intermediates and end-products (Mania et al., 2016). Thus, the ratio of N2O/N2 and NH4*
produced from nitrate differs depending on environmental conditions. Despite this, the
importance of DNRA compared to denitrification is uncertain: DNRA is believed to yield more
energy than denitrification, but has historically been regarded as a minor process in the
environment although recent studies seem to indicate otherwise (Smith et al., 2015; Strohm et
al., 2007; Wijler and Delwiche, 1954). It has also been suggested that DNRA activity may have
been exaggerated in laboratory experiments due to experimental design (the use of soil slurries
apparently favours DNRA), possibly due to DNRA organisms being more competitive under
aerobic or fluctuating O conditions (Rtting et al., 2011). Moreover, isotope (*°N) tracing field
experiments have not yielded clear results, due to competition with alternative transformation
pathways (involving plants, or immobilisation and remineralisation) of the same

biologically-available N-compounds involved in DNRA (Rutting et al., 2011).

In contrast, there is strong evidence that anammox is insignificant in most soils when
compared to either DNRA or denitrification (Hardison et al., 2015; Hu et al., 2015; Long et al.,
2013), despite its clear dominance elsewhere in water-rich environments (Lam et al., 2009;
Wang et al., 2017). Additionally, evidence suggests that anammox is not a conventional
terrestrial process: (i) Anammox is less affected by oxygen than the other processes;
(i) Anammox NIR genes are distinct from denitrifier NIR (< 63% sequence identity); and
(iii) NAR and NOR in anammox organisms may be used in unconventional ways, where NAR
acts as a nitrite oxidoreductase producing nitrate from nitrite and NOR converts 2NO -
N> + O (Dalsgaard et al., 2014; Lam et al., 2009).



Introduction

1.2 Denitrification

As aforementioned, classical denitrification is the stepwise enzymatic reduction of
nitrate/nitrite to N2O/N2 via NO. While it is generally regarded as an anaerobic process, only
the final step of N2O reduction to N2 by N2OR is strongly affected by O> (Qu et al., 2016), and
denitrification under fully oxic conditions (known as “aerobic denitrification”, generating only
NO and N0 as end-products) has been observed and studied for many decades (Meiklejohn,
1940; Mgarkved et al., 2007).

Since denitrification sensu stricto does not always include the reduction of nitrate to nitrite
nor N2O to Na, these two processes are sometimes known separately as “nitrate reduction” and
“N20 reduction”, respectively. Complicating this, while the full set of denitrification enzymes
are sometimes present in its entirety in some organisms, different organisms within a shared
community may possess the enzymes necessary for each reduction reaction, creating the
potential of the existence of a denitrifying environment in the absence of “complete” denitrifiers
(Jones et al., 2008). Furthermore, even individual strains of complete denitrifiers are known to
regulate the denitrification process differently, creating distinctive denitrification regulatory
phenotypes (DRP) such as “progressive onset” and “rapid complete onset”, where there is an
accumulation then subsequent utilisation of each denitrification intermediate in the former but
not in the latter (Liu et al., 2013). However, for simplicity DRP is disregarded in this thesis
(since pure cultures are not discussed), and the term “complete denitrification” henceforth refers
to the reduction of nitrate to N2 (NO3™ &> NO2° > NO - N20 > N3), and “incomplete
denitrification” refers to the reduction of nitrate to N2O (NOs™ = NO2” = NO - N20), unless
otherwise specified. Due to the complications surrounding nitrite chemistry at low pH
(Section 1.3 below), truncated forms of denitrification that start from nitrite (instead of nitrate)

are expressly specified.

1.2.1 Nitrogenous compounds in denitrification

The main compounds involved in denitrification are nitrate, nitrite, NO, N2O and N». Although
other compounds such as methyl nitrite (CHsONO) and nitrogen dioxide (NO> gas: different
from aqueous nitrite, NO2) have been observed in relation to biotic and abiotic processes
related to denitrification, they are generally regarded as unimportant in classical denitrification
and are thus not be discussed here (Magalh&es and Chalk, 1987; McKenney et al., 1990; Nelson
and Bremner, 1970; Némmik and Thorin, 1972).
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1.2.1.1 Nitrate

Nitrate, one of the two main forms of inorganic N taken up by plants, is chemically stable and
degradation is very slow even in highly acidic environments (van Cleemput, 1998). However,
many microorganisms are capable of reducing nitrate to nitrite, making it a process that is
known to dominate over others such as denitrification, DNRA, or anammox in the environment
(Zumft, 1997). Microorganisms that are only capable of nitrate reduction and no other steps in
denitrification are known as nitrite accumulators, and are estimated to outnumber denitrifiers
4:1 in soil environments (Gamble et al., 1977). Additionally, there is evidence that nitrate may
be preferentially used over other nitrogenous compounds (Burns et al., 1996; Mania et al.,
2016), which may also explain early observations that high levels of nitrate delays N>O

reduction in denitrification (Blackmer and Bremner, 1978).

1.2.1.2 Nitrite

Unlike nitrate, nitrite is far less stable chemically and readily decomposes without the aid of
biological processes especially under acidic conditions (Porter, 1969; Stevenson et al., 1970)
(further elaborated in Section 1.3 below). Further complicating matters, measuring nitrite at low
pH can be difficult, since the methods used to extract and analyse nitrite may themselves
increase decomposition rates (Homyak et al., 2015). Nevertheless, nitrite has been observed to
accumulate during denitrification, with increasing levels detected with increasing pH (Glass
and Silverstein, 1998; Henderson et al., 2010). This accumulation is potentially problematic,
because nitrite can be toxic to organisms by passing through membranes in the form of HNO>
(Kaiser and Heber, 1983; Samouilov et al., 2007). Nitrite toxicity is especially apparent at acidic
pH, and has been observed to have either a transitory (Bancroft et al., 1979) or complete
(Meiklejohn, 1940) inhibition effect on denitrification, possibly differentiated by the extent of
nitrite build-up.

Additionally, nitrite plays a major role in atmospheric chemistry through the abiotic
formation of aqueous and gaseous nitrous acid (Fig. 2, differentiated as HNO2 and HONO
respectively), and is able to do so even in neutral or basic pH soils (Oswald et al., 2013; Su et
al., 2011). In turn, HONO is an important player in tropospheric chemistry, acting as a major
source of OH and catalytically destroying ozone, thereby potentially contributing to climate
change (Jacob, 2000; Kulmala and Petdja, 2011; Spataro and lanniello, 2014).
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Fig. 2 Soil nitrite and atmospheric nitrous acid (HONO). Red arrows represent HONO emissions
from soil nitrite, green arrows represent biological processes, orange arrows represent chemical
conversion of NO, and HNO; to HONO, and blue arrows represent other processes. From Su et al.
(2011). Reprinted with permission from AAAS.

1.2.1.3 Nitric oxide (NO)

Nitric oxide is a very important molecule, playing large roles in biological signalling and
atmospheric chemistry (Bowman et al., 2011; Su et al., 2011). Due to its effects on gene
activation via regulators such as the Crp-Fnr superfamily of transcriptional regulators and NsrR
(further analysed in Section 1.2.3 below), NO is capable of activating a large number of
denitrification-related genes (Rodionov et al., 2005). Abiotically, NO may interact with OH in
the atmosphere to form HONO (Su et al., 2011), thus contributing to the atmospheric HONO
pool (Fig. 2). Moreover, direct HONO emissions (originating from soil nitrite) and NO
emissions can be comparable under some circumstances, meaning that the denitrification

process creates two potential sources of the atmosphere-altering HONO (Oswald et al., 2013).

1.2.1.4 Nitrous oxide (N20) and dinitrogen gas (N2)

Aside from the undesired effect of losing biologically-available N from terrestrial and marine
environments, the two main denitrification end-products (N.O and N2) have two different
effects on the environment. Dinitrogen gas is, being a triple-bonded molecule (N=N) is
chemically-demanding to break, relatively chemically inert and has little effect on the
environment (Barney et al., 2006; Canfield et al., 2010). In contrast, N2O is a very powerful
greenhouse gas with a global warming potential that is approximately 300 times that of the
more commonly known CO; (Lashof and Ahuja, 1990), and has recently been recognised as
the “single most important ozone-depleting emission” from anthropogenic sources

(Ravishankara et al., 2009). Thus, much research has focussed on the potential of N2O sinks in
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mixed communities and pure cultures alike, in the hopes of reducing atmospheric N2O to
harmless N2 (Butterbach-Bahl et al., 2013; Jones et al., 2014; Mania et al., 2014; Palmer and
Horn, 2012).

1.2.2 Enzymes related to the denitrification process

Each step in denitrification uses one of four reductases that are encoded for by different genes
(Fig. 1): NAR is encoded for by the genes nar (membrane-bound) and nap (periplasmic), NIR
by the genes nirK (copper-containing) and nirS (cytochrome cdi), NOR by cnor (cytochrome ¢
dependent) and gnor (quinol-dependent), and N2OR by nosZ (Spiro, 2012; Zumft, 1997). These
genes are evolutionarily distinct and separate from one another, though there is some indication
that some genes may be higher correlated with the coexistence of others (Graf et al., 2014).
However, unlike nitrifiers and anammox organisms, denitrifiers are not restricted to specific
microbial guilds, strongly suggesting that horizontal gene transfer or other evolutionary
phenomena likely played a role in the spread of denitrification genes (Jones et al., 2008;
Shapleigh, 2013).

1.2.2.1 Nitrate reductase (NAR)

Not strictly a denitrification enzyme, NAR exists in a variety of oxic and anoxic environments
because they do not necessarily require anaerobiosis for function (Bergaust et al., 2008;
Dendooven and Anderson, 1995). Although there are other types of NAR (e.g. the assimilatory
nitrate reductase Nas), only the aforementioned membrane-bound Nar and periplasmic Nap
enzymes have been linked to denitrification (Moreno-Vivian et al., 1999; Richardson et al.,
2001; Zumft, 1997). These two NAR may be differentiated by their association with other
anaerobic processes (Nap has been associated with the periplasmic nitrite reductase NrfA in the
DNRA process), as well as their sensitivity to O2: Nap is unaffected by O concentrations and
has been associated with aerobic denitrification; whereas cytoplasmic Nar not only requires an
O2-inhibited nitrate-porter to function, but is also upregulated by the transcriptional regulator
Fnr under anoxic conditions (Moreno-Vivian et al., 1999). There has also been some evidence
of Nap and Nar being favoured under low and high levels of nitrate respectively (Wang et al.,

1999), but the effect of nitrate as compared to O has not been determined.

1.2.2.2 Nitrite reductase (NIR)

Nitrite reductases are important enzymes, both due to their role in controlling the levels of

potentially toxic nitrite, and because nitrite is a central molecule in almost all biological
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processes in the nitrogen cycle (Fig. 1). Similar to NAR, there are other types of
non-denitrification-related NIR. Of particular interest is NrfA and NirB, both of which have
been associated with DNRA and have been linked to Nap and Nar (Cole and Richardson, 2008).
Evidence indicates that NrfA (associated with Nap) is favoured in substrate limiting conditions,
whereas NirB (associated with Nar) is favoured in excess conditions (Wang et al., 1999; Wang
and Gunsalus, 2000). It has thus been suggested that the latter is involved in nitrite
detoxification or the storage of N (Malm et al., 2009; Mania et al., 2016; Wang and Gunsalus,
2000). In contrast, both denitrification-related NIR, NirK and NirS, are respiratory enzymes
(Zumft, 1997).

Although NirK and NirS perform the same function in denitrifiers, the genes encoding the
two enzymes appear to be evolutionarily distinct (Jones et al., 2008; Zumft, 1997). While the
genes nirK and nirS have recently been found within a single organism, there has not yet been
evidence that both genes are active and functional (Graf et al., 2014). Perhaps because of their
evolutionary distinctiveness as well as NirS having been more extensively studied, NirS has
been the predominant enzyme detected and isolated (Coyne et al., 1989; Gamble et al., 1977;
Palmer and Horn, 2012) until recent years (Brenzinger et al., 2015; Coyotzi et al., 2017; Maeda
et al., 2010). Thus the frequency and magnitude of NirK occurrence may be severely

underestimated, in part due to poor primer constructs.

1.2.2.3 Nitric oxide reductase (NOR)

Nitric oxide reductases are the major contributor to N.O production within the nitrogen cycle.
Although there are three types of NOR (cNor, gNor, and gCuaNor), the last type is not as
well-characterised, other than that it appears to be a hybrid of the former two NOR (it may be
capable of accepting electrons from either menaquinol or c-type cytochrome), and that it has a
binuclear Cua centre (Spiro, 2012; Suharti et al., 2004; Zumft, 2005). Regardless, all three NOR
perform the same process (reducing NO to N20) using similar active centres and are thus

functionally equivalent for the purposes of denitrification (Zumft, 2005).

At a process level, there have been conflicting reports as to whether or not a relationship
between NOR and denitrification potential exists (Chen et al., 2012; Yu et al., 2014). On one
hand, NOR controls the levels of the signalling molecule NO, in turn regulating all
denitrification genes via the Crp-Fnr superfamily (see Section 1.2.3 below). On the other hand,
many of the other denitrification enzymes are shared by non-classical denitrifiers (e.g. nitrifiers,

DNRA organisms, etc.), complicating statistical correlations. Furthermore, the type of NOR
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analysed and method used (primer-based or otherwise) likely introduces its own bias to such
sweeping conclusions. Thus, whether or not NOR may be considered a key indicator for

denitrification remains to be seen.

1.2.2.4 Nitrous oxide reductase (N20OR)

Nitrous oxide reductases can be divided into two structurally similar variants, referred to as
Z-type (or “typical” Nos, zNos) and c-type (or “atypical” Nos, cNos), and are mainly
differentiated by their export pathway (zNos uses the Tat pathway whereas cNos uses the Sec
secretory system) as well as their electron transfer pathways (Pauleta et al., 2013; Spiro, 2012).
Interestingly, correlations have been drawn between cNos and zNos abundance with an
environment’s N2O sink capacity (Jones et al., 2014). However, although there has been much
evidence that cNos is the most abundant environmentally and may have been overlooked due
to primer-bias (Jones et al., 2012; Orellana et al., 2014; Sanford et al., 2012), a very recent study
has disabused this notion: cNos indeed overshadowed zNos in the genetic potential, but
microbial activity was strongly dominated by zNos-carrying organisms instead (Coyotzi et al.,
2017). Considering that the previous studies were based on DNA and metagenomes, this is
indicative that transcriptional control and/or posttranscriptional phenomena may play a large
role in N20OR function.

Startlingly, multiple reports have appeared to put transcriptional analyses to doubt, where
nosZ transcripts were detected without corresponding N2O reduction or N2 production
(Brenzinger et al., 2015; Henderson et al., 2010; Liu et al., 2010). However, these may be
explained by the presence of Oz which is known to suppress N2OR activity (Betlach and Tiedje,
1981; Zumft, 1997), or the common use of acetylene to determine N2 production — suspected
to be inconclusive due to the interference of acetylene with NO and N2O (Nadeem et al., 2013).
Nevertheless, pure culture and extracted cell experiments have revealed that low pH may cause
the failure of a yet unknown post-transcriptional process: enzymes made at pH 7 were able to
reduce N2O at pH 5.7, when enzymes synthesised at the latter pH could not (Bergaust et al.,
2010; Liu et al., 2014).

1.2.3 Gene regulation

Denitrification genes are controlled by a number of different transcriptional regulators. The
Crp-Fnr superfamily of transcriptional regulators in bacteria is an extremely large group of
regulators that control a wide range of functions including biological N-processes, and include

members such as Fnr, NnrR, and Dnr (Kdrner et al., 2003). In response to anaerobiosis, the
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Crp-Fnr superfamily is known to activate the transcription of all denitrification- and
DNRA-related genes: nap, nar, nir (B, K and S), nrfA, nor (C and Q), and nosZ (Cole and
Richardson, 2008; Dalsgaard et al., 2014; Rodionov et al., 2005). Additionally, NO also signals
the Crp-Fnr superfamily, which in turn influences the transcription of entire gene clusters,
although the exact mechanism through which NO acts upon the transcriptional regulator is not
fully understood (Bergaust et al., 2012; Spiro, 2012; Vollack and Zumft, 2001; Zumft, 2005).

Superfamilies aside, regulators such as Hcp, NarXL, NarQP, and NsrR are also involved
in the transcriptional regulation of multiple denitrification enzymes, in response to molecules
such as nitrate/nitrite or NO (Bergaust et al., 2012; Medinets et al., 2015; Rodionov et al., 2005;
Spiro, 2012). For example, there is evidence that NasST regulates both Nap and NosZ under a
yet uncertain nitrate-mediated process, likely related to its function as a regulator for
nitrate/nitrite-sensing (Luque-Almagro et al., 2013; Sanchez et al., 2014). At the level of
individual operons, gene-specific regulators such as Nirl, NorR, and NosR regulate the nir, nor,
and nos gene clusters respectively, although there is indication that they may ultimately do so
via the Crp-Fnr superfamily (Cuypers et al., 1992; Medinets et al., 2015; Pauleta et al., 2013;
Saunders et al., 1999).

1.2.4 Environmental variables affecting denitrification

While not actual transcription regulators, environmental variables are known to affect
denitrification activity and community composition. The presence of oxygen, as seen in the
previous sections, plays a large role in affecting the denitrification process. Carbon has long
been known to be important in denitrification (Burford and Bremner, 1975), and its limitation
may result in the preferential use of more oxidised electron acceptors over N.O (Betlach and
Tiedje, 1981). This in turn may explain the accumulation of N2O in some environments
(Schalk-Otte et al., 2000). Similarly, nitrogen availability is known to affect the accumulation
of denitrification intermediates possibly by repressing the transcription or activity of certain
enzymes (Dendooven and Anderson, 1995; Mania et al., 2016). Thus high concentrations of
nitrate or nitrite may result in large quantities of N>O produced, sometimes even appearing to
inhibit N2O reduction (Blackmer and Bremner, 1978; Burns et al., 1996; Firestone et al., 1980).

One “master variable” of denitrification is pH. Globally, most soils are below neutral pH
(Fig. 3), thus the effect of low pH environments on denitrification (and the potential loss of
biologically-available N) is important to agricultural and forestry industries alike. It is generally

recognised that pH towards neutral allows for more efficient denitrification, with acidic soils
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producing a higher N2O:N ratio (Bakken et al., 2012; Firestone et al., 1980; Raut et al., 2012).
This may be partially because pH affects nitrate and nitrite accumulation and degradation,
which in turn affects all downstream denitrification steps (Shen et al., 2003; Wang et al., 2015).
However, the optimum pH for denitrification is generally soil dependent and the maximum
denitrification rate may not always be close to neutral (Herold et al., 2012; Simek et al., 2002).
This likely reflects a community of environmentally-selected microorganisms, such as
acid-tolerant denitrifiers (Van Den Heuvel et al., 2010; Lycus et al., 2017).

Soil pH

Strongly Mildly Neutral Mildly
Acidic Acidic Alkaline

Fig. 3 Global soil pH. Used by permission of The Center for Sustainability and the Global Environment,
Nelson Institute for Environmental Studies, University of Wisconsin-Madison [data obtained from the
SoilData System developed by the International Geosphere-Biosphere Program Data and Information
System (IGBP-DIS, 1998)].

1.3 Chemical decomposition

Commonly known as “chemodenitrification”, the abiotic decomposition of N-compounds is
long-known to have complicated studies on the biological processes of nitrogen cycling. In
particular, the fast chemical transformations of nitrite (especially at low pH) is the most familiar
to biologists, especially when compared to nitrate, which is highly resistant to chemical
decomposition (van Cleemput, 1998). In high organic environments (e.g. peat), the loss of
nitrite can be very fast and severe, resulting in a failure to recover nearly all extractable nitrite

within 70 minutes of addition (Stevens and Laughlin, 1995).

Abiotic nitrite decomposition can result in a range of gases in mixture or alone, some of

which are also observed in classical denitrification: NO, N2O, N, and even CO2 (Nelson and
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Bremner, 1970; Porter, 1969; Stevenson et al., 1970; Stevenson and Swaby, 1964). Of these
gaseous compounds, NO is the most abundantly produced and commonly observed gas,
regardless of pH (Bremner, 1997; McKenney et al., 1990; Nommik and Thorin, 1972; Porter,
1969).

Due to its reaction speed and similar gaseous products, chemodenitrification has generally
been regarded as indistinguishable from classical denitrification in environments of pH <6
(Spott et al., 2011). However, not all products of chemical decomposition are typical of the
biological nitrogen cycle, and these chemically-nitrosated organic compounds in the soil may
not be available to biological processes (Nommik and Thorin, 1972). Unfortunately, despite
decades-old knowledge of its existence (Wijler and Delwiche, 1954), little is known of the exact
chemistry of such chemodenitrification in soils, other than that nitrite is readily lost, likely due
to the nitrosation of organic matter (such as humus) in the soil to form stable organic N
compounds (Némmik and Thorin, 1972; Thorn and Mikita, 2000). However, there is evidence
that not all quickly immobilised N in soil environments is also chemically decomposed, and

may be extractable in its original form (Dail et al., 2001).

1.4 Meta-omic analysis

With the ever-lowering costs of sequencing, there has been a shift from traditional
fingerprinting methods such as DGGE, to amplicon-sequencing, and now to
metagenomics/metatranscriptomics. This has spawned a slew of studies reanalysing (or
improving) existing nucleic acid extraction methods (Arbeli and Fuentes, 2007; Krsek and
Wellington, 1999; Persoh et al., 2008; Vishnivetskaya et al., 2014), as well as generated a mass
of bioinformatics methods (Bolger et al., 2014; Kim et al., 2016; Narayanasamy et al., 2016;
White et al., 2016), with the resulting data spanning almost all fields of biology (Franzosa et
al., 2014; Orellana et al., 2014; Tveit et al., 2015; Twin et al., 2013). Yet sequencing and
bioinformatics are still far from perfect, and a number of reviews have warned of the challenges
that remain, as well as the follies of inadvertently replacing proper, sounded out hypotheses
with these modern analytics (Franzosa et al., 2015; Moran et al., 2013; Nesme et al., 2016;
Prosser, 2015). Nevertheless, meta-omic analysis offers scientists the possibility of in-depth
community analysis that crosses the boundaries of specific taxonomic guilds and metabolic

pathways, as well as the use of published data for entirely novel multi-study analyses.

Previously available tools for the analysis of nucleic acids were largely primer-based, and

were thus highly susceptible to biases caused by gene sequences that did not match the
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conserved regions of such “universal” primers (Throbdck et al., 2004). This led to the repeated
search for, construction of, and comparison of primers that were sadly still short of true
“universality” (Chen et al., 2010b; Jones et al., 2012; Jung et al., 2012). Advances in
high-throughput sequencing technologies in recent years have paved the way for analysis of the
metagenome (MG) that is independent of the existence of primers and conserved sequences,
and has allowed for more detailed analyses and the capture of previously undetectable
microorganisms (Mason et al., 2012; Orellana et al., 2014; Tveit et al., 2013). However, MG
only reflects the potential of any given community, and does not necessarily reflect the activity
or the response. Some studies have thus utilised DNA stable-isotope probing to help
differentiate between the actively growing and inactive portions of the community (Chen et al.,
2010a; Coyotzi et al., 2017), but this is still unable to supply information on gene expression.
Additionally, DNA is known to survive extracellularly in the environment, and may thus
complicate any conclusions drawn about genetic potential (Levy-Booth et al., 2007).
Accordingly, the metatranscriptome (MT) is important for the true differentiation between that
which is simply present, and that which actively responds to an environmental signal. An
additional benefit to the MT is that it is a more sensitive and responsive bioassay than the MG
or metaproteome due to the short half-life of MRNA compared to DNA and proteins, making it
more suitable for phenome-linked meta-omic studies where the immediate biological response
to environmental changes is of interest (Moran et al., 2013). Hence, studies with both MG and
MT are able to draw conclusions on genetic potential vs. response to environmental stimuli,
granting insights to biological processes (Franzosa et al., 2014; Mason et al.,, 2012;
Narayanasamy et al., 2016).

1.4.1 Obtaining material for analysis

The first step in all nucleic acid analysis, be it meta-omic or otherwise, is the acquisition of
nucleic acid material for said purpose. Ever since the earliest days of nucleic acid extraction,
scientists have sought better and increasingly efficient methods to obtain the “best” nucleic
acids — that which is plentiful and of high quality. As a result, there is a wide variety of
extraction and purification methods available (Cullen and Hirsch, 1998; Griffiths et al., 2000;
Nicolaisen et al., 2008; Tan and Yiap, 2009), and also many studies assessing the efficiency
and effectiveness of such methods (Bakken and Frostegard, 2006; Krsek and Wellington, 1999;
Mahmoudi et al., 2011). These studies often assess the effects of altering individual aspects of
the extraction process such as nucleic acid precipitation (Arbeli and Fuentes, 2007),

pre-extraction of cells prior to lysis (Courtois et al., 2001; Lindahl and Bakken, 1995), removal
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of enzymatic inhibitors (Cullen and Hirsch, 1998; PerSoh et al., 2008), as well as the usefulness
of method modularity (Lever et al., 2015; Lim et al., 2016). While the volume of research into
extraction methods alone may seem like senseless nit-picking, the importance of suitable
methods cannot be stressed enough. Being the foremost step in nucleic acid analyses, extraction
methods affect all downstream analyses — contamination in extraction materials will lead to
vastly different conclusions, and different extraction methods can lead to false assumptions

about changes in community composition (Salter et al., 2014; Vishnivetskaya et al., 2014).

A complicating factor in nucleic acid extraction from environmental samples, is the
presence of enzymatic inhibitors. Although these inhibitors are known to affect a wide range of
enzymes including restriction enzymes, DNases, RNases and polymerases, the mode of
inhibition is still not entirely clear (Sutlovic et al., 2008; Tebbe and Vahjen, 1993). Furthermore,
these same inhibitors have been found to affect fluorometric methods for nucleic acid
measurement, and there is some evidence that this interference may be possible even in the
absence of enzymatic inhibition (Bachoon et al., 2001; Sidstedt et al., 2015; Zipper et al., 2003).
This lack of enzymatic interference may however be explained by the observation that different
variants of the same enzyme may have different inhibitor sensitivities, and that not all studies
utilise the same variants (Abu Al-Soud and Radstrom, 1998; Albers et al., 2013). Nevertheless,
the issue of inhibitors in soils is major, since the effect may also be primer-dependent (Albers
et al., 2013; Huggett et al., 2008; Tebbe and Vahjen, 1993). Moreover, while increasing the
quantity of fluorophores or DNA molecules may help to relieve the inhibition, it can also result
in self-competition (fluorophore with fluorophore, or DNA with DNA), thereby reducing
enzyme activity (Tebbe and Vahjen, 1993; Zipper et al., 2003). Thus, it is of utmost priority to

choose a suitable nucleic acid extraction method to bypass this issue whenever possible.

1.4.2 Sequencing and analysis

A wide variety of amplicon-free sequencing options are available, ranging from short reads of
several tens of basepairs (e.g. ABI SOLID), to a few hundred basepairs (e.g. Illumina
technologies), to over a thousand basepairs (e.g. Moleculo, aka TruSeq Synthetic Long-Read
technology), or even several tens of thousands basepairs (e.g. PacBio technologies) [from
Mardis (2017) and manufacturers' websites referred therein]. However, there is no “perfect”
sequencer, and each has its own issues, in terms of read accuracy, cost, sequencing depth or

read length (Quail et al., 2012). Ultimately, the type of technology chosen is dependent upon
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researcher preference, which is often based on a mixture of belief of reliability, available
resources, and financial capability.

Downstream, bioinformatics analysis is a complex field of its own, with an ever-increasing
quantity of tools and pipelines for the analysis of nearly any type of sequencing data. Each tool
or pipeline claims to be better than its peers (Bray et al., 2016; Buchfink et al., 2015;
Narayanasamy et al., 2016; Wood and Salzberg, 2014), and very often scientists are at a loss as
to which is the “best” method to use for their own dataset. Given that most biologists are neither
computer scientists nor full-time statisticians, declarations of “reducing the demands on main
memory bandwidth” (Buchfink et al., 2015) pale in comparison to our perceived importance of
“correct” sequence matches and alignments (“correct”, ironically, being a statistically
determined decision made by said tool). If we were to assume that the tools were otherwise
computationally and statistically perfect, then the single unifying issue all bioinformatics
analyses face is the completeness of the databases we use. Poor databases are known to exist,
and multiple studies (both laboratory- and in silico-based) have had to manually-curate their
databases in order to properly perform their analyses (Graf et al., 2014; Jones et al., 2012;
Orellana et al., 2014). Without good databases, read-assigning tools are unable to assign proper
protein and/or taxonomic lineages, which in turn complicates meta-omic studies. To paraphrase
Donald Rumsfeld, “We cannot know what we do not know,” which is fair critique of the current

state of public databases.

Another major issue in bioinformatics, is the normalisation of datasets (for comparisons
across studies). There are a variety of traditionally used units, ranging from normalising
reads/copy numbers to the weight of sample, extracted DNA/RNA, or housekeeping genes (for
DNA). However, none of these methods are perfect: The weight of soil is not common across
soil types and moisture contents, and dry/wet weight is not directly comparable; extracted DNA
may be affected by contaminating extracellular DNA, and being a separate molecule with a
different half-life is not entirely suited to normalising RNA quantities; total RNA values are
largely affected by rRNA, not mRNA; and no housekeeping transcript (one that is constantly
expressed at the same level) exists for RNA. Another oft-used normalisation factor is the
quantity of 16S rRNA genes in a sample. However, 1-15 copies of 16S rRNA genes exist per
genome, and the number of bacteria (as well as what species possessing how many copies) is
unknown (Vétrovsky and Baldrian, 2013). Alternatively, spiking samples with alien DNA or
RNA has been used to correct for both extraction efficiencies and sequencing depth, as well as

a means of absolute quantification. However, given the complexities of environmental samples,
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spiking experiments need to be performed for different samples and treatments to validate its
use and suitability. The introduced nucleic acids may also act as preferential adsorption-site
competitors in the environment (Frostegard et al., 1999; Paulin et al., 2013), thereby
complicating extraction efficiency and absolute quantification calculations. Despite this, such
suitability confirmation or method validation has rarely been performed when used (Huggett et
al., 2005).

Unique to MG and MT analyses, the normalisation units Reads per Million (RPM),
Reads/Fragments per Kilobase Million (RPKM/FPKM), and Transcripts per Million (TPM) are
commonplace. These normalise for the sequencing depth of each reaction, and the latter units
(RPKM/FPKM and TPM) also normalise for gene lengths. Although TPM is favoured by
bioinformaticians (RNA-Seq Blog, 2015) since it allows for comparison across samples (the
total TPM of all samples are the same, so all values can be directly compared), it requires prior
knowledge of the gene lengths of all reads in a sequencing reaction. Since knowing the length
of the unknown is impossible especially in complex environments such as soils, RPM and its

variations (without normalising for gene length) is still often used (Orellana et al., 2014).

1.4.3 Comparing meta-omic data with the phenome

Even with all the information provided by sequencing analyses, taxonomy and metabolic
activity of communities are not necessarily directly correlated: The metabolic redundancy is
often large in complex communities, thus organisms of taxonomically-divergent lineages may
be metabolically similar and fulfil the same functions within an ecosystem. Such evidence is
mounting, and so now the aim is often to determine the microbial/molecular cause behind the
phenotype, without necessarily being concerned with the exact species present (Taxis et al.,
2015; Tveit et al., 2015). However, such determinations can be difficult if one were to do so
“blindly” without simultaneous phenotypic data, especially if one considers the interlinked
complexities of potential post-transcriptional/translational modifications and community

metabolism.

Taking denitrification as an example, complete denitrification to N2 of an environment is
not restricted to the presence of complete denitrifiers since a community of organisms that
perform only one or two steps of denitrification may achieve the same effect of complete nitrate
reduction to N». Since single bacteria may possess a diverse combination of denitrification
genes and the environmental conditions faced by bacteria are both felt and affected by the

overall community, accurate predictions of denitrification response based purely on genetic
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potential are difficult to achieve. Transcription profiles often paint a clearer picture, since we
are able to see community responses in real-time based on the changing environment, but
variations in translation ratios, as well as post-translational phenomena, reduce the accuracy of
absolute enzyme presence and activity predictions (Gingold and Pilpel, 2011). While it is not
wholly incorrect to draw conclusions from just the MG or MT, much care should be taken when
inferring conclusions on phenotypic activity based purely on molecular results. Thus, it is
important to link MG and MT with phenomics: The genome would provide the potential of a
community and may reveal past selection pressures, the transcriptome reveals the “intended
response” of the community, and the phenome is the actual result of their response. Only by
linking all three are we able to understand how potentials are linked to possible responses, and
how expression patterns affect what actually happens in the environment. This is even more
important for complex environmental communities, where the domino effect is in play: The
response of one microorganism may directly change an environmental variable, affecting other

microorganisms, thereby triggering a cascade response.

1.4.4 Other types of meta-omic data

Aside from the MG and MT, the metaproteome and meta-metabolome have also garnered
interest for their potential to inform about the real-time situation within a cell. Unfortunately,
metaproteomics suffers from low extraction scales and struggles with the complexity of mixed
communities, and is still largely regarded as a descriptive rather than analytical approach
towards environmental samples (Keiblinger et al., 2016). Furthermore, protein responses to
environmental stimuli are relatively slow (compared to RNA) and may last for some time after
the event, complicating the correlation of protein presence with pulse events (Moran et al.,
2013). Metabolomics fares even poorer, being a notoriously difficult field of study, mostly due
to the complexity involved in its analysis. Although the metabolome is undoubtedly useful in
determining exactly what happens at a cellular level, there is no single technology capable of
analysing, characterising, and identifying the complete metabolome of a single cell to date, let
alone that of a community as would be required in meta-metabolomics (Roessner and Bowne,
2009). Together, these likely explain why MG and MT studies are still the most dominant in

the field of meta-omics, with an increasing number of studies attempting to link the two.
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2 Main approaches and rationales of thesis

Even in the mid-20" century, NO, N2O, and N2 were known as enzymatic products of
denitrification stemming exclusively from nitrate/nitrite (and does not involve NH4"), that could
be further reduced given sufficient time and an enclosed atmosphere (Wijler and Delwiche,
1954). It was also then suggested that the heterogeneity of soil together with soil moisture could
disrupt O diffusion, creating anoxic “pockets” (microsites) within which denitrifying activity
could be higher than in the bulk soil, thereby generating a mix of N>.O and N2 even under
apparently non-anoxic conditions (Wijler and Delwiche, 1954). Since then, many studies have
confirmed that incomplete denitrification resulting in the accumulation or emission of
denitrification intermediates (nitrite, NO, and/or N2O) is not uncommon in the environment
(Abed et al., 2013; Markved et al., 2007; Palta et al., 2013; Raut et al., 2012). Our interest in
denitrification arises from the impact it has on global agricultural practices and climate change:
N-fertilisers are often used to boost crop yields, yet long-term or overuse can cause soil
acidification (Guo et al., 2010; Qu et al., 2014; Raut et al., 2012), which in turn drives NO
production by chemodenitrification and increases biologically-produced N2O, both of which
are major players in driving climate change. Conversely, liming soils in response to such soil
acidification may result in the accumulation of nitrite and increased HONO emissions (Glass

and Silverstein, 1998; Oswald et al., 2013), which also contributes to climate change.

Thus, the main aims of this thesis were to characterise the biological and chemical fates of
exogenous N-addition at different pH by monitoring the nitrogenous compounds involved in
denitrification in a highly acidic and a neutral-pH soil, and to link phenotypic observations to
molecular information (genes and transcripts), in an attempt to determine patterns and
correlations between the “macro”, “micro”, and “molecular” scale. The soil chosen for use in
this thesis had been shown in field studies to exhibit a strong pH effect even within a small pH
interval, making it a perfect case study for chemical and biological denitrification processes

under highly acidic and neutral conditions (Russenes et al., 2016).

As was alluded to in the Introduction, biological and chemical processes in the nitrogen
cycle can be difficult to differentiate, given the interlinking nature of multiple compounds.
Biotic nitrite reduction at pH <6 is generally considered indistinguishable to abiotic nitrite
decomposition and the resultant NO production is supposedly dominated by
chemodenitrification (van Cleemput, 1998; Spott et al., 2011). However, given the potential
toxicity of nitrite and NO at uncontrolled levels, we postulated that microbial processes also
participated in the control of these two molecules even at low pH, and that the resultant low
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concentrations of nitrite is caused by a mix of both abiotic and biotic processes (instead of sole
reliance on chemical degradation). Paper 11 tackles this hypothesis by attempting to separate
the chemical and biological processes involving nitrite in three soils of varying pH (pH 3-7),
via laboratory experiments and the construction of models, to better understand abiotic vs.
biotic nitrite consumption. Due to the speed of nitrite “disappearance” in acidic environments
(<10 min), a method to quickly and accurately determine nitrite concentrations from non-slurry

soil was also designed.

Chemical processes aside, biological nitrification and denitrification can also be hard to
disentangle, especially with the existence of nitrifier denitrification (Burns et al., 1996).
However, since nitrification requires the presence of O, and there is evidence that nitrifier
denitrification does not occur under fully anoxic conditions (Zhu et al., 2013), conducting
experiments under complete anoxia removes any potential interference from nitrifiers. As such,
Paper 111 focuses purely on the anoxic processes of nitrogenous compounds common to soil
environments (denitrification and DNRA), with a particular focus on denitrification kinetics
and the genes/transcripts involved under such conditions. Although the most acid soil (pH 3.8)
could potentially reduce all produced N2O to N2 (Paper 11), it was only able to do so after
>2 days. Unlike in our air-tight microcosm experiments, gaseous N2O produced in the
environment would not persist in the soil matrix for further microbial reduction to N2, and
would be lost to the atmosphere. Thus to maintain environmental relevance, the incubation

experiment in Paper 111 was restricted to the first 45 h of anoxia.

As was briefly alluded to in the Introduction, the evolutionary distinctiveness and apparent
horizontal gene transfer of denitrification genes renders well-defined analysis methods of the
16S rRNA gene useless. These reasons have also plagued primer constructions, with most
primers targeting denitrification-related enzymes favouring specific groups of organisms over
others (Coyotzi et al., 2017; Penton et al., 2013; Throbéack et al., 2004). Thus, meta-omic
analyses were applied in Paper 11l to remove primer-related biases and to secure a wider
coverage of the community. Because this is a unique study interlinking the MG, MT, and
phenome of an intact (non-slurry) complex soil denitrification community, manually-curated
datasets (this term is used to differentiate from “official” databases) were employed in concert
with custom-designed bioinformatics pipelines and data analysis/visualisation methods. Using
these tools, our aim was to characterise the denitrification transcription of the soils, and
determine the links between observed phenotypes and biological response. In particular, we

aimed to establish if our soils depended on (or had the potential for) complete denitrifiers or a
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community of organisms to perform denitrification as a whole. We also hypothesised that both
NIR and NOR transcription under acidic conditions have been especially underestimated due
to poor available primers, and that the transcriptional response is comparable to that of the
neutral pH soil. Additionally, we postulated that nosZ transcripts could be detected at low pH
in the absence of apparent N2OR activity [in an intact soil (non-slurry) system without the use
of acetylene], due to post-transcriptional phenomena affecting N2OR activity under acidic

conditions.

To obtain the nucleic acid material for sequencing in Paper 111, a suitable method was
necessary to obtain total nucleic acids (TNA). Previous attempts to extract DNA and RNA from
these soils had resulted in exceedingly low yields that, in some cases, remained undetectable
even after amplification (Liu et al., 2010). Thus, Paper | aimed to provide an in-depth
examination of a variety of TNA-extracting kits and methods when applied to a known
inhibitor-rich, high organic content, and low TNA-yielding soil, as well as to construct a
transparent and easily optimisable modular method that resulted in high quality and quantities
of inhibitor-free DNA and RNA via systematic trial-and-error. Method modularity and
transparency were the top priorities in the construction of this method to allow maximum
applicability to environmental samples of differing types, since universally applicable

extraction methods are unlikely to be found.

23



24

This page intentionally left blank



Main results and discussion

3 Main results and discussion

3.1 Nucleic acid extraction for downstream meta-omic analyses

Although the main aims of the thesis pertained to analysing biological denitrification at two
contrasting pH levels (one near neutral, and the other highly acidic), there was persistent
difficulty in extracting usable nucleic acids, especially from the highly acidic soil. Despite some
previous success using a previously published method (Liu et al., 2010), the extracted nucleic
acids were often of poor quality, and the RNA from the low pH soil was often contaminated
with residual genomic DNA (gDNA). Extended treatments of the RNA (purification and
digestion) resulted in RNA that was undetectable even post-amplification (Liu et al., 2010).
Hence, Paper | details the extensive testing of multiple TNA extraction kits and methods,
including baseline quality/quantity assessments based on soil-specific DNA-only extraction Kits
(Paper I, Table 1 and S2). Total nucleic acids were desired because soil environments are
highly heterogeneous with hotspots of microbial activity in microsites, and we wished to reduce
potential variation between extraction reactions by co-extracting DNA and RNA from the same

sub-samples.

Upon failing to locate a suitable TNA extraction kit, the method (Nicolaisen et al., 2008)
originally used in the previously-published article (Liu et al., 2010) was broken down into its
key steps and systematically tested using other previously published alternatives. A variety of
extraction buffers, lysis methods, nucleic acid precipitants, and downstream purification kits
were examined for improvements to TNA quality and/or quantity. Interestingly, when
investigating different enzymes used downstream for their resilience to residual inhibitory
compounds, we discovered that enzyme resilience did not play as great a role as we had
previously expected. The conclusion was that for complete gDNA digestion to take place,
maximal upstream removal of inhibitors was necessary, and that individual enzyme variability
was not a strong factor. Although this appears to be contrary to previous reports that select
enzymes can retain its activity in the presence of inhibitors, those studies were performed on
DNA polymerases (Albers et al., 2013; Kermekchiev et al., 2009) — it is important to remember
that while inefficient amplification still results in amplified products, inefficient digestion
results in residual gDNA, defeating the very purpose of digestion.

With these findings, we were able to construct a standard workflow protocol (Paper I,
Fig. 2) that emphasised the importance and order of specific processes rather than individual

chemical components, techniques, or enzymes. In particular, the maximal removal of inhibitors
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prior to all enzymatic steps (including nucleic acid digestion) was of utmost importance, the
failure of which likely being the explanation for unsuccessful nucleic acid extractions from
other Kits and methods. The resultant modularity and transparency of the protocol gives users

the freedom to choose their individual method and/or kit of choice without sacrificing quality.

During our investigations into enzymatic inhibition, we discovered that enzymatic activity
was potentially uneven across extraction replicates (Paper I, Fig. 3). This may have been
caused by differing inhibitor contents in the original sample (owing to the heterogeneity of soil),
or from human error resulting from the handling of a large number of samples. Regardless of
the reason, this highlights the importance of checking all RNA samples for the complete

removal of gDNA, and not simply using “representative samples” to determine gDNA absence.

Additionally, we provided evidence to the consequence of inappropriate gDNA
assessments: We were able to detect residual gDNA in RNA samples via amplification when
direct analysis of unamplified nucleic acids (agarose gel visualisation or Nanodrop/Qubit
quantification) showed an absence of gDNA. Despite being fully aware of the potential
problems arising from contaminating gDNA in RNA samples, proper indication and
appropriate determination of complete gDNA removal is deeply lacking in studies published
during the past few years in selected journals that are dominating in the field of microbial

ecology (briefly reviewed in Paper I).

Aside from gDNA removal assessments, a less serious but equally important oversight by
much of the scientific community involves the reporting of real-time PCR (qPCR) efficiencies.
Despite the clear guidelines available in the literature (Bustin et al., 2009; Gadkar and Filion,
2013) and free-to-use tools that assist in checking extraction and amplification efficiencies
(Beller et al., 2002; Ruijter et al., 2009), many still fail to do so in a sample-appropriate manner.
Proof of poor correlation between “standard amplification efficiency” and “cycle threshold
quantification” calculations has been acknowledged for many years (Ruijter et al., 2013; Smith
and Osborn, 2009; Towe et al., 2010), and alternative tools that analyse individual PCR
reactions without the need of external standards are freely available (Ruijter et al., 2009). Yet,
many studies continue to report gPCR efficiencies directly from the instrument using unrelated
plasmid standards, when environmental samples are well-known to potentially contain differing
quantities of inhibitors which may not only inhibit the amplification reaction but also interfere

with the fluorochemistry (see Introduction).
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Compounding the effects of unnoticed inhibitors in environmental samples (due to
erroneous amplification efficiency calculations) with possibly undetected residual gDNA in
RNA samples (due to inappropriate assessment methods), this potentially affects a large number
of studies on environmental samples. Depending on which of the above two reasons are at play
and in what combination, the dual possibilities of both over- and underestimating the presence
of specific taxonomic lineages and/or microbial activity cannot be easily denied. Thus, it is of
utmost importance that future studies take careful note of the points highlighted in Paper I, to

avoid the potential pitfalls discussed in this chapter.
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3.2 Abiotic nitrite decomposition vs. biotic nitrite reduction

It has previously been noted that highly acidic soils from Fjaler are able to quickly produce and
accumulate relatively large quantities of NO and N2O regardless of O presence and carbon
content (Lim, 2013; Liu et al., 2010; Mgrkved et al., 2007). Thus, postulation that these soils
suffer from high levels of chemodenitrification were naturally expected (Schreiber et al., 2012).
Although NO production (and thus nitrite decomposition) has been suggested to be dominated
by chemodenitrification at pH <4.5 (McKenney et al., 1990), we hypothesised that it would be
unlikely for microorganisms to fully rely upon chemical processes to control nitrite and NO
levels. Instead, one could reasonably expect a selection for regulatory traits that would assist
the cells in controlling these potentially harmful compounds. Thus, we set out to ascertain the
extent of chemically-decomposed and -evolved nitrite and NO in our soils, respectively.
Paper Il aimed to disentangle abiotic from biotic processes via a series of sterilisation and
N-addition experiments, and determine the role played by abiotic and biotic nitrite processes
by modelling the respective contributions.

Because sterilisation methods may affect abiotic nitrogen processes (Dail et al., 2001), this
made choosing an appropriate sterilisation technique highly important. Otherwise, the
compounded effects of sterilisation with abiotic decomposition would make it difficult to
determine the exact effects of chemodenitrification under “normal” circumstances. Although
previous studies have attempted to elucidate adverse effects of different sterilisation techniques
in soils (Labeda et al., 1975; Powlson and Jenkinson, 1976), a “perfect” method does not exist
and all techniques come with their own set of problems. As pointed out by Trevors (1996), the
sterilisation technique favoured often depends on the type of study, convenience, and financial
expense. Since a number of methods were available to us, and high organic content
environments are known to be chemically complex especially when interacting with
nitrogenous compounds (Thorn and Mikita, 2000), four different sterilisation techniques —
chemical (glutaraldenyde immersion), gaseous (chloroform fumigation), heat-based
(autoclaving), and radiative (gamma-irradiation) — were tested on our soils. Analysis of nitrite
decomposition rates, the gases evolved from treated soils, and residual bioactivity (measured
by growth analysis) determined that only gamma-irradiated soils had sufficiently low levels of
biological activity not to contribute to nitrite reduction, while maintaining the native chemistry
of the soils (Paper 11, Fig. 1).

Due to the complex nature of soils and its interference with N-oxyanion extraction, we also

needed to determine the proportion of nitrite that was able to bind to the soil matter without the
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use of KCl as an extractant. Typically used in soil studies to release bound nitrite (to get accurate
nitrite measurements), recent research with KCI has proven that the simultaneous release of
exchangeable acidity also causes the destruction of the released nitrite when this method is
employed to neutral or acidic soils (Homyak et al., 2015). Since our soils range from highly
acidic to neutral pH, the application of such traditional methods would cause severe problems
in our analysis. Thus, we utilised nitrate (which is chemically stable) to determine the
partitioning of ions in each soil by extracting with KCI and water. Since nitrate and nitrite are
very similar molecules and would be partitioned in the same way, we were then able to use our
calculated “partitioning factor” to correct for water-extracted nitrite measurements (Paper 11,
Table 1).

Using the gamma-irradiated soil and our calculated partitioning factor, we were able to
determine the rate of abiotic nitrite decay, and NO and N2O production in our soils. Nitrite
decomposition in our soils strongly reflected first order kinetics, and the decay rate constants
were strongly correlated with the proportion of undissociated HNO3, as predicted by soil pH
(Paper 11, Fig. 2). This indicated that pH was a reliable predictor of such chemical nitrite
decomposition in our soils. Additionally, not all added nitrite was recoverable as nitrite or N-gas
(NO, N20 or N») in sterilised soils of pH <6, suggesting the abiotic formation of nitrosated soil
organic N. Thus, the interplay of enzymatic and chemical nitrite transformations is complex,
with some of the added N potentially lost to non-biologically available soil organic N (Paper
I, Fig. 4).

Taking this into account, we estimated the rates of biological nitrite reduction (Vnir) and
chemical nitrite decomposition (Vapec) for all soils (Paper 11, Fig. 3). Despite the theoretical
nature of these calculations, we are confident that these values likely reflected the processes in
the soil because we could account for almost all of the added nitrate-N in all soils tested
(Paper 111, Table 2). The results of the modelling revealed convincing evidence of
enzyme-dominated nitrite reduction at the start of the experiment regardless of pH (Paper II,
Fig. 3). As was expected, chemical decomposition was insignificant at pH >6 throughout the
experiment. At pH <6, abiotic and biotic nitrite transformations were equal after enzymatic
dominance during the first 15 h, partially supporting the suggestions by Spott et al. (2011) that
chemical nitrosation may be indistinguishable from biological reactions under acidic
conditions. Most surprisingly, enzymatic nitrite reduction strongly controlled nitrite
transformations at pH <4 throughout the experiment, except during a relatively short 15 h

window >30 h after the start of the experiment. While we are uncertain what caused this
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temporary loss of enzymatic control, we postulate that it may be related to the start of N.O
reduction in that soil. Reports of nitrate use over N2O are abound in the literature (Burns et al.,
1996; Mania et al., 2016), and there has been some suggestion that there is a preferential use of
more oxidised electron acceptors over N>O by denitrification enzymes (Betlach and Tiedje,
1981). This appears to be supported by the gas kinetics of our most acidic soil, since the
maximum N2O accumulated was similar to the total N2 recovered, suggesting that the more
oxidised N-compounds were reduced to N2O first. Furthermore, there was no change in the total
electron flow (Ve.), suggesting that N2OR had successfully competed with NIR for available

electrons.

There has been little indication within the literature to suggest that abiotic nitrite
transformations in acidic environments (pH <5.5) may be further differentiated with increasing
acidity (Van Cleemput and Samater, 1996; Spott et al., 2011). In Paper Il, we have provided
strong contrary evidence, and also showed that nitrite control in acidic environments may be
biologically-driven during denitrification. Nevertheless, abiotic nitrite decomposition was not
insignificant, and played a role in the fate of added nitrate-N (by diverting to soil
nitroso-compound formation). Thus, this highlights the importance of considering abiotic nitrite

kinetics when determining N redox transformations in acid soils.
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3.3 Anaerobic nitrate consumption at acidic and neutral pH

Despite continued interest in the denitrification process in soil environments, relatively little is
known about the microbial communities that perform the reduction reactions. Much of what we
understand of such environments have come from bacterial isolates extensively studied under
laboratory conditions, as well as primer-based analyses that dominate much of the literature.
Recent years have introduced a new research aspect, utilising meta-omics and bioinformatics
tools to better characterise the reductase genes involved in denitrification (Graf et al., 2014;
Orellana et al., 2014). However, much research on denitrification in soils has focused
exclusively on the genetic potential (DNA) of these communities, and few attempt to
differentiate between the active and inactive parts of the community (Chen et al., 2012; Coyotzi
etal., 2017; Hamonts et al., 2013; Orellana et al., 2014; Yu et al., 2014). Moreover, even fewer
studies combined the monitoring of the denitrification kinetics and transcription (Brenzinger et
al., 2015; Henderson et al., 2010; Palmer et al., 2016), leading to a marked disconnect between
our knowledge of denitrification potential, microbial response, and field observations. Thus in
Paper 111, we endeavoured to link all three by carefully monitoring all denitrification-related
N-compounds, as well as taking DNA and RNA samples over time for meta-omic sequencing

and characterisation.

As aforementioned in the Introduction, multiple biological nitrogen processes may take
place simultaneously. Knowing this, we restricted concomitant processes by creating a fully
anoxic environment, under which only anammox, denitrification, and DNRA may take place —
both nitrifier denitrification and nitrification-coupled-denitrification while occurring at low O
concentrations, have been observed to be inhibited in the absence of O (Zhu et al., 2013).
Previous studies have evidenced the co-occurrence of these three anaerobic processes, and were
thus considered alongside denitrification when analysing the MG and MT (Dong et al., 2009;
Long et al., 2013; Smith et al., 2015). However, the gas kinetics of both soils (soil 3.8 and
soil 6.8, with the numbers referring to the soil pH) revealed complete denitrification to N2 from
nitrate, with no residual nitrite, NO, or N2O leftover (Paper 11, Fig. 3 and Paper 111, Fig. 1).
Considering that all added nitrate-N was recovered as N2 gas in soil 6.8 (see Paper Il and
Section 3.2 for details), there was no evidence of anammox or DNRA in the neutral pH soil.
Furthermore, although AOA (Thaumarchaea) are known to dominate in low pH environments
(Prosser and Nicol, 2012), 16S rRNA gene analysis revealed the absence of Thaumarchaea in
soil 3.8 (Paper 111, Fig. S2). On the other hand, DNRA is positively correlated with pH and is

not regarded to be important under acidic conditions (Hu et al., 2015; Rtting et al., 2011;
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Stevens et al., 1998). Thus, there was little evidence that either anammox or DNRA played any

significant role in either soils during this experiment.

Prior to the start of the experiment (defined by anaerobiosis), the soils were revitalised by
a 72 h pre-incubation with clover. This was done to remove/prevent the effect of sudden
C-addition to the system, which is known to falsely increase denitrifier gene and transcript
abundances in the short-term (Henderson et al., 2010). Since denitrification in soils is known
to be carbon-limited and given that the choice of added substrate is able to strongly affect
denitrification, clover was selected as a naturally-occurring source of carbon (Morley et al.,
2014; Wang et al., 2015). The steady 16S rRNA gene profile (Paper 111, Fig. 2) confirmed that
any changes in denitrification transcripts we eventually observed were due to transcriptional
regulation, rather than growth bursts caused by the removal of carbon limitation from the

system.

As suspected in the Introduction, the MG and MT revealed the issues caused by primer
bias. Whereas in previous studies soil 3.8 was regarded to have no measurable transcriptional
response (Liu etal., 2010), it was low but detectable in both the MG and MT (Paper I11, Fig. 3).
Additionally, the previous report of strong nirS and negligible nirK genetic potential and
transcriptional response was also likely caused by insufficiently broad-range targeting
primers — current analysis of the MG and MT revealed a strong dominance of nirK genes over

nirS, which persisted throughout the incubation and regardless of soil type (Paper 111, Fig. 3).

Further comparing the MG and MT data to the phenome, we noted a surprisingly similar
denitrification potential despite remarkably different gas kinetics patterns (Paper 111, Fig. 1
and 3). With the exception of a much higher abundance of gnor in soil 3.8 (understandable
given the likelihood for NO build-up due to fast chemical nitrite decomposition), almost all
other denitrification genes were at similar levels in both soils. Of note, despite performing the
same function, all three sets of denitrification enzyme functional homologue genes (nap/nar,
nirk/nirS, and cnor/gnor) showed obvious dominance of one over the other. This seems to
support one of two theories: (i) Differential expression based on environmental conditions may
select for specific genes if said conditions persist (Wang et al., 1999); or (ii) The complexity
hypothesis and deletion bias suggests a higher probability of successful horizontal gene transfer
and retention of functionally-independent genes that are immediately functional upon
acquisition, unlike those requiring accessory genes (Albalat and Cafestro, 2016; Kuo and
Ochman, 2009; Mira et al., 2001). Alternatively, both theories may be in play — Nap/Nar are

known to be sensitive to nitrate concentrations (Introduction), whereas both NirS and cNor
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require accessory genes for functionality, unlike their more dominant counterparts. Regardless,
the pressures of selection appear to be pH-independent at Fjaler, given the similar gene

dominance in both the highly acidic and neutral pH soils.

Although only data from early in the incubation was available for soil 3.8, there were some
notable differences in the response of the two soils. Most significant was the prioritisation of
gnor transcription at pH 3.8 over that of nirK, and vice versa at pH 6.8 (Paper 111, Fig. 3).
Since Paper 11 showed that biological reduction (and not chemodenitrification) played the
major role in nitrite suppression for the first 30 h in soil 3.8, nirK transcription while low was
obviously not insignificant. Similarly, although gnor transcription was lower in soil 6.8,
relatively strong suppression of NO was observed in both soils (Paper 111, Fig. 1). This possibly
reflects the importance of controlling the central signalling molecule, NO, since it is known to
regulate all denitrification-related genes via the Crp-Fnr superfamily of transcriptional
regulators. The accumulation of nitrite at pH 6.8 in turn indicates high NAR activity, which is

also suggested by the high transcription levels of nar.

Most revealing in the MT data, is the detection of nosZ transcription at pH 3.8 early in the
incubation, in spite of the lack of N2O reduction and N2 production (Paper 111, Fig. 1 and 3).
This lends strong support to the hypothesis that an essential post-transcriptional modification is
lacking at low pH (Liu et al., 2014). The lack of copper in the active site is known to render
NosZ catalytically inactive (Dreusch et al., 1997), and NosZ proteins isolated from the model
denitrifying organism Paracoccus denitrificans at pH 6 were lacking copper in the active site
(Lycus et al., unpublished data). However, as seen in Paper Il Fig. 3, soil 3.8 was fully capable
of reducing all accumulated N2O to N2, albeit with a delay of =40 h, mirroring a recently isolated
Rhodanobacter sp. from the same soil that showed similar high N2O accumulation and delayed
N2 (Lycus et al., 2017). Thus, assuming that copper-deficiency in the active site of NosZ is the
cause for its non-functionality at low pH, there is a yet unknown reason for the reinstatement
of copper that is common to both pure cultures and complex soil environments. Alternatively,
the late N2O reduction may also be caused by delayed nosZ transcription (such as that seen in
the Acidobacteria and Bacteroidetes of soil 6.8, Paper 111, Fig. 4), which may in turn be due
to some form of transcriptional regulation. Furthermore, a separate factor that may influence
both copper insertion and transcriptional activity, is the probable alkalisation of microsites due
to denitrification metabolic activity (Brenzinger et al., 2015), leading to hotspots of N20OR

activity at more favourable pH.
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Irrespective of the reason behind N2OR inactivity, this example of transcript-phenotype
inconsistency lends support to the growing evidence for the importance of MG-MT-phenome
interlinked studies, and that genetic potential and/or transcriptional activity alone may be
insufficient to predict phenotypic observations (Chen et al., 2012; Henderson et al., 2010). An

issue which is, unfortunately, not only constrained to denitrification (Rocca et al., 2015).

Further to the importance of linking different types of data, the MG and MT of the soils
confirmed that there was a certain degree of modularity of the denitrification process in both
soils. While the gas observations (Paper 111, Fig. 1) were unable to differentiate between the
microorganisms performing denitrification, the MG and MT revealed not only differences
between the organisms possessing each reductase gene, but also that some groups of organisms
were later expressed than others (Paper 111, Fig. 4-5). Of note, none of the taxonomic profiles
of the denitrification genes and transcripts were identical, strongly hinting towards modular
denitrification by multiple organisms in our soils. Although the current depth of bioinformatics
exploration was insufficient to verify or disprove the presence or activity of complete
denitrifiers, the uneven occurrence of some bacterial groups across denitrification genes (such
as the phyla Nitrospirae and Verrucomicrobia) further strengthens the hypothesis of modular
denitrification in complex environmental samples. Such observations could not have been

easily made with either gas kinetics or MG data alone.

Interestingly, the transient accumulation of NO was substantial in both soils (Paper 111,
Fig. 1), suggesting that denitrification in these soils could indeed result in significant NO
emissions. In the environment, NO diffusing from denitrifying microenvironments would have
to pass through oxic water before reaching the atmosphere, and here the autoxidation of NO
would probably scavenge a substantial fraction of the produced NO before reaching air-filled
pores. This is because the autoxidation of NO is a third order reaction (Nadeem et al., 2013),
and the calculated half-life of NO is hence inversely proportional to its concentration. In fully
aerated water, the half-life of 10 nM NO is 14 h, but the half-life of 3 uM NO (which was the
highest concentrations measured in our experiments) is only 2.9 min. The potential connection
of this short NO half-life to HONO emissions is obvious (since NO is the primary product of

autoxidation), but such speculations are beyond the scope of this thesis.

Collectively, Paper 111 provides deep insights into the effects of long-term pH alteration
on its community composition, microbial activity, as well as gas production under anaerobic
conditions upon the addition of nitrate. Since these soils receive biannual N-fertilisation, their

propensity to lose added fertiliser in the form of nitrite, NO, N2O or N2 is of great atmospheric
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interest (the former two being precursors to HONO, N2O being a greenhouse gas, and N> being
chemically inert). Of note, the lack of functional N2OR at pH 3.8 in the presence of
(i) comparable levels of N20OR genes in both soils, and (ii) detectable N2OR transcripts,
strongly discourages the independent use of genes and transcripts to determine a soil’s
denitrification potential. The phenotypic context under which molecular data is applied must

be taken into consideration as well.
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Concluding remarks and future perspectives

4  Concluding remarks and future perspectives

As the American physician Dr Martin H. Fischer once said, “All the world is a laboratory to the
inquiring mind,” and those of us who have chosen to investigate environmental processes have,
in a way, taken that quite literally. True enough to Dr Fischer’s words, over 150 years have
passed since the conception of the idea of a form of global nitrogen cycling (Aulie, 1971) yet
we are still busily investigating one of the key series of processes upon which all life on Earth
depends. This thesis aimed to elucidate the biological and chemical processes involved in
anaerobic nitrogen transformation under highly acidic and neutral-pH conditions, in a high
organic content soil environment. Enzymes and processes controlling nitrite, NO, and N.O
concentrations (NIR, NOR and N20OR) were of particular interest due to the potential cytotoxic
effects of the former two substrates at uncontrolled levels, as well as the potential adverse

atmospheric effects of the latter two.

Collectively, Papers Il and 111 revealed that although nitrite levels were kept low under
highly acidic conditions as expected, enzymatic nitrite reduction played a larger role in nitrite
suppression than abiotic nitrite decomposition. Not only have we shown that biological
denitrification is not insignificant under acidic conditions, this thesis has provided new insight
to differential chemical degradation under highly acidic conditions, which had not previously
been considered at pH <5.5 (Van Cleemput and Samater, 1996; Spott et al., 2011). This strongly
highlights the complexity of chemical processes and the importance of taking abiotic
N-processes into account in acidic environments, as well as the potential pitfalls of
extrapolating existing knowledge (where complex chemistry is concerned).

Perhaps because there was an absence of significant chemical nitrite degradation at neutral
pH, relatively high NIR transcription was observed, presumably as an attempt to further reduce
nitrite to NO. Nevertheless, large quantities of nitrite was accumulated throughout the
experiment, which potentially meant high HONO field emissions. However, our calculations
of abiotically-formed undissociated HNO: indicated the improbability of high HONO
emissions at pH 6.8, barring the existence of enzyme-mediated HONO production, as assumed
by Oswald et al. (2013). In contrast, NO accumulated to similar levels in both soils regardless
of pH, in spite of differing genetic potential and high NIR:NOR transcription ratios in soil 6.8,
suggesting high NO-derived HONO emissions from both soils in the field.

Of special interest, despite detectable nosZ transcription at pH 3.8, there was no

corresponding N2O reduction or N2 production post-anaerobiosis. This strongly supports
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previous hypotheses that N2OR at low pH suffers from the failure of a post-transcriptional
modification process, resulting in detectable transcript levels but no functional N2OR enzyme
(Liuetal., 2014). Additionally, the combination of MG and MT results coupled with phenotypic
gas measurements gave strong support for a modular denitrification process that is split across
multiple microbial guilds in lieu of complete denitrifiers performing the entire process. These
results potentially complicate existing knowledge about the denitrification process, since much
comes from model denitrifying organisms performing either complete (to N2) or incomplete (to
N2O) denitrification, such as Paracoccus denitrificans, Pseudomonas stutzeri, or
Agrobacterium tumefaciens (Bakken et al., 2012; Vollack and Zumft, 2001). Together these
results emphasise the exquisite need to link genes with transcripts and phenotype to formulate
a more complete picture, and strongly underscores the need for more community-based

multi-omic studies (MG, MT and phenome).

Although much has been revealed in these studies, the exact fate of the immobilised nitrite
in acid soils (pH <6) is still unconfirmed. Based on previous studies, we assumed in Paper |1
that exogenous nitrite was lost to the abiotic nitrosation of organic compounds in the soil
(Stevenson et al., 1970; Stevenson and Swaby, 1964; Thorn and Mikita, 2000). Since the soils
we used are high in organic matter (humus in particular), the proportion of nitrite lost to abiotic
nitrosation could be verified with the use of stable nitrogen isotopes (°N) and analysis of the
soil material after completing biological denitrification. The same method could also be used
to determine the exact proportion of abiotically- vs. biotically-formed NO and N:O, especially
since chemically-formed N2O will be revealed as a hybrid N-compound (Phillips et al., 2016;
Spott et al., 2011).

Given the current success of extracting, sequencing and analysing the metatranscriptome
of soil 3.8, the transcription of denitrification genes over a longer period of time could be
analysed to determine if the currently present but non-transcribing nosZ-carrying organisms
may become active at a later stage. Moreover, although we are certain that there were no major
changes to the community composition of soil 6.8 during this short incubation, it remains a
possibility that less abundant acid-tolerant nosZ-carrying microorganisms (e.g. Rhodanobacter
spp.) may experience a burst of anaerobic growth, leading to the increased N2O reduction seen
after 48 h in soil 3.8. Thus, it could be of interest to monitor potential changes in the community
composition and/or MT of soil 3.8 leading to complete nitrate reduction to No.

Furthering this line of investigation, the transcriptional mechanisms and regulation behind

the preferential use of nitrate (over other less oxidised electron receptors such as N2O) could be
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elucidated with pure culture studies on denitrifiers that accumulate nitrite vs. those that do not.
A potential group of organisms that may shed much light upon this belongs to the genus
Thauera — organisms of this genus have been observed to handle nitrate differently despite their
shared taxonomic lineage (Liu et al., 2013). Although it had been convincingly shown that the
presence of nitrate could adversely affect nitrite reduction in some organisms, the
transcriptional reasons behind this has not yet been investigated and may prove to be of

importance in explaining the phenomena of nitrite-accumulators amongst the denitrifiers.

Pure culture studies would also help to identify nitrite and NO regulatory mechanisms.
Previous studies have identified the importance of NO and the transcriptional regulator Crp-Fnr
superfamily in controlling denitrification gene expression via specific regulators (Bergaust et
al., 2012; Saunders et al., 1999; Vollack and Zumft, 2001), yet there is still much that is
unknown in the exact mechanism of control. Targeted mutant studies have the potential to shed
light on how exactly NO regulates the Crp-Fnr superfamily, and how these transcription

regulators in turn controls denitrification gene operon expression.

Gene-based studies aside, the direct investigation of non-functional N2OR via protein
isolation experiments could help to clarify the post-transcriptional phenomena preventing N2O
reduction, as reported in both pure cultures of Paracoccus denitrificans (Bergaust et al., 2010)
and complex soil communities (Liu et al., 2010, 2014). Recently, copper-deficient N2OR was
isolated from Paracoccus denitrificans grown at pH 6 by members of our research group (Lycus
et al., unpublished data), supporting the hypothesis of copper insertion failure into the active
centres of NosZ at below-neutral pH. This could be taken further with a transcriptome-wide
analysis of cells with and without copper-inserted NosZ (grown under neutral and acidic
conditions, respectively), identifying potential genes and/or regulators responsible for this
phenomenon. Current gene candidates include those encoding copper chaperones (e.g. nosL of
the nos operon), or the nos operon regulator nosR, which is needed to maintain NosZ activity
(Wunsch et al., 2003; Wunsch and Zumft, 2005). Alternatively, a study of the periplasmic
proteome of these cells, including small proteins such as copper chaperones, could also reveal

protein-based reasons for the absence of copper in NosZ.

A tangent possibility for exploration, given the high genetic potential of nirB and nrf
detected in both soils, would be the degree of DNRA microbial activity and N-transformations
in these soils. Evidence in the literature suggests that DNRA is favoured over denitrification
under high carbon decomposition conditions (Hardison et al., 2015), which is not unlikely under

field conditions at Fjaler. However, there are also signs that this is dependent upon nitrate/nitrite
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concentrations, and that DNRA may only outcompete denitrification under nitrate-limited
conditions (Smith et al., 2015). As such, DNRA may be negatively selected for in these soils
during specific seasons because of the high biannual N-addition. Hence, an investigation into
anaerobic microbial activity in soils from different seasons may also be potentially

enlightening.
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Adequate comparisons of DNA and cDNA libraries from complex environments require
methods for co-extraction of DNA and RNA due to the inherent heterogeneity of
such samples, or risk bias caused by variations in lysis and extraction efficiencies.
Still, there are few methods and kits allowing simultaneous extraction of DNA and
RNA from the same sample, and the existing ones generally require optimization.
The proprietary nature of kit components, however, makes modifications of individual
steps in the manufacturer’s recommended procedure difficult. Surprisingly, enzymatic
treatments are often performed before purification procedures are complete, which we
have identified here as a major problem when seeking efficient genomic DNA removal
from RNA extracts. Here, we tested several DNA/RNA co-extraction commercial kits
on inhibitor-rich soils, and compared them to a commonly used phenol-chloroform co-
extraction method. Since none of the kits/methods co-extracted high-quality nucleic
acid material, we optimized the extraction workflow by introducing small but important
improvements. In particular, we illustrate the need for extensive purification prior to
all enzymatic procedures, with special focus on the DNase digestion step in RNA
extraction. These adjustments led to the removal of enzymatic inhibition in RNA
extracts and made it possible to reduce genomic DNA to below detectable levels as
determined by quantitative PCR. Notably, we confirmed that DNase digestion may
not be uniform in replicate extraction reactions, thus the analysis of “representative
samples” is insufficient. The modular nature of our workflow protocol allows optimization
of individual steps. It also increases focus on additional purification procedures prior to
enzymatic processes, in particular DNases, yielding genomic DNA-free RNA extracts
suitable for metatranscriptomic analysis.

Keywords: RNA extraction, purification, genomic DNA removal, enzyme inhibition, environmental sample
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Transparent DNA/RNA Co-extraction Protocol

INTRODUCTION

With the advent of the meta-omics era, it has become increasingly
commonplace to aim for metagenomic/metatranscriptomic
analyses of environmental samples. Despite advances in the
sequencing front, upstream methods required to obtain the
high quality DNA and RNA needed for these analyses
have fallen behind and there is often a need to optimize
existing methods when applying them to a new sample
type. The choice of extraction method affects the ensuing
purity and yield of nucleic acid material, which in turn
affects subsequent downstream processes. This calls for rapid
and simple extraction and/or purification methods that yield
high quality and quantities of nucleic acids. However, this
is but a pipe dream in many cases, due to the presence
of “inhibitory compounds.” These well-known, yet poorly
understood compounds are ubiquitous to most environments.
They are abundant in most soils and are often classified under
the blanket term of “humic and fulvic compounds, and/or
polyphenolic compounds” (Tebbe and Vahjen, 1993; Krsek and
Wellington, 1999; Hirsch et al., 2010; Mettel et al., 2010),
yet there is little certainty that this is an accurate enough
description of all enzyme-influencing compounds present in
soil. Additionally, although it is known that inhibitors affect
many DNA-transforming processes including hybridization,
quantification and amplification (Tebbe and Vahjen, 1993;
Bachoon et al, 2001; Zipper et al, 2003; Wang et al,
2012), many studies focus primarily on their effect on DNA
polymerases (Abu Al-Soud and Radstrom, 1998; Kermekchiev
et al, 2009; Baar et al, 2011), disregarding the effect these
same inhibitors may have on other enzymes performing other
processes. Another complicating factor is that enzymes show
various degrees of resistance to different inhibitors (Tebbe and
Vahjen, 1993; Abu Al-Soud and Rédstrom, 1998; Baar et al,,
2011). Thus, along with the development of new and efficient
enzymes, there is a strong need for improved purification
strategies.

Presently available methods can be divided into two: those
that co-extract both DNA and RNA from single reactions,
and those that extract DNA and RNA from separate reactions.
While extracting nucleic acids separately is markedly simpler,
with a wider variety of highly optimized kits and methods
available, single reaction DNA/RNA co-extractions offer the
benefit of more comparable data, especially from highly
heterogeneous samples such as soils. This has spawned a
multitude of novel methods and kits from independent
researchers (Purdy et al, 1996; Griffiths et al., 2000; Per$oh
et al., 2008; Mettel et al., 2010; Lever et al, 2015) and large
multinational companies alike, as well as many comparisons
of such methods and kits (Krsek and Wellington, 1999
LaMontagne et al., 2002; Dineen et al., 2010; Mahmoudi et al,,
2011; Vishnivetskaya et al., 2014). Despite extensive testing of
both kit and non-kit based methods, no single method has
been found to work for all environment types (Frostegard
et al, 1999; Krsek and Wellington, 1999; LaMontagne et al,,
2002; Vishnivetskaya et al., 2014), and the “best” method
is often difficult to determine, where one kit or reagent

may provide, for example, better replication or quantity, but
at the detriment of quality (Krsek and Wellington, 1999;
Mahmoudi et al, 2011; Cruaud et al., 2014; Vishnivetskaya
et al., 2014). Furthermore, there are fewer studies based on
metatranscriptomics compared to metagenomics, resulting in
a disproportionate focus on DNA-based methods over RNA
ones.

Metatranscriptomic analyses require high quality RNA that
is free of inhibitors and genomic DNA (gDNA). The presence
of inhibitors greatly affects RNA high throughput sequencing
due to the relatively large quantities of RNA required. Unlike
DNA-based analyses, where “diluting out the inhibitor effect”
is always an option, metatranscriptomic analyses often require
concentrating samples in order to achieve sufficient material
for the sequencing process, thus further exacerbating the
inhibitory effect. Even if we ignored any effect the inhibitory
compounds may have on the RNA extraction and DNA removal
process, this need to concentrate samples makes inhibitor
removal an extremely important step in RNA analysis. Thus,
there is a consistent necessity to optimize existing methods
and/or kits to suit ones needs. Although commercial Kkits
have the potential to yield high quality nucleic acids, the
proprietary nature of kit components make it difficult for
optimization or up-scaling. Such changes to the extraction
procedure or increased sample volumes may be necessary
for samples with low biomass and/or activity, containing
little mRNA, when metatranscriptomic analysis is sought
after.

The present study aimed to identify and overcome key
problematic steps during the co-extraction of high quality DNA
and RNA from inhibitor-rich soil samples for the purposes
of meta-omic analyses. The efficacy of commercially available
nucleic acid extraction kits were tested, and the nucleic acid
extracts yield and purity were compared to the extracts
obtained using the method by Nicolaisen et al. (2008) that
was used in a previously published paper investigating the
same soils (Liu et al., 2010). Finding little benefit in using
the extraction kits, we took lessons learnt from a different
modular extraction method (Lever et al., 2015), and further
optimized Nicolaisen et al. (2008) method in an iterative
manner, starting with the types of beads used for cell lysis
and the nucleic acid precipitant. Different purification Kkits
were also compared by examining the efficiencies of nucleic
acid targeting enzymes (polymerases, DNases and reverse
transcriptases) used on crude total nucleic acids (TNA)
extracted by the aforementioned optimized method. Special
attention was paid to the removal of gDNA from RNA
samples. This step is often incorrectly assessed, despite being
a potential source of major bias in downstream mRNA
analyses. The proposed protocol, which is an optimization
of existing phenol-chloroform based procedures, with
additional purification at critical points, proved to yield
nucleic acids suitable for metagenomic and metatranscriptomic
analyses when tested on soils with high levels of inhibitors.
The new method and workflow are transparent, which
allows optimizations (as necessary) at various steps in the
procedure.
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MATERIALS AND METHODS

Soils

Three agricultural soils, chosen because of their extraction
difficulty with commercial kits and non-kit methods (Liu et al.,
2010), were used to determine the quality of DNA and RNA from
co-extraction reactions. Soils FL (pH 3.65) and FH (pH 7.39)
are high organic content peat soils (40-45% soil organic C, 2%
organic N) (Liu et al., 2010) from a long-term field experimental
site in Fjaler in western Norway (61°17'42”, 5°03/03”). FL is
the original un-limed soil, and FH was limed in 1978 with
800 m> of shell sand per hectare of soil (Sognnes et al., 2006).
Soil A (pH 5.5) is a high clay-content soil (39% sand, 40%
silt, 21% clay, 3% soil organic C, 0.22% organic N) from a
grassland site in As in southeast Norway (59°39'44”, 10°45'50").
All soils were immediately transported to the laboratory, sieved
(4.5 mm) upon arrival, then stored in sealed plastic bags at
4°C. All pH values were measured in 0.01 M CaCl, (1:5 (ww
to volume) soil to CaCl, solution) immediately prior to using
the soil. Soils FH and FL were used in the testing of all kits
and methods, and soil A was only used as a comparison for
kits/methods that showed at least some success with the other two
soils.

Soil Treatment

In the present study we targeted denitrification gene transcripts to
evaluate methods for DNA/mRNA isolation. Several successive
experiments were performed where different extraction
kits/methods were tested (see below). Using field-fresh soil
for each of these would introduce undesired variation, due
to seasonal differences in the soil. Instead, to achieve the best
possible comparison of extraction methods, all soils used in this
study were sampled at the same time and kept at 4°C until use
(2-6 months after arrival).

A small amount of a natural C source was added, to
standardize the conditions and to secure that the organisms
would have enough energy to induce transcription of the targeted
denitrification genes (Liu et al., 2010). Soils FH and FL were
revitalized from cold storage by addition of 5 mg dried, powdered
clover g~ ! soil wet weight (ww), amended with 8-11 mM nitrate
(in soil moisture), then incubated at 15°C for 72 h. Soil A was
used in a separate experiment (C. A. Roco, unpublished data) and
was exposed to different lengths of oxic and anoxic periods over
4 weeks in glass vials incubated at 15°C. During this incubation,
clover (1 mg g~ ! soil, dry weight (dw)) and nitrate (0.065-
0.65 pwmol g~! soil, dw) was added every 2-5 days (for a total
of 11 times) to maintain microbial activity.

At the end of the 72 h (FH and FL) or 4 weeks (A) incubation,
the soils were transferred to air-tight glass vials and sealed with
butyl-rubber septa and aluminum crimps, then made anoxic by
six cycles of gas evacuation and helium filling (Liu et al., 2010).
These vials were incubated anoxically to stimulate the production
of denitrification gene transcripts. Gases (CO3, O2, NO, N, O, and
N;) produced in the headspace were measured every 3 h with a
GC and NO analyzer (Molstad et al., 2007), and used to guide
soil sampling for denitrification genes — reduction of N,O gas to
N, gas was taken as an indicator for nitrous oxide reductase gene

(nosZ) transcription. For each sample, one vial was opened and
the soil within was snap frozen in liquid nitrogen then stored at
—80°C until nucleic acid extraction.

Kit and Non-kit Nucleic Acid Extraction

Figure 1 presents a schematic diagram of the different key steps
examined to obtain an optimized protocol for co-extraction
of DNA and RNA from soil. Our criteria for the successful
application of a kit or method was the ability to obtain high
quality DNA and RNA (both rRNA and mRNA) from our
samples. Quality was assessed as follows: (1) DNA extracts should
be amplifiable with little or no inhibition, as judged by successful
PCR amplification and comparable qPCR efficiency to plasmid
standards; and (2) RNA extracts must be free of gDNA (as
determined by qPCR, see below), and should yield positive results
when reverse transcribed and assessed with qPCR. Three DNA-
and three TNA extraction kits were tested for their ability to
extract nucleic acids that are suitable for downstream processes,
according to manufacturer’s instructions (Table 1). In the present
paper, the RNA PowerSoil kits are considered one kit because
the DNA Accessory Kit (AK) cannot be used separately. Where
applicable, lysis was achieved by bead-beating as described below.

The PowerLyzer DNA (PL), FastDNA SPIN (FDS), and ZR
Soil (SM) kits were used as benchmark DNA extractions because
of their previous success in our laboratory with soil FH and in the
literature in extracting DNA from soil and other environmental

Stage 1:

‘ Test extraction kits and methods ‘

}

Nicolaisen’s method

v .

Stage 2:‘ Test buffers | | Optimize lysis ‘ ‘Test precipitants

v

Semi-optimized
Nicolaisen’s method

v ‘ '

Test purification kits }—P{ Test enzymes

\ |
'

Modified
Nicolaisen’s method

Stage 3:

FIGURE 1 | Schematic diagram of the optimization process. In Stage 1
of the process, various extraction kits and Nicolaisen’s method (as listed in
Table 1) was tested on soils FH and FL (see text for soil descriptions). In
Stage 2, various extraction buffers, lysis conditions, and nucleic acid
precipitants were tested using Nicolaisen’s method as the base, creating a
new “semi-optimized Nicolaisen’s method.” In the final Stage 3,
DNases/reverse transcriptases and purification kits were tested concurrently
for their ability to completely remove genomic DNA, and was briefly tested in
combination. The end result is the “Modified Nicolaisen’s method,” which is
based on the workflow as outlined in Figure 2.
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TABLE 1 | List of extraction and purification kits tested in this study?.

Use Target Kit name Abbreviation Company

Extraction DNA PowerlLyzer PowerSoil DNA Isolation Kit PL MO BIO Laboratories

Extraction DNA FastDNA SPIN Kit for Soil FDS MP Biomedicals

Extraction DNA ZR Soil Microbe DNA MiniPrep SM Zymo Research

Extraction DNA/RNA MasterPure RNA Purification Kit? MP Epicentre Biotechnologies

Extraction DNA/RNA PowerMicrobiome RNA Isolation Kit PM MO BIO Laboratories

Extraction RNA RNA PowerSoil Total RNA Isolation Kit PS MO BIO Laboratories

Extraction DNA RNA PowerSoil DNA Elution Accessory Kit AK MO BIO Laboratories
(used in conjunction with the above RNA kit)

Purification DNA E.Z.N.A. Cycle Pure Kit CP Omega Bio-Tek

Purification DNA MinElute Reaction Cleanup Kit MRC QIAGEN

Purification DNA Genomic DNA Clean & Concentrator gDCC Zymo Research

Purification RNA RNeasy Mini Kit RM QIAGEN

Purification RNA RNA Clean & Concentrator — 5 RCC Zymo Research

Purification DNA/RNA OneStep PCR Inhibitor Removal Kit OPIR Zymo Research

aThe purification kits were tested in combination with the modified method described in this paper.
PThe lysate was obtained using the phenol-chloroform extraction as detailed previously (Nicolaisen et al., 2008).

samples (Mahmoudi et al,, 2011; Vishnivetskaya et al., 2014;
Wesolowska-Andersen et al., 2014; Young et al., 2014). The rest
of the kits were selected according to the manufacturer’s claim
that they are able to co-extract DNA and RNA fractions from
the same soil sample. The kits were compared to the phenol-
chloroform extraction method as modified by Nicolaisen et al.
(2008), referred to here as the Nicolaisen’s method, which is based
on the extraction procedure by Griffiths et al. (2000).

The lysis step of Nicolaisen’s method was optimized by
testing different lysis options (FastPrep-24 Instrument vs.
vortex), lysis beads type (garnet vs. glass), one size (garnet:
0.15 mm; glass: 0.10-0.11 mm) vs. multiple bead sizes (garnet
beads: 0.15 and 0.7 mm; glass beads: 0.10-0.11, 1.0, and 2.5-
3.5 mm), and the number of cycles of lysis (once, twice,
or thrice). Different buffers for the lysis of bacteria were
also tested: CTAB (hexadecyltrimethylammonium bromide)
buffer (pH 5.7 and 8.0, and 120 mM or 250 mM ionic
strength) with 1% (w/v) polyvinylpolypyrrolidone (PVPP); GES
(guanidinium thiocyanate-EDTA-sarcosyl) buffer (pH 4); and
phenol (pH 4 or 8) (Supplementary Table S1). Additionally,
we tested the effectiveness of 30% polyethylene glycol (PEG)
6000 (following Nicolaisen’s method) and isopropanol as nucleic
acid precipitants. The results are described in Supplementary
Material, pp. 1-2 and Supplementary Figures S1-S5.

Purification Kits

In the following, the term “primary” when used to describe
nucleic acids refers to the resuspended or eluted nucleic
acids obtained from the extraction procedure or kit, and is
equivalent to “Extract I” in Figure 2. In addition to the
purification steps already included in the above extraction
methods and kits to obtain the primary extract, purification
kits (listed in Table 1) were tested in various combinations on
the primary extracts: MinElute Reaction Cleanup Kit (MRC),
RNeasy Mini Kit (RM) (both from QIAGEN), E.Z.N.A. Cycle
Pure Kit (CP) (Omega Bio-Tek), Genomic DNA Clean &
Concentrator (gDCC), RNA Clean & Concentrator-5 (RCC) and

OneStep PCR Inhibitor Removal Kit (OPIR) (all from Zymo
Research).

DNase Digestion of Total RNA

Based on our previous experience (Liu et al., 2010), residual
gDNA is often leftover after DNase treatment of RNA fractions,
making this step a major bottleneck, especially for inhibitor-
rich soil samples. The following DNases were tested for their
ability to remove amplifiable DNA from TNA samples: DNase I
(Sigma), RNase-Free DNase Set (QIAGEN), RNase-Free DNase
I (Epicentre Biotechnologies) and TURBO DNA-free DNase Kit
(Ambion, Life Technologies). All DNases were used according
to manufacturers’ instructions, with the exception of incubation
time, which we varied from 15 min to 2 h. The efficiency of
each DNase treatment was determined by comparing the purified
DNA fractions (Extract III in Figure 2) with the non-reverse
transcribed RNA (Extract V in Figure 2), via quantitative PCR
(qPCR) amplification of the 16S rRNA or the nosZ genes (details
below).

Reverse Transcriptases

Several reverse transcriptases were compared using RNA
extracts obtained from soils FL and FH during the iterative
method optimization. The purpose was to ensure successful
cDNA synthesis in extraction replicates from inhibitor-rich
soils. Because trials with RNA extracts from Nicolaisen’s
method and the extraction kits were not able to yield cDNA
(see Comparison of Methods for Nucleic Acid Extraction,
Supplementary Data section “The Effectiveness of Dedicated
Nucleic Acid Extraction Kits,” and an earlier study Liu et al,
2010), the assessment focused on the presence (but not
quantity) of detectable nosZ ¢cDNA in the absence of gDNA.
Reverse transcriptase efficiency was not assessed in this study.
The following reverse transcriptases were tested according
to manufacturers’ instructions: High Capacity RNA-to-cDNA
Master Mix (Applied Biosystems), SuperScript VILO MasterMix
(Invitrogen), PrimeScript RT Reagent Kit (Takara Bio), and
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enzymatic-inhibitors (e.g., humic/fulvic acids and polyphenolics). (D) Purification of partially digested RNA extracts with residual genomic DNA aids in the removal of
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Maxima Reverse Transcriptase (Thermo Scientific). Random
hexamer primers and dNTPs (provided by the respective
manufacturers, either bought separately or provided in the kit)
were used with all reverse transcriptases. To improve the rate of
successful nosZ transcript reverse transcription (present in low
quantities in the samples compared to 16S rRNA), the maximum
volume of RNA template (8-10 pL, corresponding to 150-200 ng
RNA) was used in each reaction. Due to the comparatively
low quantities of RNA in the extracts (compared to pure
culture RNA extractions), the quantity of RNA in these volumes
never exceeded the manufacturers’ recommended maximum
quantity of RNA template (ranging from 500 ng to 5 pg total
RNA). Additionally, the differing template quantities/volumes
used in this study did not affect the failure or success of
cDNA synthesis, as determined by the absence or presence
of amplifiable nosZ ¢cDNA (see Test of DNases and Reverse
Transcriptases).

Optimized Non-kit Extraction Method
That Mitigates Inhibitor Effect

Based on the results from the above tests (as described in
Supplementary Material, pp. 1-2 and Supplementary Figures
S$1-S5), some additions and modifications were made based
on several widely used phenol-chloroform extraction methods,
including Nicolaisen’s method (Griffiths et al., 2000; Nicolaisen
et al., 2008; Mettel et al., 2010). Figure 2 depicts our suggested
workflow protocol, and is the basis for our method. Briefly
describing the method, 0.2-0.25 g of soil was lysed by bead-
beating in 2 mL screw-capped microcentrifuge tubes containing
glass beads, CTAB extraction buffer (with 1% w/v PVPP), and
phenol-chloroform-isoamyl alcohol (25:24:1), and the nucleic
acids were washed with ethanol then precipitated. The following
are the differences to Nicolaisen’s method: (i) Three sizes of glass
beads were used for lysis (0.10-0.11, 1.0, and 2.5-3.5 mm); (ii)
the samples were lysed in a FastPrep-24 Instrument by two cycles
at 6.0 m s~! for 45 s, with intermittent cooling between each
cycle to prevent overheating of the samples and instrument; (iii)
after removing residual phenol with chloroform, up to 500 pL of
the aqueous phase was transferred; (iv) the nucleic acids (both
DNA and RNA) were precipitated with 0.2 volumes of 3 M
sodium acetate (buffered to pH 5.2 with glacial acetic acid) and
an equal volume of isopropanol, then continuously inverted for
2 min at room temperature; and (v) the ethanol-washed TNA
pellet was dried in a SpeedVac Concentrator then resuspended
in DEPC-treated nuclease-free water.

After this primary extraction, and before any further
enzymatic downstream treatment, the resuspended TNA (Extract
I in Figure 2) was purified with the OPIR kit, according
to manufacturer’s instructions. Extract II (Figure 2) was then
divided in two fractions, one for DNA and one for RNA. To
ensure maximum removal of inhibitory compounds, the DNA
fraction was further purified with the gDCC kit. For the RNA
fraction, gDNA was removed with the TURBO DNase kit,
before purification with the RCC kit. If residual gDNA was
detected in the eluate (via qPCR using primers targeting the
16S rRNA or nosZ genes), a second round of DNase digestion
and purification with the RCC kit was performed (but without

the OPIR kit prior to digestion). Additional use of OPIR prior
to the second digestion did not improve RNA purity, but
instead resulted in the loss of material (data not shown). The
qPCR-certified gDNA-free RNA was then reverse transcribed
to cDNA with random hexamers using the Maxima Reverse
Transcriptase, both according to manufacturer’s instructions.
All resulting nucleic acids (DNA, non-reverse transcribed RNA,
and cDNA) were quantified after extraction and/or purification
(see below), then stored at —80°C until use. This procedure
of ‘purification before enzymatic processes’ was also used on
primary extracts from the most effective extraction kit, RNA
Powersoil kit (PS), to ensure high quality RNA for sequencing
(see Results section).

Analysis of Nucleic Acid Quality and

Quantity

Extracts II, III, IV, and V (the primary TNA, purified
DNA, the DNase-treated RNA, and purified RNA fractions,
respectively; see Figure 2) were quantified by spectrofluorometry
using the Qubit dsDNA BR Assay Kit and Qubit RNA BR
Assay Kit (Qubit Fluorometer, Invitrogen, Life Technologies).
Spectrophotometric analysis (NanoDrop Spectrophotometer,
NanoDrop Technologies, Thermo Fisher Scientific) was used for
preliminary evaluation of nucleic acid quality, via the assessment
of the absorbance ratios Ajg0/230 and Ajgg/280. As is common
practice, Ajep/230 absorbance ratios nearing 2.0 were regarded
as contaminated with humic substances, whereas ratios below
1.5 were regarded as failure to extract nucleic acids (Cullen and
Hirsch, 1998; Krsek and Wellington, 1999; LaMontagne et al.,
2002; Per$oh et al., 2008; Mahmoudi et al., 2011). However, due
to the high quantities of humic compounds present in soils FL
and FH, we only regarded it as failed nucleic acid extraction if the
ratio remained under 1.5 after additional clean-up with dedicated
purification kits. Protein contamination was indicated by the
Aje0/280 Tratio, where samples with ratios between 1.7 and 2.0
were considered usable, while purified extraction reactions with
ratios < 1.7 were discarded. Estimation of humic content by color
(Dineen etal., 2010) was not used in this study, since low amounts
of humic substances may be undetectable visually (Bachoon et al.,
2001). Additionally, where applicable, gel visualization was used
to quickly assess the extent of DNA shearing and/or the presence
of rRNA (note that rRNA presence/absence was always further
confirmed by PCR/qPCR following reverse transcription). For
reasons of simplicity, in this paper the term “usable nucleic acids”
refers to nucleic acids of sufficient enough quality to be used in
further experiments, i.e., downstream processes such as qPCR
were not inhibited or inversely affected by co-extracted inhibitory
compounds.

Verification of Inhibitor and gDNA

Absence

To confirm amplifiability of extracted DNA and synthesized
cDNA, and the complete digestion of gDNA in RNA samples, the
presence of the 16S rRNA, narG and nosZ genes were assessed
via PCR and qPCR. For both PCR and qPCR, DNA samples were
diluted to between 1:10 and 1:50 of the original extract, which
translated to 1-10 ng of DNA per reaction. All cDNA and RNA
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samples (DNase-digested) were used without dilution. For PCR,
each 25 pL amplification reaction contained 1 wL of template,
0.4 pM of each primer, 0.125 U of TaKaRa Taq (Takara Bio),
400 wM of each ANTP and 2.5 nL of 10X PCR Bufter. The primers
used were: 27F and 518R for the 16S rRNA gene (Weisburg et al.,
1991; Muyzer et al., 1993), 1960f and 2650r for the narG gene
(Philippot et al., 2002), and Z-F and 1622R for the nosZ gene
(Kloos et al., 2001; Throbéck et al., 2004). The optimized thermal
cycling conditions were 95°C for 5 min, 30-35 cycles of 95°C for
30 s, x for 45 s, 72°C for 30 s, and a final extension of 72°C for
7 min, where x = 54°C (16S rRNA gene), or 60°C (narG and
nosZ gene). For qPCR the StepOnePlus Real-Time PCR System
(Applied Biosystems) was used. All samples were amplified in
simultaneous reactions to compare the DNase digestion and
reverse transcription efficiency. Each 20 pL reaction contained
SYBR Premix Ex Taq II (Tli RNaseH Plus; Takara Bio) used
according to manufacturer’s instructions, and included 0.4 uM of
each primer and 2 pL of template. The qPCR cycling conditions
for all primer sets were the same as above, with the following
exceptions: an additional 20 s at 82°C at the end of each cycle
to measure the fluorescent signal, thereby reducing background
signals from primer dimers and unspecific PCR products; the
extension time for the primers targeting the nosZ gene was
prolonged to 60 s; a final melting curve analysis from 60 to 95°C
was performed to determine the specificity of amplicons, in lieu
of the final extension step; and the amplification reactions were
performed for 40 cycles. The detection limit of each qPCR run
was five copies per microliter of reaction, which ranged from
4 x 10 to 4 x 10° copies g~ ! soil (ww).

The raw qPCR fluorescence data was imported into the
LinRegPCR program (Ruijter et al., 2009). Unlike commonly
reported efficiencies that are calculated by employing the use of
serial diluted standards and the construction of calibration plots,
LinRegPCR uses the exponential portion of the fluorescence
signal curve of each well to determine individual well efficiencies
by calculating the deviation from a perfect “one copy to two
copies” amplification after each cycle. Efficiencies calculated
with standard curves assume equal amplification efficiencies
in all calibration and biological samples, and cannot be
used objectively to determine the degree of amplification
inhibition in biological samples. To overcome this, qPCR
curve analysis methods such as LinRegPCR, as used above,
have to be used (Ruijter et al., 2013). This allows for more
reliable qPCR efficiency determinations that are independent
of potential standard-sample variations, including differences
in inhibitor content. Moreover, humic substances have been
found to inhibit commonly used double-stranded DNA (dsDNA)
binding fluorescence dyes, making it doubly important to
check individual sample amplification efficiencies (Sidstedt et al.,
2015).

Additional Nucleic Acid Quality Control

and Sequencing

Multiple samples of DNA and RNA extracted from all
three soils using our revised extraction method, and PS kit-
extracted (and further purified as described in the simplified
extraction method) soil A RNA extracts, were sent for

metagenomic and metatranscriptomic sequencing at The Roy
J. Carver Biotechnology Center (CBC)/W. M. Keck Center for
Comparative and Functional Genomics at the University of
Illinois at Urbana-Champaign, using HiSeq 2500 technology.
Prior to shipping on liquid nitrogen vapor (Cryoport), we
confirmed that all nucleic acids were of high quality (DNA or
gDNA-free RNA as verified by qPCR). Independent verification
of the RNA quality, including confirmation of the absence
of gDNA, was also performed at the CBC. A sample of the
sequenced reads from soil FH and FL were trimmed for adaptors
and quality using Trimmomatic (MINLEN: 70, TRAILING: 15)
(Bolger et al., 2014). The trimmed sequences were uploaded to
MG-RAST and annotated (Meyer et al., 2008). Annotated FH and
FL soil sequences are available online on the MG-RAST database
(project ID 14446, project name “Fjaler_HiSeq”).

RESULTS

Comparison of Methods for Nucleic Acid

Extraction

No single dedicated nucleic acid extraction kit was applicable to
all soils. The kits that managed to obtain both DNA and RNA
(kits MP, PM and PS+AK) are compared to the unmodified
Nicolaisen’s method in Table 2. For a comparison of all kits
tested, see Supplementary Table S2 and explanatory text in
Supplementary Material, p. 1. As seen, PS was the most successful
kit, obtaining gDNA-free RNA in two of the three soils. The PS kit
utilizes nucleic acid-specific elution buffers to preferentially elute
DNA or RNA from the nucleic acid binding column. However,
as per manufacturers strict instructions, neither centrifugal
(positive) nor vacuum (negative) pressure could be applied to the
columns (supplied in the kit), and the gravitational drip process
took over 4 h (and up to 8 h) per sample to complete for FL
and A soils, due to clogging of the column. Despite the long
procedure at room temperature, preliminary trials with the PS
kit (without the AK kit) produced promising results, yielding
6.71 £ 1.01 ug RNA g~ ! soil (ww) and amplifiable cDNA (16S
rRNA) in the absence of amplifiable gDNA. The long extraction
time required at room temperature may potentially compromise
the quality and quantity of extracted mRNA, which puts any
absence or low mRNA copy numbers in doubt. The only available
option provided by the manufacturer was the application of
positive pressure to the top of the column. Unfortunately, the
outcome varied between soil types A and FL: High quality rRNA
and mRNA was obtained from soil A, although a supplementary
two rounds of ‘purification-digestion-purification’ was required
(i.e., RNA purification was performed after each digestion). In
contrast, for soil FL, positive pressure application co-extracted
such large quantities of inhibitory compounds that both the
extracted DNA (eluted with the AK kit) and RNA remained
brown (suggesting a high content of organic compounds) and
was unusable in downstream processes in spite of attempted
clean-up with additional purification kits. Moreover, the extracts
were not reliably quantifiable prior to further purification
(NanoDrop and Qubit readings returned “error” and “out of
range” messages, respectively). NanoDrop quality assessments
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TABLE 2 | Comparison of DNA and RNA co-extraction methods and kits, tested on soils FH (high pH peat, pH 7.39), FL (low pH peat, pH 3.65), and A (low

pH clay soil, pH 5.5).

Method/Kit Nicolaisen’s method? MPP PMP PS + AKP Optimized method
TNA purification prior to digest® — + — + +

Soils tested FH FL A FH FL FH FL FH FL A FH FL A
Amplifiable DNA + + + + + + + + +f + + + +
Complete removal of DNA after 1st diges‘[iorw‘ie + - - + — + — + — _ + + _
Complete removal of DNA after 2nd digestiond-¢ + - - + +f + — + — + + + +
cDNA synthesis + NT NT + +f + NT + NT + + + +

a8Method from Nicolaisen et al. (2008).

bSee Table 1 for list of kit abbreviations.

CTNA purification with the OPIR kit.

dSee text for details on DNA amplification and removal assessment.

©DNA was digested with TURBO DNase, and RCC kit was used for purification after each digestion.

fResults from replicates varied, likely due to the presence of inhibitory compounds.
9gDNA, genomic DNA; NT, not tested because of residual gDNA.

revealed highly variable Ajgg/280 ratio ranges that failed to
improve with additional purification: 1.41-1.58 for the DNA
eluate and 1.34-1.79 for the RNA eluate (see also Supplementary
Table S2). Tellingly, the DNA and reverse transcribed RNA could
not be amplified (fluorescence signal did not pass threshold after
>35 cycles in the qPCR using primers targeting the 16S rRNA
gene). The PS kit therefore did not provide sufficient quality of
nucleic acids from soil FL because of the long extraction time
required at room temperature and the inability to speed up the
process with positive pressure application.

Purification Kits and Enzymatic Inhibition

In the final stage of optimization (Figure 1), various purification
kits (listed in Table 1) were tested on FH and FL extracts from the
best extraction kits (listed in Table 2) and our optimized version
of Nicolaisen’s method (utilizing the most optimally tested buffer
and precipitant as stated in the Supplementary Material, pp.
1-2). Regardless of method or kit used for the extraction, the
DNA yielded from both FH and FL in Extract I (Figure 2)
was amplifiable, but the results were variable in consistency and
strength (strong and consistent amplification was defined by
the presence of equally bright amplicons on agarose gels, see
Supplementary Figure S1). Due to the inhibitor-rich nature of
the soils tested, we found that nucleic acid purification kits were
always necessary to secure high quality, fully uninhibited material
for downstream processes such as PCR amplification.

These further purification steps, regardless of the purification
kit used, greatly improved the purity of DNA extracts. For
example, purification of FL extracts with gDCC improved the
A260/280 Tatio from 1.59 & 0.05 to 1.81 & 0.09, and the Ajg0,230
ratio from 1.17 £ 0.07 to 1.65 £ 0.04. Eluates from these DNA
purification kits were always amplifiable: Amplification of these
purified DNA extracts resulted in brighter and more consistent
amplicon bands (on agarose gel) when the same quantity of
pre-purification DNA was used, independent of primers used
(Supplementary Figure S1). This indicated that the inhibitory
compounds interfering with the PCR amplification of the TNA
(Extract I, Figure 2) were removed by purification with DNA

clean-up kits (note that step C in Figure 2 had not yet been
included during this early purification kit testing).

For RNA, on the other hand, the quality of the extracts varied,
as seen from differences in residual gDNA for soils FH and FL
below. We were able to obtain gDNA-free RNA from soil FH
(gDNA undetectable via qPCR analysis after 35 cycles), although
DNase digestion was always required to remove the residual
gDNA, regardless of kit or method used (including the PS Kkit,
despite its preferential eluent system). These RNA extracts from
soil FH were successfully reverse transcribed, as judged from
the amplification of the resulting cDNA using qPCR (detected
after <35 cycles). In contrast, RNA extracts from soil FL often
contained qPCR-amplifiable gDNA (detected after <35 cycles)
that was not removable even after repeated rounds of extended
DNase digestion (1-2 h) and RNA clean-up kit purification
(regardless of purification kit used). There was often residual
gDNA in these primary extracts even after a second digestion or,
in cases where gDNA was completely digested (in the qPCR), the
RNA in the sample was no longer detectable (undetectable after
>35 cycles, after reverse transcription followed by qPCR).

During the first two stages of optimization (Figure 1),
we observed that enzymatic issues in the RNA fraction (e.g.,
incomplete DNase digestion as described above) coincided with
Taq polymerase inhibition in the DNA fraction (polymerase
inhibition is described above and in Supplementary Figures
S1 and S4), suggesting that the same inhibitors associated
with Taq polymerase activity could be the main reason behind
the interference with other enzymes (i.e., DNase and reverse
transcriptase). Thus in Stage 3 of optimization (Figure 1), we
used the OPIR kit, a TNA purification kit that specializes in
inhibitor removal, on the primary TNA Extract I (Figure 2)
prior to any enzymatic process (including DNase digestion). In
addition to improved DNA quality, we observed little loss of
nucleic acid material. For example, purification of 3-4 pg of
DNA g~ ! soil (ww) resulted in 2.5-3.5 jLg using OPIR (compared
to 2-2.3 pg using gDCC), and the Extract II (Figure 2) DNA
was as equally amplifiable as Extract III (Figure 2) DNA purified
with dedicated DNA purification kits, confirming the removal of
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Taq polymerase inhibitors. The improved TNA quality was also
observed by enhanced DNase digestion. A single, non-extended
digestion using the TURBO DNase kit (see below), performed
according to manufacturer’s instructions, reduced the quantity
of residual gDNA in the digested RNA Extracts V (Figure 2)
from FH and FL soils to below the limit of PCR and qPCR
detection (conservatively estimated to 2 copies WL~ ! reaction; in
this case corresponding to 1.6 x 10* 16S rRNA gene copies g~ !
soil, ww).

Thus, we concluded that using the OPIR kit prior to a DNA
or RNA purification kit was the best option for obtaining high
quality DNA or RNA extracts, respectively. With the addition of
the OPIR kit, we did not observe any difference in the quality of
DNA or RNA yielded by any of the purification kits tested, so
the choice of DNA and RNA purification kit used in subsequent
extractions was decided by load capacity and cost per reaction.
For our purposes, the OPIR, gDCC, and RCC kits satisfied these
criteria and were used on the DNA and RNA extracts sent for
metagenomic and metatranscriptomic analysis, respectively.

Test of DNases and Reverse

Transcriptases

In the second part of Stage 3 optimization (Figure 1), OPIR kit
purified, inhibitor-free extracts from all three soil types were used
to test different DNases (Extract II) and reverse transcriptases
(Extract V). Of the DNases tested, TURBO DNase was the most
active at 2 Units pL~! (as described in the respective product
information sheets), and was also the most efficient at removing
gDNA from samples even in the presence of low quantities of
inhibitors (residual gDNA was undetectable with qPCR after >35
cycles when using TURBO DNase, compared to <35 cycles using
the other DNases). Coupling this DNase with the OPIR kit made
a potent combination for alleviating the inhibitory effect, thus
digesting more gDNA in the TNA extracts.

To investigate the reproducibility of gDNA removal, we
quantified the nosZ gene in TNA that was extracted from 45 soil A
samples and digested in two consecutive rounds (Figure 3). The
soil had been exposed to different oxygen regimes, and incubated
anoxically for different time periods (see Materials and Methods),
but these treatments did not affect the copy numbers of nosZ
in the gDNA content of the samples (Figure 3A). Although
residual gDNA persisted in some samples from soil A after the
first DNase digestion (Extract IV), purification with an RNA
purification kit (e.g., RCC) followed by a second DNase digestion
often completely removed the remaining gDNA in Extract V
(Figure 3). The first digestion ensured that any RNA clean-up
kit used (in this case, RCC) did not become overloaded by the
large quantities of extracted gDNA, which would result in the
loss of RNA. Using qPCR on these RNA extracts, we showed
that two rounds of DNase digestion reduced the number of nosZ
gene copies to below the qPCR detection limit (conservatively
estimated to 2 copies WL~ reaction; in this case corresponding
to 400 copies g~ ! soil (ww)) for all samples (Figure 3). This
is compared to a single DNase digestion, where only 6 of 45
samples had undetectable quantities of nosZ DNA, and the
residual gDNA in the remaining samples was 0.002 £ 0.002%
of the original. Although these percentage numbers are small,
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FIGURE 3 | Removal of gDNA by consecutive DNase digestions of total
nucleic acids (TNA) extracted from 45 A soil samples. The soil had been
exposed to different oxygen regimes (here called Treatments 1, 2, and 3), for
details see section “Materials and Methods.” The soils were incubated
anoxically to stimulate denitrification gene expression, and samples were
taken at time intervals. TNA was extracted using the optimized and simplified
method, and the nosZ was quantified by qPCR. (A) After extraction via the
optimized method, all samples were tested for the presence of DNA. Neither
the different oxygen regimes nor the stimulation of gene expression affected
the number of nosZ genes in the gDNA from the different samples. (B) The
first digest removed most amplifiable genomic DNA (QDNA) present. (C) The
second DNase treatment removed amplifiable gDNA in all samples. There was
no relationship between the starting DNA quantity and the success of
complete gDNA removal (R? = 0.0189). This highlights the importance of
checking all RNA samples and not only representative samples, as there may
be high variability among samples from the same source and extraction
procedure.
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they translate to a residual gDNA of between 900 and 60 000
copies of nosZ genes g’1 soil (ww). Notably, the soil samples
retained different quantities of residual gDNA in RNA fractions
despite identical extraction procedures, as indicated by qPCR
(Figure 3). This differed from the DNA fractions that contained
equally amplifiable and relatively similar quantities of gDNA in
replicate extractions (Figure 3A).

Using these high quality gDNA-free RNA extracts for
reverse transcription, there was no observable difference in the
cDNA synthesis success rate between the reverse transcriptases
tested - nosZ cDNA was always undetectable in partially
purified RNA, and consistently detectable in high-quality RNA,
regardless of the reverse transcriptase used. In this study,
Maxima Reverse Transcriptase was chosen for use with the
optimized method because it had the highest capacity and
was thus the least likely to be overloaded by the total RNA
in each sample (5 pg total RNA). Thus, for the optimized
method, we used a combination of the OPIR and RCC
purification kits and TURBO DNase to obtain high-quality RNA
extracts prior to cDNA synthesis with the Maxima Reverse
Transcriptase.

Optimized and Transparent Method for

Non-kit Based Extraction

Using the results from the optimization of the lysis and
precipitation steps of Nicolaisen’s method (see Supplementary
Material, pp. 1-2 and Supplementary Figures S1-S5), we revised
the method as described in the section “Materials and Methods.”
We compared the revised method with the different extraction
kits and the original Nicolaisen’s method, and observed no
advantage to using extraction kits over our revised extraction
method. In addition to the shorter average extraction time and
quick precipitation, the quality and quantity of nucleic acids
extracted using our revised method was equal, if not better,
than all the other kits and methods tested. Using the above
described combination of purification kits and DNase enzyme,
we were able to obtain gDNA-free RNA fractions (Extract IV)
in the FL and FH soils after only a 30-min DNase digestion.
This is compared to persistent incomplete DNA digestion in
soil FL despite extended DNase digestion times of up to 2 h
using the unamended Nicolaisen’s method, proving that low
digestion efficiencies are likely caused by the failure to remove
inhibitory compounds. Using our optimized method, the average
Aze0/280 and Az 230 ratios before purification (Extract I) were
1.84 and 1.66, respectively, and the crude extracted quantities
were 50-150 ug DNA g=! soil (ww) and 15-18 g RNA
g~ ! soil (ww). Analysis by agarose gel electrophoresis revealed
reproducible TNA extraction, with large quantities of extracted
rRNA that was clearly visible on the gel (Supplementary Figure
S2). After a 10- or 20-fold dilution (to attain the desired 1-10 ng
of DNA per reaction, as specified in Materials and Methods),
Extract I from all soils (FH, FL, and A) was always at least
weakly amplifiable with primers targeting the 16S rRNA gene
(as visualized on agarose gels). Additional purification using the
OPIR kit, followed by the gDCC and RCC kit for DNA and
RNA, respectively, yielded nucleic acids that were always usable
in downstream processes.

Using qPCR analysis and primers targeting the 16S rRNA and
nosZ genes, we confirmed that the purified RNA fraction (Extract
V) contained no detectable copies of gDNA. Average 16S rRNA
copies were reduced from 1.08 x 10! £ 3.32 x 100 (soil FH)
and 3.15 x 109 + 1.19 x 10'° (soil FL) copies g_1 soil (ww)
to below the detection limit of qPCR (1.6 x 10* copies g~ soil,
ww) in RNA extracts. The RNA extracts were also successfully
reverse transcribed to cDNA, and qPCR-amplifiable with primers
targeting the n0sZ gene (3 x 10° and 1 x 10° copies g~ soil, ww
in soils FH and FL, respectively).

Analysis of the raw qPCR fluorescence data using LinRegPCR
revealed similar efficiencies for both the samples and the
purified plasmid standards (Table 3), confirming the absence
of amplification or dsDNA-binding dye inhibitors in all our
amplification reactions. Although these individual amplification
efficiencies appear to be low, similar efficiencies seen in the
standards indicate that the lower-than-expected efficiencies are
likely an effect of poor primer-template matches or the formation
of primer dimers affecting the amplification reaction, rather
than the presence of inhibitory compounds. For comparison to
other studies, the calibration plot-based method of efficiency
calculation yields amplification efficiencies of 95.1 and 99.1% for
the 16S rRNA and nosZ genes, respectively.

Quality Assessment and Reproducibility

of DNA and RNA Extracts

DNA and RNA (Extracts III and V) yielded by our simplified
TNA extraction method (soils A, FL, and FH) and RNA (Extract
V) from the PS kit (soil A) (all purified with OPIR/gDCC/RCC
kits as described previously), were sent for Illumina HiSeq
sequencing at the CBC. All samples were independently verified
to be of high quality: RNA extracts were confirmed to be
free of gDNA, and both DNA and RNA were successfully
sequenced with HiSeq 2500 technology. The resulting sequences
were annotated using MG-RAST, and a summary of the
annotated data has been included in the Supplementary Table
S3. Total Sequence and Clusters of Orthologous Groups (COG)
breakdown profiles generated using MG-RAST were highly
similar between replicate extractions for both soil FH and
FL, indicating good co-extraction replication (Supplementary
Figures S6 and S7). Further analysis of the sequences (normalized
to Reads per Million, RPM) using bacterial housekeeping genes
as a reference of comparison revealed good reproducibility of
DNA and RNA extraction replicates (examples of data shown in
Table 4). There was minor variation for some genes in the RNA
duplicates (e.g., fusA in R5 and R6), but the reproducibility for
the other genes points toward variability in fusA gene expression

TABLE 3 | Individual gPCR efficiencies based on LinRegPCR analysis of
nucleic acids extracted from soils FH (high pH peat, pH 7.39) and FL (low
pH peat, pH 3.65).

Target Plasmid standard FH FL

16S rRNA gene
nosZ DNA
nosZ cDNA

77.9 £ 3.44%
84.2 + 5.05%

Same as above

81.34+3.18%
856.4 +3.97%
80.7 £ 2.51%

82.0 + 3.49%
84.2 &+ 3.36%
81.0 + 2.86%
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TABLE 4 | Example of DNA and RNA meta-ome sequencing reproducibility, based on Reads per Million (RPM) values from MG-RAST annotation of
bacterial housekeeping genes, obtained from soils FH (high pH peat, pH 7.39) and FL (low pH peat, pH 3.65).

Gene FH FL
DNA RNA DNA RNA

D1 D2 D3 R5 R6 D4 D5 D6 R11 R12
recA 212.4 208.5 208.3 114.7 164.4 221.4 221.7 221.7 23.4 18.2
gyrB 383.1 392.1 385.6 209.5 2771 374.8 385.7 383.8 40.6 35.5
fusA 788.4 800.3 794.6 434.9 594.1 764.9 782.9 774.7 201.2 183.6
rpoB 686.0 700.5 702.3 456.7 525.3 693.3 717.9 710.7 205.6 187.2
infB 356.8 359.2 359.3 229.5 298.0 345.6 376.5 368.0 63.0 50.4
atpD 297.5 296.5 298.0 222.9 263.9 340.7 347.9 339.5 57.3 48.1

Samples were sequenced using lllumnia HiSeq 2500 technology, and all values were normalized for total read counts to Reads per Million (RPM). DNA samples were
sequenced in triplicate (D1-D3, and D4-D6), and RNA samples were sequenced in duplicate (R5-R6, and R11-R12). The genes were identified in MG-RAST using the
following annotations: recA (RecA protein), gyrB (DNA gyrase subunit B), fusA (Translation elongation factor G), rooB (DNA-directed RNA polymerase beta subunit), infB

(Translation initiation factor 2), and atpD (ATP synthase beta chain).

due to incubation conditions, rather than an extraction bias.
Together, the sequenced metagenomes and metatranscriptomes
give evidence to the reproducibility of DNA and RNA co-
extraction using the optimized method.

DISCUSSION

Standardized Workflow vs. Specific
Methods

In our search to identify and overcome key problematic
steps when extracting DNA/RNA from inhibitor-rich soil
samples, we found that commercially available nucleic acid
extraction/purification kits are not always better than non-kit
methods (e.g., Nicolaisen’s method). While the DNA extraction
kits fared well, none of the RNA extraction kits tested worked
for all our soil samples. Even the best kit tested, the PS kit,
only worked for soil A and FH, but not for soil FL (Table 2).
Although the PS kit was able to yield usable nucleic acids,
varying quantities were extracted from equal starting amounts
of a single soil type (Figure 3A). Considering the inherent
variations in the soil, methods yielding poor replication will only
further complicate matters and lead to erroneous conclusions and
hypotheses. Previous studies comparing multiple methods have
also concluded that extraction methods may substantially affect
any downstream data (Inceoglu et al., 2010; Towe et al., 2010).
As such, we once again highlight the importance of determining
suitable extraction methods based on the environment of interest.
This emphasizes the need for transparent, modular methods such
as the one described by Lever et al. (2015), where each step
can be optimized to meet the needs for a specific sample type.
Similar to their conclusions, we have found that the ease to add
and adjust extraction and purification procedures as required has
resulted in higher DNA and RNA vyields, as well as an improved
quality.

We took the study by Lever et al. (2015) further, and were
able to pinpoint the important steps in nucleic acid extraction
for better quality and quantity of DNA and RNA yields via
our systematic testing of extraction methods. Our proposed

workflow (Figure 2) aims to remove the problems upstream,
thereby circumventing downstream problems and avoiding the
struggle with persistent residual gDNA or otherwise poor quality
nucleic acids. In the current study, we have chosen relative
ease and speed over cost, and have opted to use commercial
purification kits for each purification step. But, as suggested in
our data and indicated in Figure 2, it is not the purification
kit that determines the usability of the material downstream,
but the point during extraction at which the purification step
takes place — as early as possible and before enzymatic processes,
but without compromising RNA stability. As such, the use of
similar purification kits or methods (e.g., gradient centrifugation,
Sephadex columns or chromatography) would achieve the same
effect, and at a reduced cost. Similarly, the core of our suggested
workflow is designed for gene expression analyses, and the
restriction of total sample processing time (due to short mRNA
half-lives) played a big role in the creation of our proposed
workflow (Figure 2). Thus, our workflow reflects time-limited
sample processing that is incompatible with early purification
procedures that require pre-optimization, such as the addition of
Al»(SO4)3 to remove inhibitors prior to soil disruption (Persoh
et al., 2008).

Effectiveness of the Optimized Nucleic

Acid Extraction Workflow

Although there are a large number of published modular
DNA and RNA co-extraction methods, many are based on the
same fundamentals of (1) sample lysis, (2) phenol-chloroform
purification, and (3) nucleic acid precipitation (Griffiths et al.,
2000; Arbeli and Fuentes, 2007; Nicolaisen et al., 2008; Kotiaho
et al., 2010; Mettel et al., 2010; Paulin et al., 2013; Lever et al.,
2015). These papers mostly focused on the buffers/materials
used (e.g., composition, concentration, incubation time, etc.)
and generally follow the same structure. Here, we instead aimed
to characterize and detail the key order of essential steps in
the workflow. In particular, additional pre-DNase digestion
purification steps were added to aid in better gDNA removal
and higher RNA quality. In this study, our modular method
changes were grounded on Nicolaisen’s et al. (2008) method
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because of previous work published on the same soils (Liu
et al., 2010). In that study where Nicolaisen’s method was used,
both the quantity and quality was unsuitable for meta-ome
sequencing, and mRNA transcripts extracted from FL soils were
undetectable by qPCR, despite similar incubation conditions to
those in this study (Liu et al., 2010). Using the optimized method
detailed in this paper, at least double the amount of DNA and
RNA was co-extracted from the same soils — Liu et al. (2010)
only managed to obtain 16.1-26.4 ug DNA g~! soil (ww) and
2.3-7.2 pg RNA g’1 soil (ww). Additionally, nosZ transcripts
that were previously only quantifiable in soil FH (3-6 x 10°
copies g~! soil, ww) but completely undetectable in soil FL
(Liu et al., 2010), were now detectable in both soil FH and
FL (see Optimized and Transparent Method for Non-kit Based
Extraction).

One plausible reason behind this novel detection of nosZ
transcripts in soil FL, could be that the higher extraction
efficiency of the optimized method provided a “deeper” transcript
profile. The nucleic acid yield of the optimized method presented
here was ~ 10 times that of the unmodified Nicolaisen’s method
(Liuetal., 2010), and corresponded with a nearly 10-fold increase
in nosZ transcript detection in soil FH. However, when the
transcript numbers in soil FL yielded by the optimized method
(1 x 10° copies g~ ! soil, ww) are adjusted to correspond with
a 10 times lower efficiency (thus 1 x 10* copies g’1 soil, ww),
it is still well above than the detection limit of 8.4 x 10 copies
g_1 soil (ww) of Liu et al. (2010). Since sub-optimal extraction
procedures are known to result in unusable downstream products
due to persistent inhibition even after additional downstream
purification processes (Cullen and Hirsch, 1998; LaMontagne
et al, 2002), it is thus more likely that the quality of the
isolated mRNA has improved sufficiently for nosZ transcript
detection in soil FL. Furthermore, while the quality and quantity
of RNA from soil FL yielded by Nicolaisen’s method was
previously too poor for sequencing (Liu et al., 2010), the RNA
yielded by the optimized method in this study from both
soils were successfully sequenced and annotated (see Results
Table 4, and Supplementary Table S3; Supplementary Figures S6
and S7). This marked improvement from undetectable mRNA,
to the now successful sequencing of both metagenome and
metatranscriptome using the same soils, shows that the optimized
workflow greatly increased nucleic acid extraction quantity and
quality.

Enzymes, Inhibitors, and Purification

As of now, there is no existing method that can accurately
determine and quantify the presence of all co-extracted enzyme
inhibitors, partly due to the unknown composition of inhibitors.
Their presence is instead seen through their interference
with enzyme activity, affecting nucleic acid transforming
processes including amplification, DNase digestion and reverse
transcription. A common solution when faced with co-extracted
inhibitors is to dilute the sample, reducing the degree of
inhibition (Paulin et al, 2013). However, while a partially
inhibited DNA amplification reaction (PCR or qPCR) may still
yield usable data, using partially DNase digested RNA extracts
with residual gDNA would render any RNA analysis biased and

useless. Thus, since it is impossible to calculate the inhibitor-
tolerance limit of all enzymatic processes (and enzyme types),
it is safer and more effective to focus on purifying nucleic
acids than to hope that dilution would reduce the inhibitor
effect.

During our purification kit trials, we found that the sequence
of steps during nucleic acid extraction is more important
than the type of kit or enzyme used. We performed extensive
trials using different purification kits at different stages of
the extraction procedure, using only the extracts from our
revised Nicolaisen’s method (commercial extraction kits had
rigid procedural structures and the reagents involved were
of unknown nature). We hypothesized that many commercial
extraction kits failed to yield gDNA-free RNA from the
inhibitor-rich soil FL, because DNase is often applied to
the primary TNA extract (Extract I) before purification. The
aforementioned use of the OPIR kit to purify primary TNA
extracts prior to all enzymatic processes was the major
breakthrough in the optimization and simplification of the
extraction process. By using a specialized method to remove
inhibitory compounds prior to DNase digestion, digestion
efficiencies were greatly improved and the procedure was
shortened significantly. In contrast, the relatively common
practice of attempting to remove gDNA without purification
via prolonged incubations at non-ideal RNA preservation
temperatures potentially compromised the extracted RNA.
Thus, it is our recommendation to purify samples prior to
the digestion of gDNA to ensure maximal efficiency and
speed.

If commercial kits are used for purification prior to
DNase digestion, two important factors must be considered:
(1) Whether or not the purification kit is RNase-free, and
(2) The maximum nucleic acid holding capacity of the Kkit,
especially for column-based purification kits. Unfortunately,
DNA purification kits have higher load capacities but are not
always RNase-free (e.g., gDCC), and the load capacities of the
RNA purification kit columns tested were too low to capture
all extracted nucleic acids (e.g., RCC). Using these potentially
RNase-contaminated DNA purification kits could result in RNA
digestion, whereas the RNA kits would be severely overloaded
by DNA from the TNA sample. On the other hand, our kit
trials revealed that the dedicated RNA purification kits are more
capable of removing inhibitors than the TNA purification kit,
and their use to remove residual inhibitors prior to reverse
transcription was irreplaceable. Hence, while it is critical for
TNA extracts (Extract II) to be purified prior to digestion,
it is also essential to purify the digested extracts (Extract
IV) with dedicated RNA kits to obtain high quality RNA
extracts.

Assessing DNase Digestion for RNA

Purification

Using our optimized extraction and purification method, both
DNA and RNA fractions were used as templates in qPCR
reactions with primers targeting the 16S rRNA gene to
determine the quantity and amplifiability of gDNA (Figure 3).
There was no correlation between the quantity of residual
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gDNA and the starting gDNA quantities (R = 0.0189). The
reason behind this is unclear, but uneven spread of inhibitors
creates non-uniform DNase digestion of otherwise identical
samples. The presence of samples with residual gDNA alongside
those with no amplifiable gDNA highlights the importance
of checking all samples for the presence of DNA and not
only “representative samples.” Such use of “representative
samples” to extrapolate the lack of contaminating residual
gDNA in all RNA samples may potentially introduce severe
biases with respect to the quantification and sequencing of
mRNA.

A quick search of the literature using the PubMed search
engine and the keywords “RNA, “qPCR or PCR’ and
“transcript®” revealed a surprisingly large proportion of
publications that failed to indicate or demonstrate that their
RNA extracts are DNA-free. Our criteria for clear demonstration
is, ideally, the use of quantification methods such as qPCR.
However, we accepted the use of non-quantitative amplification
analysis as a minimum indication. The analysis of unamplified
nucleic acid material by electrophoresis (agarose or digital gels)
or Nanodrop/Qubit quantification, was not considered sufficient
evidence of samples free of amplifiable gDNA because neither is
sufficiently sensitive to detect trace quantities of gDNA. Among
papers published in Applied and Environmental Microbiology in
2012, 2013, and 2014, only 36, 31, and 13% clearly indicated the
lack of gDNA in their RNA extracts according to our definition.
This problem is not isolated to one journal, as papers published
in 2014 in ISME Journal showed a similar trend, with only 37%
of papers clearly addressing the residual gDNA question in RNA
extracts. While more papers published in 2015 in Applied and
Environmental Microbiology (47%) clearly indicated DNA-free
RNA samples, the rest still either provided insufficient evidence,
or failed to report that the samples had been quality-controlled
prior to further downstream analysis.

While on the surface such quick assessments of gDNA removal
appear beneficial, allowing a rapid analysis of the integrity
of different nucleic acid fractions (as seen in Supplementary
Figures S2 and S3), this creates a false impression of quality
control. Low quantities of residual gDNA can still be quantifiable
using qPCR in RNA samples, but may not be detectable
on an agarose gel as a genomic smear even when using
sensitive nucleic acid stains such as GelRed (Biotium) or
peqGREEN (Peqlab; data not shown). Our qPCR analysis
revealed the presence of substantial quantities of gDNA
(Figure 3), even though gel visualization (not shown) failed
to reveal the presence of gDNA in the purified RNA fraction.
Additionally, using either spectrofluoro- or spectrophotometric
methods to quantify residual gDNA relies heavily on exceeding
minimum detection limits, as well as the assumption that the
fluorophores have not been otherwise inhibited (Bachoon et al.,
2001; Zipper et al., 2003; Sidstedt et al., 2015), neither of
which can be easily presumed where environmental samples
are concerned. Thus, we strongly recommend the use of
quantitative methods such as qPCR (or amplification procedures
at the very least, to amplify the signal from trace gDNA
molecules) to definitively determine the efficiency of DNase
digestion reactions to avoid overestimations of active microbial

communities in soil due to the presence of contaminating
gDNA.

CONCLUDING REMARKS

As is known from other studies and indicated in Table 2, kits
and methods that work well for one soil may not perform
similarly for another soil type. Our results highlight how soil
types with different properties can affect the quality of nucleic
acids extracted via identical methods. This disparity likely arises
from the unique inhibitor profiles of each soil type, which in
turn interfere with the various nucleic acid transforming enzymes
to different extents. As such, it is important to thoroughly
purify nucleic acids as much as possible prior to any enzymatic
process, including but not restricted to DNase digestion, reverse
transcription and amplification. Such purification results in more
efficient and effective DNase digestion, reducing incubation
times and consequently reducing RNA placement at non-
optimal temperatures. However, even with multiple purification
techniques, DNase digestion is not always a uniform process
(especially with inhibitor-rich soil extracts), and the residual
gDNA may vary between samples and replicates. Thus, we
strongly recommend the examination of all samples for residual
gDNA and not only “representative samples.” Furthermore, we
propose the use of the more sensitive QPCR method as an
indicator of residual gDNA, rather than less sensitive methods
such as electrophoretic analysis of unamplified nucleic acid
extracts.
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1 Supplementary Data

1.1 The effectiveness of dedicated nucleic acid extraction Kits

To create a baseline comparison with other studies and the commercial standard, nucleic acids
were extracted from the high (FH) and low (FL) pH peat soils using several kits. As stated in
the Materials and Methods, all nucleic acid quantities were measured with Qubit, whereas
quality assessment was performed with NanoDrop (numerical values from absorbance ratios)
and/or agarose gel visualization of the degree of shearing. None of the extraction Kits tested
was able to provide both usable DNA and mRNA from both soil types. Additionally, the Kits
varied in the overall quality and quantity of extracted DNA and RNA, for both dedicated DNA
extraction Kits and kits that co-extracted DNA and RNA (see Table S2). Aside from the already
unacceptable Aozeogo ratios, the kits also yielded very poor Aozeonso ratios: ranging from
0.26-1.66 before additional purification, and improving to 1.77-2.14 after purification (primary
extracts under 1.0 were considered failures and were not purified).

The gDNA extracted from these Kits also differed in the degree of shearing (ranging
from approximately 2 to 8 kb and represented by the degree of smearing when run on an
agarose gel; which may be potentially important for metagenomic studies, see Figure S3).
Notably, despite its intention to extract only RNA by keeping DNA bound to the column, a
high molecular weight band on the gel was still clearly visible in the RNA extract from the PS
kit, indicating the co-elution of DNA with RNA (see Figure S3).

All the extraction kits performed relatively well with FH soil — some required further
purification with a purification kit to achieve stronger amplification of the 16S rRNA or nosZ
genes, but some amplification was generally achieved even without (see Figure S4). However,
when tested on FL, most extraction kits could not yield amplifiable DNA without the aid of
further purification (see Figure S4). Interestingly, some kits performed so poorly that the
obtained extract from FL remained unusable after subsequent purification with one or more of
the purification kits. This is likely due to high quantities of co-extracted inhibitors, and is in
line with other studies showing the failure of downstream purification techniques to tackle
extremely high levels of humic acid contamination (Cullen and Hirsch, 1998; LaMontagne et
al., 2002; Young et al., 2014).

1.2 Optimized lysis and precipitation

Since none of the extraction kits yielded usable nucleic acids from all three soils, we chose to
modify a commonly used non-kit method because it gave us more freedom to optimize the
individual procedures involved in the extraction process. Nucleic acids were extracted from
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high (FH) and low (FL) pH peat soils using Nicolaisen’s method, but different lysis procedures,
buffers and precipitants were tested. The best lysis was achieved with the three sizes of glass
beads, two cycles of lysis (45 s each) using the FastPrep-24 Instrument, and using CTAB
extraction buffer and phenol (both buffered to pH 8.0). There was no significant difference
when garnet (14.89 + 3.57 pg DNA g soil) or glass (16.04 + 3.75 ug DNA g soil) beads
were used (p > 0.1), but the quantity extracted increased when three sizes of beads was used
(4.27 pg DNA g soil) instead of one size (3.17 ug DNA g soil). Although there was no
significant difference in nucleic acid quantity when using the FastPrep-24 Instrument compared
to the vortex (p > 0.1), the FastPrep-24 Instrument was used in further experiments for reasons
of comparability with existing literature, due to its widespread use (Griffiths et al., 2000;
Kotiaho et al., 2010; Mettel et al., 2010; Nicolaisen et al., 2008). The extent of gDNA shearing
varied directly with the number of lysis cycles, where one lysis cycle yielded the largest
fragments of gDNA (see Figure S5). However, there was no such correlation with the
amplifiability (see Figure S5) or quantity of nucleic acid material where bead beating twice
yielded the most nucleic acid material (1x, 2x and 3x bead beating generated 4.26 + 1.67 g
DNA g7 soil, 9.51 + 1.88 pg DNA g soil, and 2.93 + 2.45 ug DNA g soil, respectively).
Thus, two cycles of lysis was chosen because it yielded the highest quantity of nucleic acid
material obtained, and the gDNA was not badly sheared. For lysis buffers, aside from the pH
8.0 buffered CTAB and phenol, all combinations involving acidic CTAB, other buffer agents,
GES buffer, acidic phenol or increased buffer ionic strength either failed to extract RNA
(detection limit 0.01 pg RNA g soil) or co-extracted large quantities of inhibitors, effectively
preventing all downstream processes.

In this study, we used isopropanol as a precipitant to further reduce incubation times.
Not only did it require a shorter precipitation time than PEG (2 minutes versus 2 hours),
precipitation with isopropanol yielded up to threefold increase of DNA over PEG. Isopropanol
consistently yielded higher quantities of both DNA and RNA than PEG 6000, with little cost
to nucleic acid purity — precipitation with PEG 6000 yielded 50-75 pg DNA g soil (ww),
whereas isopropanol precipitation yielded 50-150 uyg DNA g? soil (ww). Thus, where
applicable, isopropanol was used as the precipitant in all subsequent extractions. Although
there is some contrasting opinion on the role isopropanol may play in co-precipitating or
removing inhibitory compounds (Arbeli and Fuentes, 2007; Cullen and Hirsch, 1998; Hanni et
al., 1995; Krsek and Wellington, 1999; LaMontagne et al., 2002), early trials in this study
comparing the use of isopropanol and PEG had indicated little disadvantage in using
isopropanol. Additionally, alcohols are known to provide better yields (Krsek and Wellington,
1999), and isopropanol has also previously been recommended as the precipitant of choice for
its potential ability to remove polysaccharides from soil (Cullen and Hirsch, 1998).
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2 Supplementary Tables

TABLE S1 | Buffer-phenol combinations tested in the present study

Buffer Components Buffer used Buffer Buffer ionic Phenol pH
pH strength
Normal 2 5% w/v CTAB  Phosphate 8.0 120 mM 8.0
0.35 M NaCl buffer
1 % w/v PVPP
Strong 10 % wiv Phosphate 8.0 250 mM 8.0
phosphate CTAB buffer
0.35 M NaCl
1 % w/v PVPP
Strong Tris 10 % wiv Tris buffer 8.0 250 mM 8.0
CTAB
0.35 M NaCl
1 % w/v PVPP
Acidic phenol 10 % w/v Phosphate 8.0 120 mM 4.0
only CTAB buffer
0.35 M NaCl
1 % w/v PVPP
Acidic buffer 10 % wiv Phosphate 5.7 120 mM 4.0
and phenol CTAB buffer
0.35 M NaCl
1 % wi/v PVPP
GES buffer® 5M Acetate buffer 4.0 25 mM 4.0
guanidinium
thiocyanate
100 mM EDTA

0.5 % sarcosyl

& A modified phenol-chloroform extraction method as published previously by Nicolaisen
and colleagues (Nicolaisen et al., 2008).

b GES: Guanidinium thiocyanate-EDTA-sarcosyl
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TABLE S2 | Comparison of DNA/RNA extraction Kits, tested on soils FH (high pH peat, pH 7.39) and FL (low pH peat, pH 3.65).

Kit

FH

DNA

RNA

DNA

RNA

ug g soil

260/280
(ww)

ug g soil

Ao601280
(ww)

ug gt soil
(ww)

Ao601280

Aa60/280

PowerLyzer
PowerSoil DNA
Isolation Kit
FastDNA SPIN Kit
for Soil

ZR Soil Microbe
DNA MiniPrep
MasterPure RNA
Purification Kit
PowerMicrobiome
RNA Isolation
RNA PowerSoil
Total RNA
Isolation Kit

RNA PowerSoil
Total RNA
Isolation Kit

PL

FDS

SM

MP

PM

PS

PS +
AK

24.5 1.79

16.0 1.71

15.4 1.76
88.9 (14.7)* 153 (1.84)*

19.3 (15.3)* 1.64 (1.87)*

45.5 1.50

5.54 1.71

23.4 (15.6)* 1.64 (2.57)*

195 (14.6)* 1.56 (1.57)*

4.02

4.09

4.82

85.1 (16.0)*

15.5 (9.51)*

37.9

1.56

1.71

1.68

1.78 (1.84)*

1.64 (1.85)*

1.53

3.20

16.45
(9.09)*

6.71

18.6
(13.96)*

1.67

1.60 (2.75)*

1.92

1.61 (1.58)*

All values listed are averages of triplicate extractions.

* Kits that yielded colored extracts (a sign of very large quantities of inhibitory compounds) were further purified. The values within the

parentheses are post-purification with the Genomic DNA Clean & Concentrator or RNA Clean & Concentrator — 5
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94  TABLE S3 | Summary of MG-RAST annotated meta-omics data

Soil type Sample type ID Total reads Passed QC Average length (bp)
FH DNA D1 28 674 145 97.4 % 155
FH DNA D2 31420570 97.5 % 155
FH DNA D3 29 448 386 97.2 % 155
FL DNA D4 29 142 448 97.3% 155
FL DNA D5 30690 762 97.3% 155
FL DNA D6 25949 776 96.9 % 155
FH RNA R1 17 902 594 81.9 % 128
FH RNA R2 24 855 082 97.7% 129
FH RNA R3 17 767 603 98.7 % 121
FH RNA R4 16 441 508 97.4 % 128
FH RNA R5 17 993 765 99.5 % 116
FH RNA R6 27 809 492 98.8 % 127
FH RNA R7 42 039 146 95.1 % 134
FH RNA R8 4030 430 95.6 % 133
FH RNA R9 22 104 868 96.5 % 110
FH RNA R10 17 735 486 98.2 % 129
FL RNA R11 8 466 353 97.3% 119
FL RNA R12 17 111 152 97.5% 121
FL RNA R13 21605 163 98.8 % 125
FL RNA R14 19 321 965 97.6 % 120

95  Samples were sequenced with Illumina HiSeq 2500 technology. The samples were trimmed for adaptors and quality controlled to remove short
96  sequences (< 80 bp), then submitted to MG-RAST for annotation. The annotated FH and FL soil sequences are available online in the MG-RAST
97  database (project ID 14446, project name “Fjaler HiSeq”).
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9 3 Supplementary Figures

Soil FL bp M Soil FH Soil FL

1000 — 1000 —
500 — 500 —
100 — 100 —

1000 — 1000~
£ 500— £ 500—
100 — 100 —
100

101

102 FIGURE S1 | Purifying crude DNA extracts prior to PCR gave stronger and more
103 consistent amplification, regardless of primer used. Triplicate and duplicate samples were
104  extracted from soils FL and FH respectively, using the unmodified Nicolaisen’s method.
105  Purified (using the Genomic DNA Clean & Concentrator kit) and unpurified DNA extracts
106  were used in amplification reactions with primers targeting the A) nosZ gene (Z-F/1622R,
107  expected amplicon size ~453 bp); or B) narG gene (1960f/2650r, expected amplicon size ~650
108  bp), and equal quantities of product were loaded onto the gels. The intensity of bands were
109  compared by using the marker (M: 100 bp DNA ladder) as a standard of comparison across
110  gels. The ‘dimmer’ marker bands in the “purified” gels reflect the intensity of the amplicons
111 of interest, which required a shorter gel exposure period for the photograph.
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FIGURE S2 | Our simplified extraction method is capable of yielding RNA with little or
no residual genomic DNA (gDNA) in the RNA fraction. Triplicate unamplified crude TNA
extracts and DNase-digested RNA from soil FL using our simplified extraction method were
analyzed on agarose gels to quickly assess the integrity of the nucleic acids. The gDNA smear
(between 3 and 8 kb) is easily differentiated from the rRNA bands (the smaller bands under the
gDNA smear) by gel electrophoresis. (A) The first gel was used to differentiate higher
molecular weight fragments, to analyze the size of the gDNA smear. (B) The second gel was
used to clearly separate the two smaller bands (presumed to be 23S and 16S rRNA) from the
gDNA smear. The optimized purification of RNA prior to digestion retained most of the 16S
and 23S rRNA despite complete digestion of gDNA (further confirmed with gPCR). Equivalent
quantities of nucleic acid material (based on g* soil wet weight) was loaded into each well.
Note that the gel has been spliced to remove unrelated samples, and the size of the RNA bands
cannot be compared to the DNA markers used. M1: 1 kb DNA ladder. M2: A DNA-HindlIlI
marker.
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kb
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20—
15—
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FIGURE S3 | Triplicate crude total nucleic acid (TNA) extracts was analyzed on a 1 %
agarose gel to assess the integrity of DNA and RNA extracted from soil FL. The Kits were
used to extract TNA from three replicate soil samples. The gDNA smear (between 3 and 8 kb)
is easily differentiated from the rRNA bands (the smaller bands under the gDNA smear) by gel
electrophoresis. Equivalent quantities of extract (based on g soil wet weight) were loaded into
each well, showing clearly that some kits yield very dilute nucleic acid material. The PowerSoil
RNA kit was supposed to elute only RNA, but there is obvious evidence of gDNA in all
replicates, and very weak RNA bands are present, representative of the low amounts of RNA
that is extracted. MP: MasterPure RNA Purification Kit (Epicentre Biotechnologies), PM:
PowerMicrobiome RNA Isolation Kit, PS: RNA PowerSoil Total RNA Isolation Kit (both
from MO BIO Laboratories). Note that the gels have been spliced for purposes of comparison.
M: 1 kb DNA ladder.
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Before purification kit After purification kit
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FIGURE S4 | Duplicate primary DNA extracts (Extract I, as seen in FIGURE 2) obtained
with extraction kits from soil FH were amplifiable, but not from soil FL. Purification with
the Genomic DNA Clean & Concentrator kit (gDCC) resulted in successful DNA amplification
of the FL extract, and brighter amplicon bands from the FH extract (as seen by brighter non-
specific amplicons greater than the expected size). The example above shows DNA extracts
from soils FH and FL obtained using the PowerLyzer PowerSoil DNA Isolation Kit (PL),
amplified with primers Z-F and 1622R targeting the nosZ gene, with an expected amplicon size
of approximately 450 bp. Equal quantities of product were loaded onto the gels. The same trend
was observed with other extraction kits. M: 100 bp DNA ladder.
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FIGURE S5 | The number of mechanical lysis cycles (via bead beating) affects both
genomic DNA (gDNA) shear and amplifiability. Triplicate samples were extracted using the
otherwise unmodified Nicolaisen’s method and resulting nucleic acids were purified with the
Genomic DNA Clean & Concentrator kit (gDCC). (A) The gDNA smear size decreased when
samples were put through more than one cycle of bead beating, but there is no visible difference
between two or three cycles of bead beating. The faint genomic smear is caused by low
extraction efficiencies of a non-optimized method. (B) One cycle of bead beating did not yield
amplifiable DNA, and three cycles of bead beating yielded more unspecific amplicons (as
judged by stronger bands of the wrong fragment size). PCR was performed with primers Z-F
and 1622R targeting the nosZ gene, with an expected amplicon size of approximately 450 bp.
Equal quantities of product were loaded onto the gels. M1: 1 kb DNA ladder. M2: 100 bp DNA
ladder.
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FIGURE S6 | Graphical breakdown of sequenced DNA and RNA samples extracted from
soil FH (pH 6.80). DNA and RNA samples were sequenced in triplicate (D1, D2 and D3) and
duplicate (R5 and R6), respectively. MG-RAST-annotated profiles were generated using
A) Total sequences, and B) Clusters of Orthologous Groups (COG). The COG profile was
generated from the green “Annotated Protein” segment of Total Sequences (A). Despite a
higher proportion of “unknown protein” sequences in R6, the COG profile indicates good
co-extraction replication for both DNA and RNA samples using the optimized method.
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FIGURE S7 | Graphical breakdown of sequenced DNA and RNA samples extracted from
soil FL (pH 3.80). DNA and RNA samples were sequenced in triplicate (D4, D5 and D6) and
duplicate (R11 and R12), respectively. MG-RAST-annotated profiles were generated using
A) Total sequences, and B) Clusters of Orthologous Groups (COG). The COG profile was
generated from the green “Annotated Protein” segment of Total Sequences (A). Both Total
Sequence and COG profiles indicate good co-extraction replication for both DNA and RNA
samples using the optimized method.
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Highlights

e Enzymatic reduction was the primary reason for nitrite suppression at pH <4
e Abiotic and biotic nitrite control was equal at pH=5
e Abiotic nitrite decomposition mass balance show 50% conversion to nitroso-compounds

e Denitrification in acid soil: 10-20% of nitrate-N converted to nitroso-compounds
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Abstract

Nitrite concentrations in soils are normally low, but may increase transiently in response to high
inputs of ammonia and anoxic spells. This could have cascade effects because nitrite is a signal
molecule in the regulation of denitrification, a primary substrate for fungal denitrification,
DNRA (dissimilatory nitrate reduction to ammonium) and anammox (anaerobic ammonium
oxidation), and causes chemodenitrification. There is evidence that acidic soils accumulate
much less nitrite than neutral soils. This could either be due to fast abiotic decomposition at
low pH, or that the microbial community keeps nitrite concentrations low by high nitrite
reductase activity (relative to nitrate reductase). To explore this, we monitored the kinetics of
NO2", NO, N20 and N2 during anoxic incubations of organic soils with pHcaci2 ranging from
3.4 to 7.2, taken from a long-term liming experiment. In parallel, we determined the abiotic
decomposition rates and its gas products by incubating gamma-irradiated soils amended with
nitrite. The acidic soil (pH 3.4) kept nitrite concentrations at 20-50 uM during denitrification,
except for a short spike reaching 160 uM. In contrast, the soils with higher pH (4.9 and 7.2)
reached nitrite concentrations of >4 mM during denitrification. The analyses of the nitrite
kinetics demonstrate that abiotic nitrite decay was significant in the pH 3.4 soil, yet the primary
reason for the low nitrite in this soil was a high activity of nitrite reductase. The rates of abiotic
nitrite decomposition largely equalled the rates of enzymatic nitrite reduction in soil at pH 4.9,
but was insignificant in the pH 7.2 soil. Thus, microbial regulation of denitrification, rather than
abiotic decomposition, accounted for the miniscule nitrite accumulation in these acidic soils
during anoxic spells. Less than 100% of the nitrite was recovered as N-gas for the soils with
pH 3.4 and 4.9, but N-mass balance was restored by taking abiotic nitrosation into account.
These findings have profound implications for understanding the fate of nitrate/nitrite in acidic

soils.
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1 Introduction

Considering both its physiological and ecological importance, the Kinetics of nitrite in soils
while studied in the past, has not garnered the attention it deserves. Nitrite is a free intermediate
in @ number of reactions within the nitrogen cycle, including nitrification, denitrification,
dissimilatory nitrate reduction to ammonium [DNRA, also known as respiratory
ammonification (Mania et al., 2014; Yoon et al., 2015)]. It is also an important component of
the regulatory networks of these metabolic pathways, performing the dual roles of being a
mandatory reaction intermediate, and a signal molecule involved in controlling these alternative

reductive pathways (Mania et al., 2014; Saunders et al., 1999).

Nitrite is chemically unstable, depending on pH and the presence of metals as well as
organic compounds, decomposing to nitric oxide (NO), nitrous oxide (N20) or dinitrogen (N>)
by dismutation, reactions with metals (Zhu-Barker et al., 2015), or nitrosation [resulting in
“hybrid N.O and N2” (Spott et al., 2011)]. Nitrite may also form stable covalent bonds with
organic matter, especially in acid soils (Thorn and Mikita, 2000). Finally, nitrite in soils may
escape to the atmosphere as gaseous nitrous acid (HONO), and this emission plays an important
role in OH formation and tropospheric chemistry (Jacob, 2000; Kulmala and Petdjd, 2011; Su
etal., 2011).

pH appears to be a key variable determining the biological effects and the fate of nitrite in
the environment. Although nitrite is relatively stable and only moderately toxic at high pH,
nitrite reactions, decomposition, and toxicity increase with decreasing pH. This reflects that
undissociated nitrous acid (HNO2) is more reactive than NO>™ (the pKa of NO2” +H™ «>HNO: is
3.3), and that cell membranes are permeable to HNO> but not to NO>™ (Kaiser and Heber, 1983;
Samouilov et al., 2007). This in turn explains the antimicrobial effects of nitrite addition
in acidic environments long observed by soil scientists (Bancroft et al., 1979).Transient
accumulation of nitrite in soils typically occurs in response to fertilisation with reduced N (urea
or ammonium), due to faster oxidation of ammonia to nitrite than the oxidation of nitrite to
nitrate, as demonstrated by Shen et al. (2003). Such transient nitrite accumulation during
enhanced nitrification depends on soil pH, and this is ascribed to nitrite oxidisers being sensitive
to NHas: the relative concentration of NHz over NH4" increases exponentially with increasing
pH (pKa = 9.2) (Van Cleemput and Samater, 1996). Nitrite has also been observed to
accumulate transiently in soil during denitrification (Glass and Silverstein, 1998; Stevens et al.,
1998), and peak concentrations appear to increase with soil pH, though the reasons for this are
unclear (Shen et al., 2003). It could either be due to fast abiotic nitrite decomposition at low
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pH, or early and high expression of nitrite reductase (NIR) genes compared to NO reductase
(NOR) genes in acid soils, plausibly caused by transcriptional regulation.

To investigate this, we monitored nitrite and denitrification kinetics during anaerobic
incubations of soils of different pH. We found the expected pH-dependency of nitrite
accumulation: transient nitrite accumulation decreased with pH. To assess the role of abiotic
decomposition, we determined the concentration dependent rates of abiotic nitrite
decomposition (and the fraction emitted as NO and N2O) by incubating sterilised soils amended
with nitrite. The first order decay Kinetics, and the partitioning to N-gases (NO, N2O and N2)
was used to assess the abiotic versus enzymatic reduction of N species observed in the live soil.
This exercise demonstrated that the nitrite kinetics at neutral pH was entirely controlled by the
biological regulation of the different steps in denitrification. In the most acidic soil, the
enzymatic reduction of nitrite still dominated during the first 30 h of anoxia, but chemical
decomposition gained momentum: this happened when the organisms finally managed to
express N20 reductase (N20OR), hinting at a competition for electrons between the two

reductases.
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2 Materials & Methods

2.1 Soils

Organic soils were collected from a long-term experimental field site in Fjaler, western Norway
(61°17°42”N, 5°03°03”E) (Liu et al., 2010). The site is divided into 24 plots and limed with
shell sand, 0-800 m?® per hectare (1977) creating a pH range from pH 3.1 to pH 7.8 (Sognnes et
al., 2006). In this paper, soils from three lime treatments pH were used: soil L (un-limed soil,
pH 3.16-3.80), soil M (medium lime; 200 m? shell sand per hectare, pH 5.79-5.89), and soil H
(high lime; 800 m? shell sand per hectare, pH 6.77-6.80). Two replicate plots were sampled
treatments L and H; and one plot from treatment M. The soil from each plot was analysed
separately. Only one plot was sampled from M because shell sand was unevenly distributed in
the replicate plot, resulting in a pH that was too close to soil L for our purposes (the pH at the
time of sampling was 4.34). All pH values were measured in 0.01 M CaCl> [1:5 w/w, soil fresh
weight (fw) to 0.01 M CaCl] prior to using the soil. The soil organic C contents were 49, 45
and 40 % of dry weight (dw) in soil L, M and H, respectively. The declining C content with

increasing pH was primarily due to the increasing amounts of shell sand added in 1977.

The soils were nearly water saturated when sampled (taken during the rainy season), and
were immediately dried to reach a moisture level that allowed sieving (8 mm, followed by
4 mm). Large roots and plant residues were removed during the drying process, and the soils
were frequently mixed by hand to avoid edge effects. The sieved soils were stored moist [61,
59 and 46 % moisture (w/w) in soil L, M and H, respectively] at 4 °C until use. The water
holding capacity (WHC) of each soil was determined by flooding and free drainage in filter
funnels; WHC was 82, 78 and 68 % moisture (% of fw) for soil L, M and H, respectively.

2.2 Soil sterilisation

Removing all bioactivity from the soils is necessary to determine the kinetics of abiotic
decomposition of N-oxyanions (NOs and NO>). To determine the most suitable way to sterilise
the soils with minimal effects on the soil chemistry, four commonly used sterilisation methods
were tested on soils L and H. The methods were chosen based on their historical and/or frequent
use in the literature (Labeda et al., 1975; Silva Aquino, 2012; Trevors, 1996; Tuominen et al.,
1994).

Autoclaving: Soil (10 g fw) was measured into pre-weighed 120 mL serum vials, covered

with aluminium foil, then autoclaved for 15 min at 121 °C and 15 psi. The extra moisture in the
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vials post-autoclaving (condensation water) was removed by drying in a 50 °C oven until the
vials reached the original weight. The aluminium foil covers were removed and the vials were
sealed with pre-sterilised air-tight rubber septa and aluminium crimps in a class Il biosafety

cabinet.

Chloroform fumigation: Soil was transferred to disposable aluminium specimen

containers, and kept to less than 5 cm in depth to ensure effective transport of chloroform into
the soil matrix. The chloroform was water-washed to remove ethanol (the stabilising agent in
chloroform), and transferred to a large glass evaporation dish with glass beads and boiling chips,
then placed in the lower compartment of a chemical-resistant glass vacuum desiccator. The soil
samples were placed on the perforated porcelain plate in the desiccator, which was then
evacuated until the chloroform boiled, then kept under vacuum for 1 min before venting to
laboratory air. This evacuation procedure was repeated three times, then the chamber was left
sealed with a chloroform atmosphere for 24 h. The chloroform was then removed from the
desiccator, and the soil was rinsed by evacuation and venting the chamber to laboratory air
15 times. The samples were left to laboratory air for 24 h before repeating the chloroform
fumigation again. This “fumigation and air-exposed” procedure was repeated thrice. During the
final air-exposure process, the samples were left on a laminar-air flow bench for 1.5 h to
evaporate any residual chloroform left in the soil prior to transferring to glass vials and sealed

with septa and crimps.

Gamma irradiation: Soil samples were given a dose of 27.8 kGy (®°Co) (at the Institute of

Energy Technology, Kjeller, Norway). The gamma-irradiated soil was stored for 3 months at
4 °C before use, to deplete free radicals generated by radiolysis.

Glutaraldehyde immersion: Due to the similarity of modes of action of formaldehyde and

glutaraldehyde, glutaraldehyde was used as a safer chemical equivalent to the more commonly
used formaldehyde. Glutaraldehyde solution (2 %) was adjusted with HCI and NaOH to the pH
of the two soils to be sterilised, and used to flood soil samples. The soils were transferred to
Buchner funnels with a filter paper insert, and the glutaraldehyde solution was applied to the
soil, left flooded for 15 min, before draining with vacuum addition. This “flood-drain”
procedure was repeated four times (total exposure time ~60 min). The soil was then left on
vacuum for a further 30 min to remove excess liquid. The glutaraldehyde-treated soil was
transferred to glass vials and sealed with septa and crimps in a biosafety cabinet.



159

160
161
162
163
164
165
166
167
168
169
170
171
172
173

174
175
176
177
178
179
180

181

182
183
184
185
186
187
188
189
190

2.3 Determining residual biological activity

The success of each sterilisation method was tested by incubating soils with filter-sterilised
NaNO2 (0.5 pmol g* soil fw), with and without glutamate (2.5 umol g* soil fw), to aid in the
detection of metabolic activity. The sterilised soils (10 g fw) were placed in 120 mL serum
vials, the air replaced with He (to enable the detection of denitrification products) or He+1 vol%
O2 (for measuring Oz consumption and CO- production). The O consumption, CO> production,
denitrification and/or chemodenitrification rates were monitored for 5 days. A water bath and
thermostat kept the samples at 15 °C. The evolution and consumption of gases were monitored
using a robotised auto-sampling and incubation system (Molstad et al., 2007). Headspace gases
were sampled and measured automatically every 3-5 h by the system using a gas chromatograph
and NO analyser: CO2 and Oz were monitored for respiratory activity, whereas NO, N.O and
N2 gases were used to determine denitrification activity and abiotic NO2™ decomposition to NO
and N20. The amounts of NO and N,O are either reported as measured (mol vial™), or as
cumulated production, which is the measured amounts corrected for the losses by sampling (see
Molstad et al., 2007).

Immediately following the oxic incubation, the numbers of viable organisms in the
sterilised soils were determined by dilution plating on one-tenth (10 %) strength tryptic soy
agar (TSA, Difco) with cycloheximide (100 pg/mL), and on malt agar (MA, Sigma-Aldrich)
with streptomycin (100 pg/mL), to enumerate bacteria and fungi, respectively. The soils were
dispersed in sterile water (1:4, w/w) by vigorous shaking and allowed to settle for =5 min before
the supernatant was diluted and plated on agar, using both pour- and spread-plate techniques.
The plates were incubated 15 °C for 4 days, and colony numbers were recorded daily.

2.4 Nitrite measurements

To monitor the fast degradation of nitrite in the acidic soils, a quick method for measuring
nitrate and nitrite was developed. Briefly, 0.2-0.5 g of soil (fw) was transferred to pre-weighed
microcentrifuge tubes for nitrite measurement, and sterile MilliQ water (1:2 w/w, soil fw to
water) was added to extract the nitrite from the soil matrix. The soil slurry was agitated with a
vortex for 5-10 s, then the soil solids were pelleted by centrifugation (17 600 x g for 2 min).
Following, 10 pL of the supernatant was immediately injected into a purging device where
nitrite or nitrate+nitrite (depending on reducing agent and temperature) was instantaneously
reduced to NO which was transported (by a stream of N) through a Sievers Nitric Oxide

Analyzer 280i system (NOA, GE Analytical Instruments). The integrated NO peaks were used
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to estimate nitrite and nitrite+nitrate in the injected sample (calibrated by injecting standards).
The reducing agents and temperatures were 1 M HCI with =50 mM VCls (95 °C) to reduce
nitrite+nitrate, and 1 % w/v Nal in 50 % acetic acid (room temperature) to reduce only nitrite.
This chemiluminescence nitrate and nitrite measurement is capable of detecting picomole

quantities in the injected liquid (Braman and Hendrix, 1989; Cox, 1980).

We suspected that the fast extraction with water could be affected by anion exchange, and
tested this by comparing our water extraction procedure with the standard extraction in 2 mM
KCI. This comparison was done for nitrate, rather than nitrite, since KCI is suspected to cause
degradation of nitrite under acidic and neutral pH conditions (Homyak et al., 2015). The amount
of nitrate extracted in water was 50-60 % of that extracted by 2 mM KCI (Supplementary Table
S1), thus confirming a significant anion exchange capacity of the soils, leading to the recovery

of only 50-60 % of the nitrite when using our rapid water extraction procedure.

To determine the kinetics of anion exchange, we measured the recovery of nitrite added to
gamma-irradiated soils in short term experiments: microcentrifuge tubes containing 0.2 g soil
fw (=30 % dw) were given a dose of 100 nmol NO2™ (10 uL of 10 mM KNO), and extracted at
different times within the first 10 min. The measured concentrations showed a rapid decline
during the first 5 min in all soils, approaching apparent equilibrium levels (50-60 % recovered)
after 8-10 min (Supplementary material, Fig. S1). The concentration dependency of this anion
partitioning (sorbed/free anions) was tested by adding a range of nitrite concentrations
(50-1000 nmol per vial containing 0.2 g soil fw) which was extracted after 10 min. The fraction
of nitrite recovered in the water extract (F) was practically constant over the entire
concentration range for the two soils tested, F=0.49 and 0.65 for L and H, respectively
(Supplementary material Fig. S2). These values were used for correcting the nitrite
concentrations as measured in subsequent experiments (assuming an intermediate F value of
0.57 for soil M).

2.5 Kinetics of nitrite decomposition and gas production in gamma-irradiated soils

Gamma-irradiated soils were used to determine the kinetics of abiotic nitrite decay and the gas
products. A first approach to determine nitrite decay under aerobic conditions was a 5 h
experiment in microcentrifuge tubes: nitrite was added (10 pL of 20 mM NO2 =100 nmol NO2
vial™) to a series of microcentrifuge tubes containing 0.2 g fw soil (=0.1 g dw), and residual
nitrite was measured at intervals using the rapid water extraction procedure described above.

The length of the experiment proved too short to determine the decay rate in soil M and H,
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hence a longer term experiment was conducted with these soils: gamma-irradiated soils
supplemented with nitrite under oxic and anoxic conditions in serum vials at 15°C. Anoxic
conditions were secured by repeated evacuation and He-filling. Each vial, containing 2 g soil,
was amended with nitrite by spreading 0.1 mL of 10 mM KNO:_ onto the soil surface by a
syringe. For each of five soils (2 replicates of L and H, a single for M), we prepared six 120 mL
vials (3 oxic, 3 anoxic) which were monitored for gas production (NO, N2O and N2), and
22 small replicate vials (11 oxic and 11 anoxic) which were sacrificed consecutively (every 5 h)
to determine the concentration of nitrite. The nitrite addition to the 120 mL vials for
determination of the gas kinetics was done <1 min before the first sampling of each vial: nitrite
was added to one vial at a time as the robot took gas samples. The 22 small vials were 12 mL
vials that were prepared and treated the same way as the larger vials. Nitrite was determined by
rapid water extraction of all the soils within the vial (adding 5 mL distilled water), corrected
for the partitioning due to ion exchange (F = 0.49, 0.57 and 0.64 for soil L, M and H,

respectively).

2.6 Kinetics of denitrification in live soils

Prior to the determination of denitrification Kinetics in unsterilised soils, they were revitalised
from cold storage as described by Liu et al. (2014): soils were amended with 5 mg dried,
powdered clover g soil fw and incubated at 15 °C for 72 h. The soils were then transferred to
120 mL serum vials; the amount of soil adjusted to have 1.5 g soil organic C per vial
(fw equivalent to 3.06, 3.33 and 3.75 g soil dw vial™ for L, M and H, respectively). After sealing
the vials with butyl-rubber septa and aluminium crimps, nitrate solutions were added by syringe
onto the soil surface. The vials were then gently agitated to assist in mixing the soil (so not all
the nitrate would be on the surface). The volumes and nitrate concentrations were adjusted for
each soil to achieve a final water content of 80 % of the WHC (i.e. 66, 63 and 54 % moisture
(w/w), soil L, M and H respectively) and 5 mM nitrate in soil moisture. This planning was based
on nitrate concentration measured prior to revitalisation, which turned out to be lower than that
at the onset of incubation (determined by subsamples that were analysed at the onset of
incubation). The reason is most probably nitrification during the revitalisation period. Thus, at
the onset of the incubation, the nitrate concentrations in the soil moisture was 6.2, 7.7, and
7.1 mM in soil L, M, and H, respectively, and the total amount of nitrate per vial was 37, 40
and 26 pumol nitrate (L, M and H respectively).
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The vials were made anoxic by 6 cycles of gas evacuation and helium filling (Liu et al.,
2010), and incubated at 15 °C. Gases (CO2, Oz, NO, N2O and N) in the headspace were
measured every three hours using an autosampler linked to a GC and NO analyser (Molstad et
al., 2007). At each gas sampling time point, one replicate vial of each soil type was opened and

soil nitrite was measured.
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3 Results

3.1 Comparison of sterilisation methods

Autoclaving and gamma-irradiation effectively sterilised both soils (H, and L), as evidenced by
the absence of colony-forming bacteria (plate counting, results not shown) and extremely low
oxygen consumption rates which were not enhanced by adding glutamate; tested 2 months after
sterilisation. In the gamma-irradiated soils L, M and H incubated without glutamate, the oxygen
consumption rates (umol g* dw h') were 0.018 (0.003), 0.24 (0.016) and 0.35 (0.028),
respectively (standard error in parenthesis), and very similar and stable rates were recorded
when incubated with glutamate.

Chloroform fumigation effectively eliminated aerobic respiration in soil L for the entire
incubation period (immediately after sterilisation), but in soil H the effect was transient:
respiration was practically zero during the first 20 h, and then increased exponentially. The
flooding with glutaraldehyde failed to eliminate respiration. Thus, autoclaving and gamma-
irradiation were the only methods that permanently eliminated microbial activity in both soils,
while chloroform fumigation had a transient effect: the metabolic activity was effectively close

to zero only during the first 20 h.

To further evaluate the effect of the sterilisation methods, we incubated soil anaerobically
with glutamate and nitrite. The NO production during anaerobic incubations of sterilised soils
to which nitrite was injected are shown in Fig. 1. Soil L (pH 3.4) showed rapid accumulation
of NO reaching 900-1000 nmol vial™* during the first 1-2 h of anaerobic incubation for both the
gamma-irradiated and chloroform-fumigated soils. The gradual decline thereafter is due to
autoxidation (Nadeem et al. 2013). In comparison, the NO production by the autoclaved soil L
was only =15 % of that in the chloroform fumigated and gamma-irradiated soil L (Fig. 1). For
soil H, practically no NO was produced in any of the sterilised samples, except for a sudden
burst in NO from the chloroform fumigated soil after ~35 h. The latter was ascribed to the
escalating metabolism in the chloroform fumigated soil, starting around 20 h after incubation

(in the aerobic incubation used to test sterility, see above).

11
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Fig. 1. Production of NO (nmol per vial) in autoclaved (red), chloroform-fumigated (black) and gamma-
irradiated (green) soils incubated with glutamate and nitrite at 1 vol% O in headspace. A) soil L
(pH 3.4), B) soil H (pH 7.1).

Our purpose with soil sterilisation was to assess the kinetics of abiotic nitrite decomposition
to NO (and possibly N2>O and N3), and the results shown in Fig. 1 were taken to indicate that
gamma irradiation was preferred over autoclaving, based on the following reasoning: None of
the sterilisation techniques will leave the soil matrix unaffected (physically and chemically),
thus there is a risk of biased assessment of the nitrite decay with any of the methods. However,
chloroform fumigation had perceivably the least impact (compared to autoclaving and gamma
sterilisation). The gamma-irradiated and chloroform fumigated soils showed practically
identical NO Kkinetics in soil L, while autoclaved soil produced miniscule amounts of NO. We
therefore assume that gamma irradiation had a less severe effect on relevant physical and
chemical properties compared to autoclaving, which is known to induce quite profound changes

both of structure and chemistry, as reviewed by Trevors (1996).

In summary, gamma-irradiation was the only of the four methods that was able to suppress
microbial respiration in both soils L and H, and which had an apparent marginal interference
with the abiotic nitrite decomposition. Additionally, soil pH was only marginally lowered by
gamma-irradiation (3.44—3.40, 5.54—4.90, 7.24—7.06). Thus, gamma-irradiation was used

to sterilise soils in all other experiments.

3.2 Nitrite decay and N gas kinetics in gamma-irradiated soils

The measured kinetics of nitrite anion exchange with the soils demonstrated that it took less
than 10 min to reach equilibrium between free and adsorbed nitrite (Supplementary Fig. S1). In
principle, the kinetic constants for ion exchange and nitrite decay could be determined by fitting
a model that includes both phenomena, as demonstrated in Supplementary Fig. S3. This
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exercise established, however, that the necessity of taking the kinetics of ion exchange into
account is limited to the first 10 min after addition of nitrite. Hence, the measured nitrite
>10 min after nitrite addition could be corrected for the soil specific partitioning at equilibrium.
Table 1 summarises the partitioning and the estimated first order decay rates of nitrite in the
gamma-irradiated soils (graphical presentation in Supplementary Fig. S4). The decay during
oxic incubation appeared to be somewhat faster than for anoxic incubation (Fig. S5).

Plotting the first order decay rates against the fraction of un-dissociated HNO: (given
pKa = 3.398) revealed a linear relationship (r> =0.999, Supplementary Fig. S6), suggesting that
the decay of nitrite in all soils can be described by a first order decay of un-dissociated HNO>
with the decay rate constant kanno2=1.43 h™t. Thus the decay rate of total nitrite (TONI = NO2"
+ HNO) in a soil is given by

d(TONI)/dt= 1.43*[HNO.])/([HNO2]+[NO21])

where [HNO.] and [NOz] is given by the total nitrite concentration and the soil pH (given that
[HNO2]/([HNO2]+[NO2]=1/(1+10P"K8) ' where pK,= 3.398).

Table 1. Decay rate of NO2 in gamma-irradiated soils. The table shows soil pH, the partitioning of
nitrite ions during water extraction (R = estimated ratio between NO;" in the distilled water and NO»
adsorbed to soil particles after extraction with distilled water, WF = fraction of NO; in the water
(=R/(R+1)), and kg = the estimated first order decay rate constant (h™*) under anoxic conditions (standard
error in parenthesis)

Lime treatment pH R WF  kd (h?)

L 344 077 044 0.73(0.065)
M 490 074 043 0.057(0.007)
H 724 137 058 0.00055 (0.002)*

* the decay rate for soil H is not significantly different from zero.

Gamma-irradiated samples of soil L, M and H, with and without nitrite, were incubated in
a He (O2-free) atmosphere and monitored for NO, N2O and N2 emissions by sampling every
5 h for 135 h. The N2 production was essentially below detection limit for all soils: estimated
cumulated N2 production over the entire 135 h period ranged from -0.15 to +0.23 pmol N2-N
vial® for the soils amended with nitrite (2.5 pmol NO2™ vial) and 0.17-0.31 pumol N2-N vial™
for the soils without nitrite. Thus, there was a trend of soils with nitrite emitting less N> than
those without amendment (Supplementary Table S2). In contrast, nitrite clearly enhanced the
emission of NO and N2O from the gamma-irradiated soil, as shown in Fig. 2, where cumulated

production of the two gases are plotted against time, together with the cumulated nitrite
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decomposition as predicted by the first order decay rates (Table 1). The nitrite-induced NO
production clearly coincided with the decay of nitrite, while the nitrite-induced N>O production
continued beyond the depletion of nitrite (soil L and M). The fraction of nitrite decay recovered
as NO was remarkably similar for all three soils (=50 %), while the nitrite-induced N.O
production was clearly different: In soil H, the nitrite-induced N>O production rate was similar
to the nitrite decay rate; in the acidic soil L, nitrite-induced N2O production was marginal; and
the soil with the intermediate pH (soil M) stood out with a nitrite-induced N2O production that

was an order of magnitude higher than that of the two other soils.
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Fig. 2. Nitrite (NO") decay, NO and N2O production in gamma-irradiated soil L (pH 3.4), M (pH 4.9)
and H (pH 7.1). The panels show cumulated production of NO (A) and N,O (B) in control soil (no nitrite
added) and in nitrite amended soil (2.5 umol NO- to 10 g soil fw in each vial). The residual nitrite, as
predicted by the first order decay is shown as grey curves, and the red curves show the cumulated nitrite
decay. Note that the scales are different and only the first part is reported for soil M and L to enhance
visibility. Results for the entire incubation for all soils is found in Supplementary Fig. S7.

The fraction of nitrite decay recovered as NO during the first 10 h of incubation was 0.53,
0.52 and 0.20, for soil L, M and H, respectively. The fraction remained stable for soil L,
declined slightly towards the end of the 135 h incubation for soil M (Supplementary Fig. S7),

and for soil H there was an increasing trend. The fraction of nitrite decay recovered as N2O
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during the first 10 h was 0.02, 0.078 and 0.17 for soil L, M and H, respectively. This fraction
increased gradually with time for all soils.

In order to use the abiotic nitrite decay kinetics (and the N gas production) when analysing
the result of the nitrite kinetics in live soil (see below), we had to assume a constant product
stoichiometry (NO and N-0), and decided to use the fractions recovered as NO and N0 at the
time when nitrite decay exceeded 50 % for soil L and M, and after 10 h incubation for soil H.

3.3 Kinetics of denitrification in unsterilised soils, enzymatic reduction of nitrate versus

abiotic decomposition.

Samples of unsterilised soil L, M and H were incubated under anoxic conditions with nitrate,
and monitored for N-gas production. Parallel soil samples were treated identically in a series of

vials which were analysed for nitrite (destructive sampling) at regular intervals.

The kinetics of NO2", NO, N2O and N for the three soils are shown in the top panels in
Fig. 3. The cumulated N reached plateaus at 24.5, 32 and 25 umol N2-N vial™ for soil L, M
and H, respectively. In comparison, the initial amounts of nitrate was 37, 40 and 26 umol vial™.
Thus, for soil H, the cumulated N2-N accounted for 96 % of the initial amount of nitrate N. The
cumulated N2-N as calculated is corrected for the N2 lost by sampling, but not for the sampling
loss of NO and N2O. Taking these losses into account, which were 0.24 umol NO and 0.81 pumol
N2O-N vial?, the recovery of nitrate-N as N-gases is 25+1=26.1 umol N for soil H, which is
100 % of the initial nitrite-N.

For soils L and M, the recovery of nitrate-N as N2 appears very much lower. In these soils;
the sampling loss of NO and N2O were much higher than for soil M, due to the high and long
lasting peaks of NO and N2O concentrations: The cumulated sampling loss of N.O-N for L and
M were 3.6 and 1.7 umol N vial™? respectively, and the cumulated sampling loss of NO were
0.47 and 0.27 pmol N vial™. Thus, for soil L, the cumulated total recovery of N gas (N2 + gas
losses as N2O and NO) was 24.5+3.6+0.47= 28.57 umol N vial™, which is 77 % of the initial
amounts of nitrite. The equivalent calculation for soil M gives 80 % recovery of nitrite N as
N-gas production.
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Fig. 3. Kinetics of denitrification and evaluation of abiotic NO, decomposition versus enzymatic
reduction of NO;". Top panels show the measured NO_" (single measurements and floating average as
black circles and lines, respectively), together with measured NO and N,O and cumulated N, production
(i.e. corrected for dilution by sampling), and are averages of three replicate vials (standard deviation as
vertical lines). The lower panels show the estimated rates of enzymatic nitrite reduction (Vnir) and the
rate of abiotic nitrite decomposition (Vaoec); see text for explanation.
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Fig. 4. Calculations of enzymatic and abiotic transformations. Enzymatic transformations are denoted
by grey arrows. Abiotic transformations (black arrows) were estimated based on measured
concentrations of nitrite, the first order decay, and partitioning, as observed in gamma-irradiated soils.
This allowed the estimation of enzymatic reduction rates based on the measured rates of change in NO_,
NO, N20 and N2 (equations 1-6). Vnar, Vnir, Vnor, and Vnzor are the rates of enzyme-mediated reactions.
Vapec is the predicted rate of abiotic nitrite decomposition.

The measured rate of change in NO2", NO, N2O and N2 were assumed to be the net result
of abiotic nitrite decomposition and enzymatic reductions, as illustrated in Fig. 4. We assumed
abiotic nitrite decomposition to follow the first order decay and its partitioning (to NO, N2O
and NO-R) as in gamma-irradiated soil, which was thus predicted by the measured
concentration of nitrite and the decay rate constants (Table 1). Thus, the measured rates of

change for each N species (dNX/dt) and the concentration of nitrite could be used to estimate
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the rates of enzymatic reductions (Vnar, Vnir, Vor and Vnzor, denoting the rates of enzymatic
reduction of NOs", NO2", NO, and N2O, respectively) for each time increment. This was done

consecutively through equations 1-4:

dN2/dt = Vizor (1)
dN20/dt = Vnor + Vanzo - VNzor (2)
dNO/dt = Vnir + Vano - Vior (3)
dNO2/dt = Vnar - VNIR - VaDEC (4)

where Vnar, VNIR, VNor and Vinzor are the unknowns, dNX/dt is the measured rate of change of
compound Nx, Vapec is the rate of abiotic nitrite decomposition as predicted by the measured
nitrite concentrations, and the first order decay rates ([NO27]*k, Vano and Vanzo are the rates of
NO and N0 production by abiotic nitrite decomposition and the fractions emitted as NO (fno)

and N20 (fn20), equations 5-6:
Vano = Vapec*fno (5)

Van2o = Vapec*fn2o (6)

where fno = 0.53, 0.52 and 0.2 for soil L, M and H, respectively, fn2o = 0.02, 0.078 and 0.17

for soil L, M and H, respectively.

The resulting Vapec and Vnir are shown in the lower panels of Fig. 3. For soil L, abiotic
decomposition accounted for only 20-30 % of the total nitrite reduction during the first 30 h,
but as Vnir declined (coinciding with the onset of N2O reduction), abiotic decomposition
became the dominant sink for nitrite. In soil M, we see a similar pattern, but here the abiotic
decomposition gained momentum earlier, and essentially equalled Vnir until depletion of
nitrite. In contrast to these two soils, abiotic decomposition of nitrite in soil H was insignificant

throughout.

To inspect if abiotic nitrite decomposition in soil L and M could explain why much less
than 100 % of the nitrate-N was recovered as N-gas in these soils (see above), we calculated
the nitrate-N balance for each soil, including the abiotic formation of nitrosated/nitrosylated
organic compounds, NO-R (Fig. 4, Table 2). The latter was estimated as the integral of V apec
multiplied by the fraction which was not recovered as N gas (= /Vapecdt*(1 — fno — fnzo);
/Vapec = 14 and 17.1 pmol N, and fno + fn2zo = 0.55 and 0.6 pmol N for soil L and M
respectively). Based on our calculations, we were able to account for all added nitrate-N in soil
M and H, and 94 % of added nitrate-N in soil L (Table 2).
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Table 2. Nitrate N mass balance. The table shows the recovery of NOs™ -N as N gases (NO, N.O and
N2) and as NO-R (abiotic reactions with soil organic matter, Fig. 4). The bottom row shows the total
recovery (as % in parenthesis).

Soil L Soil M SoilH
Initial NO3 37 40.0 26.0
N-gas 28.6 34.0 26.1
NO-R 14*0.45 = 6.3 1704 = 6.8 01404 = 0.06
N accounted for 34.9 40.8 26.16
(%) (94 %) (102 %0) (101 %)

To inspect the kinetics of the various reductase reactions and the total electron flow,
equations 1-4 were used to calculate the rates of the individual reductases and the total electron
flow to denitrification throughout the entire incubation (Fig. 5). A conspicuous phenomenon
revealed by these graphs is that in soil L and M, Vnir declined substantially at the time when
N2O-reduction gained momentum. This decline in Vnir was clearly not a result of nitrite

depletion (see Fig. 3).
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Fig. 5. Rates of individual reduction steps in denitrification. The panels show the rates of nitrate
reduction (Vnar), nitrite reduction (Vair), NO reduction (Vnor) and N2O reduction (Vnzor), all as pmol
N vial® h?. In addition, the total electron flow to denitrification is shown (Ve., right axis), as umol
electrons vial® h™. The rates were based on measured gross transformations, solved for individual
enzyme reaction through equations 1-4.
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4 Discussion

Previous studies with soils of varying pH have often suggested that chemodenitrification plays
a significant role in nitrite kinetics, with reference to “rapid” decomposition of nitrite under
acidic conditions, but have not been able to precisely determine the magnitude of its effect and
its dependency of soil pH (as reviewed by Spott et al., 2011 and Van Cleemput and Samater,
1996). In this paper, we have attempted to do so by meticulously determining the kinetics and
product stoichiometry of abiotic nitrite decay and compared three soils of differing pH (ranging
from highly acidic to near neutral) from the same field site. The kinetics of nitrite decomposition
in these soils, as determined in gamma-irradiated soils, was convincingly first order, with decay
rate constants that correlated strongly with the fraction of un-dissociated HNO,, F =
[HNO2J/(JHNO2]+[NO27), as predicted by the soil pH. Thus, we have confirmed that soil pH
IS a good predictor of the abiotic nitrite decomposition rate in soil. The immediate gaseous
products of HNO> was ~50 % NO, a lower percentage of N2O (that increased with soil pH),
while N2 production was marginal (not detectable). Thus, the formation of nitrosated soil
organic N (R-ON) accounted for a significant fraction of the HNO> decay observed. The decay
of R-ON could potentially account for the observed nitrite-induced N2O emissions beyond the
depletion of nitrite in soil L and M (Fig. 1 and Supplementary Fig. S7). This process has
previously been defined as codenitrification, and since N>O appeared to be the sole hybrid
gaseous product (the other possible hybrid being N2), this process is probably dominated by the
nitrosation of amines, which are thought to decay to N2O (Spott et al., 2011).

Using these abiotic nitrite decay rates, the biological enzymatic rates (Vnir) of nitrite
decomposition were determined for each soil (Fig. 3). These estimated rates of enzymatic
versus abiotic nitrite decay demonstrated that abiotic nitrite decay could not account for the
very low nitrite accumulation in the unsterilised acid soil L. In this soil, the microorganisms
clearly kept nitrite concentrations low by high NIR activity compared to that of nitrate reductase
(NAR), except for the brief period after 30 h. Interestingly, this coincided with the onset of
N20R activity, suggesting that N2OR was able to effectively compete with NIR for available
electrons (since the total electron flow Ve remained essentially unchanged, Fig. 5). In soil M
and H, NAR activity greatly exceeded that of NIR initially, resulting in the high transient nitrite
accumulation observed (Fig. 3). As nitrite accumulated in soil M, the rates of abiotic nitrite
decomposition increased to practically the same level as the enzymatic nitrite reduction. In soil
H, however, the chemical decomposition of nitrite played no significant role and stayed at

consistently negligible rates throughout.
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Thus, in soil M and H, there was a preferential initial reduction of nitrate; either because
nitrate-respiring organisms are more abundant than denitrifiers sensu stricto, or because the
latter preferentially reduce nitrate to nitrite. This preference maybe either due to competition
for electrons (NAR, stronger than NIR), or due to transcriptional regulation (nar gene
expression preceding that of nir) as was previously observed in bacterial strains (Liu et al.,
2013; Qu et al., 2016). The absence of such preferential reduction of nitrate to nitrite in the most
acidic soil (be it caused by low numbers of nitrate-respiring organisms, or by the regulatory
phenomena mentioned) probably reflects the high toxicity of nitrite at low pH due to un-
dissociated HNOz. These contrasting explanations for nitrite handling in soils M and L shed
new light upon nitrite kinetics in acidic systems.

To date, it is not unusual in the literature to consider “acidic environments” (pH <5.5) as a
whole, and there has been little indication of suspicion that abiotic nitrite transformations under
such conditions may differ upon further increasing acidity (Spott et al., 2011; Van Cleemput
and Samater, 1996). However, acid-tolerant specialist microorganisms (Parkin et al., 1985; Van
Den Heuvel et al., 2010), diverse gene transcriptional regulation and phenotypes (Bergaust et
al., 2011; Liu et al., 2013), and pH-dependent chemistry of soils and organic compounds
(Stevenson et al., 1970; Thorn and Mikita, 2000), together have the potential to create complex
and unpredictable whole-environment responses: The stronger biological control of nitrite
observed in soil L could not have been predicted based on data derived from soil H and M, nor
vice versa for soil M using data from soil H and L. Thus, one must take care not to ignore
potentially dissimilar chemical-biological processes and interactions (even when dealing with
soils from the same site), and that extrapolation of such processes may not always prove

accurate.

Needless to say, the calculated nitrogen flows via denitrification and abiotic decomposition
of nitrite is based on the assumption that the nitrite decomposition kinetics (and its product
stoichiometry) observed in the gamma-irradiated soil is representative for the abiotic processes
in the non-sterilised soil. We have no clear proof for this assumption, but find it rather plausible
based on the nitrate N mass balance calculations: around 20 % of the nitrite N was not recovered
as N-gas in soil L and M, but the inclusion of the estimated formation of nitrosated soil organic
N could effectively account for this missing nitrate N. In soil H, the estimated nitrite
decomposition was insignificant, and as expected, 100 % of the nitrite N was successfully
recovered as N-gas. In theory, dissimilatory reduction of nitrite to ammonium (DNRA) could

have accounted for some of the missing nitrate-N in the soil L and M. However, DNRA has

21



518
519
520
521

been found to be negligible in acidic soils compared to that in neutral and alkaline soils (Zhang
et al., 2015). In our experiments, DNRA appears to be an insignificant sink, even in soil H
(pH 7.24), considering the 100 % recovery of nitrate-N as N-gas. A reasonable conclusion is

therefore that DNRA played a negligible role in our experiments.
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5 Conclusions

Contrary to widespread assumption that chemical processes are likely the dominant source of
nitrite scavenging under acidic conditions (Dail et al., 2001; McKenney et al., 1990; NOmmik
and Thorin, 1972; Yamulki et al.,, 1997), we have provided strong evidence for
biologically-driven control of nitrite levels in acidic environments during denitrification.
However, abiotic nitrite decomposition did play a role, not only in keeping nitrite
concentrations low, but also in having profound implications for the fate of nitrate-N: at low
and intermediate pH, nitrite decomposition resulted in conversion of a significant fraction
(10-20 %) of nitrate-N to nitroso-compounds. This underscores the need to take the abiotic

nitrite kKinetics into account in studies for nitrogen redox transformations in soils with pH <5.
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Nitrite recovery by rapid extraction in water
The kinetics of anion exchange was investigated by rapid water extraction at time intervals
during the first 10 min after addition of nitrite to soils (10 mL of 10 mM KNO>, added to 0.2 g

soil fresh weight). The result is shown in Fig. S1, together with modelled kinetics according to

equation S1
dNoOy ,

a —k - (NOzy — NOzs " R) (S1)

where NOaw is “free nitrite”, NOgs is adsorbed nitrite, k is the rate constant (min™) and R is the

ratio NOzw/ NOgs at equilibrium.

NO, recovered in water

oL
550
oM
-
0 OH
'~
(o]
2
° [ J
€
[ =
8
®
10

Time (min)

Fig. S1. Short term equilibration of nitrite by ion exchange with the soil matrix. The figure shows the
measured nitrite (nmol g* soil fresh weight) in the supernatant after rapid extraction in microcentrifuge
tubes (centrifuged immediately after vortexing for 10-15 sec), at time intervals after adding 500 nmol
g* fresh weight (% dry weight was 25, 42 and 43 for soil L, M and H respectively) The curves show
predicted values, assuming R = 0.96, 1.32 and 1.78 for the soils with pH 3.4, 4.9 and 7, respectively,
and k = 0.21 min.. P is the fraction of adsorbed NO-™ at equilibrium and k is the transfer coefficient; as
defined by equation S1. The fraction of total nitrite at equilibrium is R/(1+R).
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To further elucidate the effect of ion exchange and to determine the exact partitioning at
equilibrium, two types of experiments were conducted. First, nitrate was used as a surrogate for
nitrite, and the efficiency of water extraction was evaluated by comparing with nitrate extracted
by 2 M KCI. Table S1 summarises the recovery in water extracts compared to KCI. It shows a

low recovery for the water extraction, confirming that anion exchange is significant.

Table S1. Nitrate extracted by the rapid water extraction procedure compared to extraction with
2 M KCI. Standard error is shown in parenthesis (n=4-6).

NOs" in solution, pmol g*

Soil

2 M KCI MilliQ water
L 11.1 (0.6) 6.9 (0.3)
H 13.9 (0.2) 9.5 (0.6)
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The fraction of nitrite extracted by water is theoretically affected by the total amount of
nitrite present; it is expected to increase when nitrite concentrations approach the anion
exchange capacity of the soil. To inspect this, we added a range of nitrite concentrations to two
of the soils (gamma-irradiated soil L and H), and performed water extractions 10 min after
addition. The measured nitrite in the water is shown in Fig. S2, plotted against the added

amounts of nitrite.
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Fig. S2. Recovery of added NO;™ by rapid water extraction, 10 min after addition. Experiment conducted
in microcentrifuge tubes containing 0.2 g fresh weight soil [25% dry weight for soil L (pH 3.4) and 40 %
dry weight for soil H (pH7.1)] to which 10 pL of KNO- (concentration range 1-100 mM) was added.
Nitrite was extracted with 0.5 mL distilled water. Linear regression functions are shown; the regression
coefficients estimating the fraction of total NO, extracted, F = 0.49 for the soil L and 0.65 for soil L.
An intermediate value of F = 0.57 was assumed for the soil with intermediate pH (soil M). These values
were used for the simulation of the kinetics shown in Fig. S1 (R in equation 1 is equal to F/(1-F)).
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Simulation of ion exchange and decay
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Fig. S3. Simulation of ion exchange and decay during the 0-5 h oxic experiment with soil L. The panel
shows measured nitrite in water extract (nmol vial™), and the simulation of the kinetics of nitrite in water
extracts based on the combined kinetics of ion exchange (Fig. S1) and first order nitrite decay. The ion
exchange rate is given by equation S1. The decay rate is assumed to be first order with respect to total
NO7; d(NO2w+NO2s)/dt=-k(NO2,+NO2s). The green line shows fraction of total NO, adsorbed; i.e.
1/(1+R) (equation S1). The model was fitted to data, and the parameter values are t = 0.2 min* and
k =0.013 min?, equivalent to 0.78 h** , which is slightly higher than that determined for anoxic
incubations of the same soil (0.73 h%; Fig. S5).
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Fig. S4. Nitrite decay during anoxic
incubations of gamma-irradiated soils. The
panels show residual nitrite (nmol NO; g
fresh weight soil against time. The top panel
shows the result for the 0-5 h experiment
with soil L, excluding the data for the first
10 min (due to lack of equilibration between
adsorbed and extractable nitrite, see
Fig. S1). The lower two panels show the
results for soil M and H. Single
measurements are shown for soil L and M,
and average for 4 replicates are shown for
soil H. First order decay functions fitted to
data are shown for each soils. Residual
nitrite is calculated from measured nitrite in
water (fast extraction), corrected for the
fraction of extractable nitrite for each soil
(see Fig. S2). Estimated decay rates
constants (h*) for each soil are:

Soil L: 0.73 h* (SE: 0.065)

Soil M: 0.057 h'* (SE: 0.007)

Soil H: 0.00055 h* (SE: 0.002)
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Fig. S5. Comparison of aerobic and anaerobic nitrite decay in gamma-irradiated soils. 2 g soil
(fresh weight) was incubated in 12 mL vials crimp sealed with butyl rubber septa. One set was kept
aerobic, the other was anaerobised (replaced atmosphere with He) prior to injection of nitrite (spreading
0.1 mL 10 mM KNO: onto the surface). At time intervals, vials were sacrificed to measure residual
nitrate. The panels show the result for three soils (2 replicates of soil L and one for M), and the fitted

exponential functions.
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estimating the decay rate of HNO,
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Fig. S6. Relationship between un-dissociated HNO. and observed decay rates of total nitrite
(TONI=NO>+HNO:>) in the three soils. The two panels show the estimated first order decay rates of
nitrite (i.e. NO,+HNO) plotted against the fraction of un-dissociated HNO,. Top panel is a linear plot,
the lower panels shows a log-log plot. The regression function in the top plot effectively estimates the
first order decay rate of un-dissociated HNO; in the soils (kunoz = 0.143 h, since we assume that
d[TONI}J/dt=[TONI]+F+kunoz2). The regression function for the lower plot should in theory be
y=logio(F*krnoz) =logio(F)+ logio(Krnoz), thus the estimated kinoz is 10%137° = 1.37 ht.
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Table S2. Measured N2-N production (umol vial*); cumulated production during the entire 135 hour
anaerobic incubation of gamma-irradiated soils, with and without 2.5 pmol NO, vial? (=1 umol g soil
fresh weight; soil moisture = 50% wi/w). The average values for three replicate vials of each soil are
shown, with standard deviation. The last column (A) shows the difference between vials with and
without NO>".

with NO2 Control A
avg stdev avg stdev
Low pH 0.04 0.12 0.20 0.13 -0.15
Mid pH 0.23 0.24 0.31 0.29 -0.08
High pH -0.15 0.22 0.17 0.10 -0.31
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Fig. S7. NO production by NO; decay in gamma-irradiated soil during anoxic incubation (2.5 pmol
NaNO- was added to 5 g soil fresh weight). Entire incubation shown for all soils (equivalent to Fig. 2 in
the main paper). The panels show cumulated production of NO (panel A) and N2O (panel B) in control
soil (no nitrite added) and in nitrite amended soil (2.5 pmol NO; to 10 g soil fresh weight in each vial).
The residual nitrite, as predicted by the first order decay is shown as grey curves, and the red curves
show the cumulated nitrite decay. The decline in NO in soil M after 50 h is due to neither sampling nor
autoxidation.
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Abstract

Nitrite and nitric oxide are central molecules in multiple N-transformations. Soils emit
substantial amounts of HONO (nitrous acid, derived from nitrite) and NO, both playing key
roles in tropospheric chemistry. Under hypoxic conditions, their concentrations are controlled
by denitrification reductases for NO2” (NirK and NirS), NO (cNor and gNor). The third
denitrification intermediate is the greenhouse gas N2O, regulated by NosZ. The regulatory
network of denitrification is known for a few model bacteria, while transcription of
denitrification genes in intact soil communities is less well documented, partly because PCR
primers targeting denitrification genes only capture a fraction of the community. One major
factor affecting the net production and accumulation of denitrification intermediates is soil pH.
Here, two soils (pH 3.8 and 6.8) from the same experimental field-site were incubated under
anoxia with NOs’, revealing transient accumulation of NO2™ and NO. Complete denitrification
to N2 was only observed in soil 6.8, with soil 3.8 accumulating N2O instead. The
metagenome/-transcriptomes were sequenced, and denitrification-related genes were
annotated. With the exception of high gnor in soil 3.8, the two soils had similar denitrification
genetic potential. Contrary to gPCR results, metagenomics/-transcriptomics showed clear
dominance of nirK and gnor over nirS and cnor. Transcription of nar+nap in soil 6.8 was higher
than nirK+nirS, possibly explaining the transient accumulation of ~50% of NO3-N as NO>".
Lack of NO2™ accumulation in soil 3.8 could not be explained solely from transcriptomics, and
was tentatively ascribed to a combination of metabolic control and chemodenitrification. This
is the first metatranscriptomic study providing evidence that a wide range of denitrifiers
transcribe nosZ genes in acid soil, but fail to produce functional N2O reductase, indicating a
species-independent overarching post-transcriptional phenomenon. The overall taxonomic
profiles of genes and transcripts in both soils suggest a tendency towards modular
denitrification by multiple organisms, instead of a singular process by complete denitrifiers.
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1 Introduction

Starting with the soluble N-oxyanions nitrate (NO3") and nitrite (NO2"), denitrification is the
stepwise reduction through the intermediate nitric oxide (NO), ending with either nitrous oxide
(N20) or dinitrogen gas (N2). Nitrite and NO are central to several N-transforming processes
and are biologically dangerous if not properly regulated. The former, which is reduced in
denitrification by the nitrite reductases (NIR) NirK or NirS, is potentially toxic to
microorganisms in acidic environments due to its propensity to form nitrous acid (HNO>),
which is able to pass through cell membranes (Bancroft et al., 1979; Kaiser and Heber, 1983).
However, it is widely acknowledged that nitrite does not accumulate in highly acidic
environments due to chemodenitrification, the abiotic degradation of nitrite under decreasing
pH (Bancroft et al., 1979; Schreiber et al., 2012). Unfortunately, reports on nitrite levels in soils
are scarce and the possible ecological consequences of nitrite accumulation in soils have not
been thoroughly analysed. Such consequences may include transcriptional activation of
denitrification genes in the presence of O (Bergaust et al., 2011), which could hamper the
activity of N2O reductase (N20OR), leading to increased N2O emissions. On the other hand,
nitrite under anoxic conditions may also be used by microorganisms performing dissimilatory

nitrite reduction to ammonia (DNRA), thus diverting the flow of nitrite-N from denitrification.

The other denitrification intermediate, NO, is an important signalling molecule with the
potential to severely harm microorganisms, and is reduced by the NO reductases (NOR) cNor
and gNor (Medinets et al., 2015). Involved in the regulation of various denitrification-related
gene operons, NO activates regulators such as NsrR and the Crp-Fnr superfamily of
transcriptional regulators (which includes DNR, NNR, and NnrR) to provide wide-ranging
effects in the denitrification process (Bergaust et al., 2012; Korner et al., 2003; Torres et al.,
2016; Vollack and Zumft, 2001).

Additionally, both nitrite and NO are important compounds in atmospheric chemistry as
precursors to the reactive gaseous nitrous acid (HONO), which is believed to be responsible for
much of the formation of highly oxidative OH in the troposphere and the subsequent production
of harmful ozone (Kulmala and Petdj&, 2011; Li et al., 2012; Su et al., 2011). Soil-based
nitrification and denitrification have been suggested to majorly contribute to HONO emissions,
particularly from neutral and alkaline soils which potentially emit higher quantities of HONO
than acid soils (Oswald et al., 2013; Spataro and lanniello, 2014; Su et al., 2011).
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A third intermediate of denitrification, N2O, is a very potent greenhouse gas, and is
estimated to have >300 times the global warming potential of the more widely-known CO>
(Lashof and Ahuja, 1990). N2O is also recognised as the main anthropogenic destructor of
stratospheric ozone (Portmann et al., 2012; Ravishankara et al., 2009). Hence, it is important to
determine the factors that contribute to the propensity of a soil to preferentially emit N2O or
inert N2 as the principal product of denitrification.

One well-studied and key controlling variable of denitrification is pH. It has long been
observed that acidic soils tend to emit mostly N2O under denitrification-friendly conditions,
whereas a lower N2O:N: ratio is observed in near-neutral pH soils (Bakken et al., 2012;
NOommik and Thorin, 1972; Raut et al., 2012). Despite this, recent studies of pure cultures (in
vitro) and extracted cells (ex situ) have shown that the transcription of the N2OR gene, nosZ, is
detectable in the absence of a functional enzyme, suggesting post-transcriptional regulation
(Bergaust et al., 2010; Liu et al., 2010, 2014). However, in the absence of in situ analyses of
soil microbial communities, there is little evidence of similar regulation of nosZ in acidic
environments. This is also further complicated by evidence of adaptive denitrifying
communities and microorganisms that are able to complete denitrification to N2 under acidic
conditions (Lycus et al., 2017; Parkin et al., 1985; Simek et al., 2002).

Moreover, denitrification intermediates are not only generated by classical denitrifiers such
as the model organisms Paracoccus denitrificans and Pseudomonas stutzeri, but also by
nitrifiers such as Nitrosomonas europaea, which produce NO and N2O via a process termed
“nitrifier denitrification” (Wrage et al., 2001) and DNRA organisms such as Wolinella
succinogenes (Luckmann et al., 2014). Nitrifiers and DNRA organisms are capable of
producing all three denitrification intermediates (nitrite, NO and N20), but only the latter has
been confirmed to produce N2 (Malm et al., 2009; Mania et al., 2014; Russow et al., 2009; Shen
et al., 2003). However, while the NIR used in nitrifier denitrification is the same as that of
classical denitrification, DNRA organisms use either NrfA or NirB for nitrite reduction
(Cantera and Stein, 2007; Decleyre et al., 2015; Sun et al., 2016).

Given the complexity of these inter-linked biological and chemical processes that produce
the same nitrogen compounds under similar conditions, many studies to date have only been
able to demonstrate the results of coupled processes (Burns et al., 1996; Russow et al., 2009;
Stevens et al., 1998). Experiments that are able to successfully separate these processes and
focus on anaerobic nitrate-stimulated activities (denitrification and DNRA are difficult to

uncouple) are far and few between, and often involve the use of extracted cells or soil slurries
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and amplicon-based analyses (Brenzinger et al., 2015; Liu et al., 2014; Palmer and Horn, 2012).
However, the control gained over gas exchange (agitated slurries) and gene specificity (targeted
amplification) come at a price: Severely altering the natural physical attributes of the soil in the

former, and overlooking bacteria without the same conserved genetic sequences for the latter.

Hence in this paper, we characterised the metagenome (MG), metatranscriptome (MT), and
phenome of denitrification-mediated nitrite, NO and N2O production/consumption in intact
soils of contrasting pH (pH 3.8 and 6.8) from the same experimental field site. We employed
the use of bioinformatics methods coupled with an automated sample incubation and gas
measurement system (Molstad et al., 2007) to disentangle denitrification from related anaerobic
nitrogen processes. The MG and MT were characterised using self-curated custom datasets, and
were compared to the N-compound Kinetics to detect links between biological potential and

response with nitrite accumulation and N-gas (NO, N2O, and N2) emissions.
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2 Materials and Methods

Soils. Two high organic content peat soils (40-45 % soil organic C, 2 % organic N) (Liu et al.,
2010) with different pH, pH 3.80 (soil 3.8) and 6.80 (soil 6.8), were sampled from a long-term
field experimental site in Fjaler in western Norway (61°17'42", 5°03'03"). Soil 3.8 is the original
un-limed soil, and soil 6.8 was limed in 1978 with 800 m® of shell sand per hectare of soil
(Sognnes et al., 2006). Both soils were immediately transported to the laboratory, sieved
(4.5 mm) upon arrival, then stored in sealed plastic bags at 4 °C. All pH values were measured

in 0.01 M CaCl> (1:5 ratio, soil to CaCl,) immediately prior to using the soil.

Soil treatment. The soils were revitalised from cold storage by addition of 5 mg dried,
powdered clover g soil wet weight (ww) then incubated at 15 °C for 72 h. A small amount of
a natural C source, in the form of clover, was added to standardise the conditions and to ensure
that the organisms would have enough energy to induce transcription of the targeted
denitrification genes (Liu et al.,, 2010). The soils were aliquoted (5-8 g of soil ww,
corresponding to 1.5 g soil organic C) into air-tight glass vials and sealed with butyl-rubber
septa and aluminum crimps, then nitrate was added to 80 % of the soil’s water holding capacity
(WHC) and 6.2-7.1 mM nitrate in soil moisture. The vials were immediately made anoxic by
6 cycles of gas evacuation and helium filling (Liu et al., 2010), and incubated anoxically at
15 °C to stimulate the production of denitrification gene transcripts. Gases (CO2, Oz, NO, N2O
and N2) produced in the headspace were measured every three hours using an autosampler
linked to a GC and NO analyser (Molstad et al., 2007). At each gas sampling time point, one
replicate vial of each soil type was opened and soil nitrite was measured. The nitrite was reduced
to NO gas using 1 % w/v sodium iodide in acetic acid (Braman and Hendrix, 1989; Cox, 1980),
then measured by chemiluminescence using a Sievers Nitric Oxide Analyzer NOA 280i. A
portion of the same replicate vial was snap frozen in liquid nitrogen then stored at -80 °C until

nucleic acid extraction.

Nucleic acid extraction. DNA and RNA were extracted from frozen samples using the method
detailed in Lim et al. (2016). Briefly, 0.2 g of soil was lysed with glass beads, CTAB extraction
buffer, and phenol-chloroform-isoamyl alcohol (25:24:1), using a FastPrep-24 instrument. The
nucleic acids were washed with ethanol, precipitated and dried, then resuspended in 200 pL of
DEPC-treated nuclease-free water. The nucleic acid extract was purified with the OneStep PCR
Inhibitor Removal Kit (Zymo Research), then split into two fractions — one for DNA, and one
for RNA. The DNA fraction was further purified using the Genomic DNA Clean &
Concentrator kit (Zymo Research), then kept at -20 °C until use. The RNA fraction was digested
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using TURBO DNA-free DNase kit (Ambion, Life Technologies) according to manufacturer’s
instructions, then purified using the RNA Clean & Concentrator-5 kit (Zymo Research).
Quantitative PCR (gPCR) using primers targeting the 16S rRNA gene (described below) was
used to assess the presence of residual genomic DNA (gDNA) in the purified RNA fractions
(defined by signal detected in the qPCR at < 35 cycles), and only RNA fractions free of gDNA
was used for further analysis. The purified and DNA-free RNA fractions were reverse
transcribed using the Maxima Reverse Transcriptase with random hexamer primers (Thermo
Scientific), according to manufacturer’s instructions. Primers targeting the 16S rRNA or nosZ
genes (described below) were used in gPCR to assess the quality (defined by uninhibited
amplifiability) of purified DNA and reverse-transcribed cDNA.

Quantitative amplification-based analysis. The genes encoding 16S rRNA and three
denitrification enzymes (nirK, nirS and nosZ) were quantified using gPCR. The primers used
were: 27F and 518R for the 16S rRNA gene (Muyzer et al., 1993; Weisburg et al., 1991), 517F
and 1055R for the nirK gene (Chen et al., 2012), cd3aF and R3cd for the nirS gene (Hallin and
Lindgren, 1999), and Z-F and 1622R for the nosZ gene (Kloos et al., 2001; Throbéack et al.,
2004). DNA samples were diluted to 1-10 ng of DNA per reaction. All cDNA and RNA samples
(DNase-digested) were used without dilution. Each 20 pL qPCR reaction contained SYBR
Premix Ex Taq II (Tli RNaseH Plus) (Takara Bio) used according to manufacturer’s
instructions, and included 0.4 uM of each primer and 2 pL of template. The optimised gPCR
cycling conditions for all primer sets were 95 °C for 5 min, 40 cycles of 95 °C for 30 s, x for
60 s, 72 °C for 30 s, 82 °C for 20 s, and a final melting curve analysis from 60 °C to 95 °C to
determine the specificity of amplicons, where x = 54 °C (16S rRNA gene), or 60 °C
(denitrification genes). To reduce background signals from primer dimers and unspecific PCR
products, the fluorescence signal was measured during the final step of each cycle, at 82 °C.
The detection limit of each gPCR run was 5 copies per microliter of reaction (Lim et al., 2016),
which was approximately 4 x 10° copies g soil (ww). Results of gPCR analyses can be found
in Supplementary Fig. S1 and accompanying text.

Sequencing the metagenome, metatranscriptome, and 16S rRNA genes. Triplicate DNA
and duplicate RNA samples were sent for metagenomic and metatranscriptomic sequencing at
The Roy J. Carver Biotechnology Center (CBC) / W. M. Keck Center for Comparative and
Functional Genomics at the University of Illinois at Urbana-Champaign, using HiSeq 2500
technology. All nucleic acids were shipped in a liquid nitrogen vapour dry shipper (Cryoport),

and arrived within 5 days (the Cryoport Express dewar is able maintain the temperature
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at -150 °C during shipment for 10 days). The RNA integrity (including confirmation of the
absence of gDNA) was also independently verified by the CBC prior to sequencing the samples.

DNA samples were sent for 16S rRNA community analysis using lllumina MiSeq
technology (2 x 300 bp paired-end sequencing with V3 chemistry) at StarSEQ GmbH, Mainz
(Germany). The primers used targeted the V4 region of the 16S, 515f and 806rB (Apprill et al.,
2015; Parada et al, 2016), as detailed by the Earth Microbiome project

(http://www.earthmicrobiome.org/emp-standard-protocols/16s/).

Annotation and taxonomic classification of genes. Custom datasets were used to identify
reads assigned to the denitrification and DNRA genes (nap, nar, nirK, nirS, cnor, gnor, nosZ,
nirB, and nrf). Datasets consisted of a manually curated set of full length protein sequences

derived from sequenced genomes in the IMG database (https://img.jgi.doe.gov/cgi-

bin/m/main.cgi). These datasets were manually curated to contain diverse sequences while at

the same time limiting multiple sequences from heavily sequenced species.

The sequenced Illumina HiSeq reads were quality controlled using BBDuk from the

BBMap package version 35.66 (http://sourceforge.net/projects/bbmap/). For functional

annotation, reads were aligned against using DIAMOND with an e-value cutoff of 1 x 1073
(Buchfink et al., 2015). The DIAMOND output was converted to m8 blast format and analysed
in R. Reads must have had a matching region of >30 amino acids and an identity of >60 % to
be considered matching. Output of matching reads were normalised to reads per million of total
reads, RPM (see below). Denitrification genes of interest were identified using DIAMOND
using the reads as query and the custom denitrification library as the database. Taxonomic
assignment was performed using Kraken with k=27 (Wood and Salzberg, 2014).

Contrary to common assumption, we observed that high-throughput sequencing did not
necessarily yield reads that spanned the entire genome. Instead, a large majority of the reads
were found to overlap in relatively conserved regions (data not shown). Thus, we decided that
the current sequencing depth and read-lengths did not provide sufficient certainty to determine
lower taxonomic hierarchies. Taxonomy was thus only reported to the level of order.

16S rRNA amplicon community sequencing and analysis. Processing of the sequenced
16S rRNA amplicons was performed by StarSEQ Gmbh, Mainz (Germany). Briefly, the
sequences were demultiplexed and the adapters were trimmed locally on the MiSeq instrument
with the Illumina Metagenomics 16S rRNA application, using default settings. The median

library size was 400 bp prior to trimming, and 268 bp post-trim (the adapters were a total length
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of 132 bp). Reads were annotated using the Greengenes 16S rRNA gene database as a reference
(DeSantis et al., 2006). The processed and annotated sequences were manually checked for

their accuracy and reliability.

Statistical and quantitative analysis of meta-omic data. All reads counts were normalised
for sequencing depth, generating RPM values: (hnumber of reads)/(total reads that passed quality
control)x10°. All statistical analyses and graphing were performed using in-house R scripts

custom created for this purpose.
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3 Results

Kinetics of gaseous denitrification intermediates depict a pH-dependent response to
anoxia. In soil 6.8, there was an immediate net production of nitrite, NO, and N2O, leading to
their accumulation (Fig. 1). By 30 h, there was a net consumption of all three intermediates,
and the only net production was Nz gas. In contrast, soil 3.8 showed very low interim
accumulation of nitrite (<0.5 pmol-N vial™?, except 36-40 h that reached a maximum of
0.9 umol-N vial™). The production rate of NO gas peaked at 6 h in soil 3.8 and at 15 h in soil 6.8,
then decreased into a net consumption at ~20 h in both soils.

Soil 6.8 completed denitrification of the provided nitrate to N> gas within 43 h, reducing
N0 to N at a rate of 0.1-0.2 umol-N h! (Fig. 1B). After 27 h, the N2O reduction rate increased
to a maximum of 0.8 umol-N h (40 h) until all of the added nitrate-N was recovered as N2 gas,
which is indicative of strong denitrification and minimal DNRA activity. Soil 3.8 accumulated
principally N2>O with no reduction to N2 until 37 h, after which a low rate of N2O reduction was
observed (<0.1 pmol-N h™).

Based on the total nitrite-N (TNN), we calculated the theoretical quantity of undissociated
HNO2 (ag) in the soil matrix (using the Henderson-Hasselbalch approximation, see
Supplementary material), which potentially forms a chemical equilibrium with HONO (gas) in
the atmosphere (thus predicting the potential emission of HONO to the atmosphere). Despite
the high accumulation of TNN in soil 6.8 (up to 3.6 mM), the concentration of undissociated
HNO; was < 1.4 uM, which was almost two orders of magnitude lower than that in soil 3.8
(Fig. 1C).

Soil bacterial community differed strongly by pH but was stable over time. The microbial
composition of the two soils was compared using 16S rRNA amplicon community analysis.
Both soils had approximately the same proportions of classified and unclassified reads, and
>93 % of all sequenced reads were annotated as bacterial (Supplementary Table S1-2).
Archaeal representation was not high in either soil (0.6 %), but was relatively lower in soil 3.8
(<0.3 %). The soils also had vastly different archaeal groups, with ammonia-oxidising archaea
present only in soil 6.8 (Supplementary Fig. S2 and Table S1-2). The same major bacterial
phyla/classes were present in both soils: Actinobacteria, Firmicutes, and Alphaproteobacteria
each made up 10-14 % of the populations in both soils (Fig. 2, Supplementary Table S2).
However, the community profiles based on phyla (with Proteobacteria split by class as shades

of green) showed distinct pH-dependent microbial community fingerprints (Fig. 2).

10
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Figure 1 | Nitrite and gas Kinetics of soil 3.8 and 6.8 during anoxic incubation in the presence of
nitrate. Nitrate was added to 5-8 g soil ww (corresponding to 1.5 g soil organic C per vial) to a final
concentration of 6.2-7.1 mM nitrate in soil moisture. (A) Kinetics of nitrite, NO, NO, and N in soil 3.8
and 6.8 during a 45 h incubation under anoxic conditions. (B) Net production (positive values) and
consumption (negative values) rates. Red arrows indicate samples taken for RNA analysis. (C) Total
nitrite-N (TNN) in soil moisture (blue, left axis) vs. the amount of undissociated HNO: (red, right axis),
calculated based on measured nitrite levels and soil pH: [HNO,]/([HNO2]+[NO,]=1/(1+10°"PK2) ‘where
pKa= 3.398.
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Figure 2 | Taxonomic distribution of bacteria in soil 3.8 and 6.8 based on 16S rRNA genes. Samples
were sequenced using primers targeting the 16S rRNA gene (515f/806rB) and annotated using the
GreenGenes database as reference. A detailed breakdown of bacterial phyla and archaeal groups is
available in Supplementary Table S1-2 and Fig. S2.

Nevertheless, the microbial community profile of soil 6.8 was stable during the experiment.
Thus, any differences observed in the metatranscriptome (MT) can be reasonably attributed to
transcription regulation patterns, and not due to bacterial growth causing a resulting shift in the

population.

Nitrogen cycling potential and transcription. DNA and RNA sequences were analysed with
a custom annotation pipeline utilising a manually-curated dataset of nitrogen cycle-related
genes (Materials and Methods). In the metagenome (MG) and metatranscriptome (MT) of
soil 3.8 and 6.8, denitrification-related genes [encoding nitrate reductase (NAR), NIR, NOR
and N20OR] made up 83 and 65 % of the assigned genes respectively, with the DNRA-related
genes (nirB and nrf) together accounting for the remainder (Supplementary Table S3). In
contrast, soil 6.8 transcribed both DNRA genes at levels comparable to the NIR and NOR genes,
with strong transcription of nirB that was at times even higher than NIR. Yet, the complete
recovery of all added nitrate-N as N2 gas indicated minimal conversion of nitrite to NH4* (and
thus little effect of the DNRA-related genes nirB and nrfA). Thus, this paper shall henceforth

focus on denitrification genes only.

12



279
280
281
282
283
284
285
286
287

288

289
290
291
292
293
294
295
296
297
298
299

Potential for denitrification. Of the denitrification genes, nar was the most abundant in the
MG of both soils (Fig. 3A), and was more than double that of the next most abundant genes,
nap (soil 6.8) and gnor (soil 3.8). The order of genes from most abundant were, for soil 3.8:
nar > gnor > nirK > nap > nosZ > cnor > nirS; and for soil 6.8: nar > nap > nirK + gnor >
nosZ > cnor > nirS. Levels of NIR (nirK+nirS) were comparable in the two soils with RPM
values of 36.5+1.7 and 44.6+1.4 for soils 3.8 and 6.8, respectively (Table 1). nirK genes were
7-fold that of nirS in soil 6.8, and completely dominated over nirS in soil 3.8. The NOR genes
(cnor+gnor) were more abundant in soil 3.8, where RPM values were 74.9+0.5 compared to

48.1+0.3 for soil 6.8 with gnor =11 and 4 fold higher than cnor in soil 3.8 and 6.8, respectively.
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Figure 3 | Genetic potential and transcription of selected genes. Triplicate soil samples were taken
at the start of the incubation for metagenomics analysis. Duplicate soil samples were taken at selected
time intervals (Fig. 1) for metatranscriptomic analysis. (A) Comparison of the abundance of
denitrification genes in soil 3.8 (red) and soil 6.8 (blue). (B) Abundance of genes (triplicates, green) vs.
transcripts (all sampling times combined, orange) in soil 3.8 and soil 6.8. A similar comparison of only
the 0.5 and 3 h transcripts from both soils is available as Supplementary Fig. S3. (C) Overview of
denitrification gene transcription. Block colours correspond to transcription level (log. RPM), with red
the highest expressed and blue the least expressed. NAR: nitrate reductase (nap+nar), NIR: nitrite
reductase (nirk+nirS), NOR: nitric oxide reductase (cnor+gnor). N2OR: nitrous oxide reductase (nosZz).
(D) Changes in the abundance of denitrification gene transcripts during incubation, presented on a linear
time scale.
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Table 1 | Occurrence of nitrite [nirK (K) and nirS (S)], nitric oxide [cnor (C) and gnor (Q)], and
nitrous oxide reductases [nosZ (Z)] in the metagenome and metatranscriptome of soils 3.8 and 6.8
during anoxic incubation with nitrate (all values in RPM).

Time NIR NOR N20R

Soil pH NIR:NOR NIR:N20OR NOR:N20OR
) K s K:S c Q Q:C z
DNA
38 35.58 0.88 40.82 5.70 69.16 12.27 18.18 0.49 2.01 413
(1.74)  (0.06) (4.92) (0.63) (1.16) (1.65) (0.95) (0.03) 0.12) (0.22)
6.8 3892 5.69 6.85 1069 3741 351 25.79 0.93 1.74 1.87
(1.14) (0.35) (0.28) (0.53) (0.78)  (0.24) (1.99) (0.03) (0.14) (0.13)
RNA ns S S S ns ns ns S ns S
3.8 0.5 23.49 0.00 Inf 1.32 31.73 24.08 33.37 0.71 0.70 0.99
3.8 0.5 23.39 0.00 Inf 0.71 27.31 38.62 25.90 0.83 0.90 1.08
3.8 3 40.85 0.35 115.25 1.28 98.23 76.45 62.03 0.41 0.66 1.60
3.8 3 42.11 0.00 Inf 0.10 52.82  545.00 42.01 0.80 1.00 1.26
6.8 0.5 72.33 21.87 3.31 10.22 23.19 2.27 86.69 2.82 1.09 0.39
6.8 0.5 4241  6.86 6.18 1412 3257 231 40.47 1.06 1.22 1.15
6.8 3 33022 6299 524 28.09 10598  3.77 417.81 2.93 0.94 0.32
6.8 3 19291 3581  5.39 2211 5581 2.52 368.16 2.94 0.62 0.21
6.8 9 40.63  7.96 5.11 10.80  31.04 2.87 56.18 1.16 0.86 0.74
6.8 9 3231 450 7.18 7.07 2552 361 12.30 1.13 2.99 2.65
6.8 12 137.46 18.49 7.43 16.44 58.44 3.55 153.97 2.08 1.01 0.49
6.8 12 149.13 2260  6.60 1843  40.78 221 234.87 2.90 0.73 0.25
6.8 27 56.50  7.07 7.99 1062  21.54 2.03 65.43 1.98 0.97 0.49
6.8 27 67.38  7.08 9.52 1260  33.99 2.70 77.83 1.60 0.96 0.60

Averages of DNA triplicates are listed, standard deviation in parenthesis. RNA replicates were not
averaged due to wide variations. Differences between the two soils (0.5+3 h) are indicated in red as s
(significant) or ns (not significant). NIR = nitrite reductase; NOR = nitric oxide reductase;
N20R = nitrous oxide reductase; Inf = infinity (division by 0).

Denitrification response. As was observed previously (Bergaust et al., 2010; Henderson et al.,
2010; Liu et al., 2010; Saleh-Lakha et al., 2009), denitrification genes are quickly transcribed
upon onset of anoxia and/or addition of nitrate, regardless of environmental pH. Thus, RNA
samples from both soils were taken 0.5 and 3 h after the start of the experiment to characterise
the immediate community response (indicated by red arrows in Fig. 1). Additional RNA
samples were taken from soil 6.8 prior to the peaks in nitrite, NO, and N2O (Fig. 1) to determine
if the switch from net production to consumption of each denitrification intermediate was due
to secondary bursts of gene transcription, or if there was a shift in the actively transcribing
denitrifying population within the microbial community.

Despite the relative metagenomic stability (seen in the consistent RPM values of the MG

triplicates), there was a time-sensitive differential transcription of denitrification genes in both
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soils (Fig. 3C-D). In particular, the first response of both soils (at 0.5 and 3 h) displayed the
strongest increase in almost all transcripts (Fig. 3D). As may be predicted by the general high
occurrence of non-denitrifying nitrate reducers in soil environments (Gamble et al., 1977;
Lycus etal., 2017), NAR was the highest expressed in both soils and at all time points (Fig. 3C).
Additionally, the order of denitrification reductase abundance did not change over time: In
soil 6.8, itwas NAR > N20R > NIR > NOR; whereas soil 3.8 was NAR >NOR > NIR + N2OR.

Relative to their respective MG and MT, there was a proportionally higher but varying
representation of denitrification transcripts in the soil 6.8 MT than in the MG that was most
varied at 0.5-3 h (Fig. 3B, Supplementary Fig. S3). Nevertheless, the overall soil 6.8 trend in
transcript abundance remained as nar > nosZ > nirK > gnor > nap > nirS > cnor, almost without
exception throughout the incubation (Fig. 3D). This highlights the strong and immediate
response of nosZ upon anaerobiosis in neutral pH soils. Similarly, the trend of soil 3.8 transcript
abundance (nar > gnor > nosZ > nirK > cnor + nirS) stayed throughout, despite varying between
higher and lower relative abundances than in the MG (Fig. 3B, D). Interestingly, although nosZ
transcription was at comparable levels to the other denitrification genes (Fig. 3B), there was no
corresponding N2O reduction to N2 (Fig. 1). The high NIR:NOR transcription ratio for soil 6.8
(=2.4) compared to that in soil 3.8 (=0.7) (Table 1) suggests less stringent NO control in the
former. We also calculated the NAR:NIR transcript ratios for the two soils (based on Table S3),
and found almost equally high ratios for the first 3 h (=2.2 and 2.1 for soil 3.8 and 6.8,

respectively).

The MT of soil 6.8 displayed two distinct spikes in denitrification gene transcription, which
increased for all genes at 3 and 12 h (Fig. 3D and Table 1). Despite this, the transcript ratios for
individual time points were not significantly different (rightmost columns in Table 1).
Moreover, there was a strong positive correlation (p < 0.01) between all transcripts except nap
(Supplementary Fig. S4 and Table S4). Soil 3.8 also showed a similar trend with a correlation
(p < 0.1) between nar, nirK, gnor and nosZ genes (nirS and cnor were quantitatively irrelevant

due to their low numbers).

Integration of taxonomic annotation with denitrification genes and transcripts. The
sequenced reads were taxonomically annotated using our curated dataset as reference (Materials
and Methods). Each gene revealed a different taxonomic profile that varied by soil pH (Fig. 4),
i.e. the phyla present were not always shared by the soils. However, the soils shared the most
abundant phyla in both MG and MT (Actinobacteria and Proteobacteria). Although the

distribution among phyla for the different gene transcripts show some congruence between the
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two soils, several phyla that were represented in soil 6.8 were not detected among the transcripts
from soil 3.8, despite the presence of their genes. This could be due to late expression, thus
missed because transcripts were only analysed during the first 3 h in soil 3.8. Such late
transcription was indeed observed for some phyla in soil 6.8, most notably nosZ from

Acidobacteria and Bacteriodetes, gnor from Proteobacteria and nirK from several phyla.

Proteobacteria was the only phylum consistently possessing all genes in both soils, and was
the only active phylum with nirS and cnor in soil 3.8 (Fig. 4). It was also the most abundant
phylum for all genes and transcripts excepting nar, where potential and transcription in both
soils was matched or exceeded by Actinobacteria. However, nosZ transcription in soil 6.8 was
not solely dominated by Proteobacteria, but was shared by a range of phyla, including

Acidobacteria, Bacteroidetes, and VVerrucomicrobia.

Proteobacterial denitrification. Because Proteobacteria was the only phylum present and
active for all genes, the thus-assigned reads were further analysed at the levels of class and
order. A deeper analysis of the only ubiquitous phylum revealed pH-dependent class
representation in the two soils” MG and MT (Fig. 5). Both soils contained members of the
Alpha- (a, shades of red), Beta- (B, shades of brown-yellow), Gamma- (y, shades of green), and
Deltaproteobacteria (8, shades of blue) classes, but Epsilonproteobacteria (e, shades of purple)
were almost exclusively detected in soil 6.8, and possessed only cnor.

Overall, the most dominating orders came from all four of the main classes: the
B-proteobacteria Burkholderiales (dark brown) was present in the MG and MT of both soils for
most genes; the a-proteobacteria Rhizobiales (dark red) in both soils for all genes but nirS and
gnor; the y-proteobacteria Pseudomonadales and Xanthomonadales (green) together were
present in both soils for all genes but had the strongest presence in NIR and NOR; and the
d-proteobacteria Myxococcales (dark blue) was most strongly associated with genes related to
the final steps of denitrification (gnor and nosZ) in both soils. The profiles of NAR (nap and
nar) in the MG and MT were largely similar and more stable over time, with the exception of
a shift in transcription profile towards the start of the incubation in soil 6.8. NIR (nirK and nirS)
profiles between the soils differed by the dominance of y-proteobacteria in soil 3.8. The largest
difference in transcription profile between the soils was for NOR (cnor and qnor), where
soil 6.8 displayed a more stable MG and MT profile (excepting the presence of e-proteobacteria
Campylobacterales) whereas soil 3.8’s MT profile showed a strong class-level community shift
within the first 3 h. nosZ profiles of both soils also exhibited a similar class-level shift: soil 6.8’s

fluctuating nosZ MT profile was comprised of early B- transcription, later a- transcription and
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4 Discussion

Strong capacities for denitrification. We investigated the immediate response to anoxia in
two soils of differing pH from the same field site. Both soils 3.8 and 6.8 displayed a strong
capacity for nitrate reduction to N2O/N>. Relatively large quantities of gaseous intermediates
(NO and N2O) accumulated (Fig. 1), indicating an unbalanced activity of denitrification
enzymes (NIR>NOR>N20R). The MG and MT largely reflected this strong denitrification
potential and activity (Fig. 3). Interestingly, the taxonomic profile displayed a plausible trend
of denitrification process modularity in both soils, where different phyla possessed different
reductases and were active at different times (Fig. 4). In particular, none of the denitrification
gene taxonomic profiles were identical, strongly suggesting that the full denitrification process
was completed by multiple organisms throughout the incubation period, as proposed by
Shapleigh (2013). However, it is important to note that the current sequencing depth is
insufficient to verify or disprove the presence and/or activity of complete denitrifiers, and is
only able to support the hypothesis of a modular denitrification process in complex

communities without exempting complete denitrifiers.

Predicted HONO emissions decreased with increasing pH. Although it has previously been
suggested that nitrite stemming from soil biological processes could make significant
contributions to HONO emissions from neutral and alkaline soils (Oswald et al., 2013), we have
not seen evidence of this in soil 6.8. Our calculations are based on the HNO; equilibrium
concentration in the soil moisture using the Henderson-Hasselbalch approximation, and this
suggested that the acid soil had a much higher potential HONO emission than the neutral soil,
despite the high TNN content of the latter. Moreover, the proposed high biological HONO
emissions from nitrite occurred under severe dry-out conditions of ~0-30 % WHC (Oswald et
al., 2013), whereas we had kept our soils at 80 % WHC, which is more relevant to the natural
conditions at the field site. Thus, it seems improbable that denitrification in soil 6.8 could
accumulate sufficient TNN to emit high levels of HONO at the field site in Fjaler, unless there
exists an enzymatic reaction that is somehow able to bypass the pH-dependent chemical
equilibrium between NO2 and HNO2, which was the implicit assumption by the authors
(Oswald et al., 2013). It is difficult to envisage such a microbial bypass mechanism in wet
neutral pH soil, however, since microbes are well-embedded in the soil moisture. Interestingly
however, our calculation of high concentrations of HNO: in the acid soil suggests that HONO

emissions observed under acidic conditions may be attributed purely to abiotic processes such

18



430
431

432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455

456
457
458
459
460
461
462

as the natural achievement of chemical equilibrium of TNN with HNO: in soil, and aqueous
HNO. with gaseous HONO.

Dominance of denitrification reductase functional homologues. Regardless of sample (MG
or MT) or soil type, there was always one dominant reductase for NAR, NIR and NOR — nar,
nirK and gnor, respectively (Fig. 3). Unlike nap, nar is synthesised under suboxic conditions
and is rarely used for aerobic nitrate reduction (Moreno-Vivian et al., 1999; Zumft, 1997),
which may explain the high nar transcription levels upon anoxia. Additionally, nap and nar are
differentially expressed, where high concentrations of nitrate represses nap and induces nar
expression (Wang et al., 1999). The lesser abundant NIR and NOR homologues (nirS and cnor)
may have been negatively selected against by their need for accessory genes. Both reductases
require cytochromes — functional NirS and cNor require genes for cytochrome synthesis in
addition to the reductase genes themselves (Zumft, 1997). In contrast, nirK and gnor genes are
sufficient for the synthesis of independently functional proteins. Coupled with the fact that
denitrification genes may be acquired by horizontal gene transfer, the complexity hypothesis
and gene deletion bias (e.g. selection-driven gene loss) argues for a higher probability of
successful transfer and retention of nirK and gnor genes, since such newly acquired genes
would be able to provide immediate function within the existing cell machinery and thus
potentially increase overall cell fitness (Albalat and Cafiestro, 2016; Koskiniemi et al., 2012;
Kuo and Ochman, 2009; Mira et al., 2001).Interestingly, many primer-based studies have
observed the opposite NIR trend, with a higher abundance of nirS than nirK genes and/or
transcripts (Liu et al., 2010; Palmer and Horn, 2012; also Supplementary Fig. 1). However,
nirK primers strongly favour a-proteobacteria (Coyotzi et al., 2017; Palmer and Horn, 2012;
Penton et al., 2013), which may not always be a major population. In contrast, nirS primers are
able to detect at least a-, B- and y-proteobacteria (Palmer and Horn, 2012; Penton et al., 2013),
leading to better detection of transcriptional patterns in soil 6.8 (Supplementary Fig. S1), but

also the lack of detection in soil 3.8 since only y-proteobacteria were present in the MT (Fig. 5).

Nitrite and nitric oxide control by NIR and NOR. Neither the genetic potential nor
transcriptional activity of the two NIR genes (nirK and nirS) bore much similarity to each other,
plausibly caused by their genomic mutually exclusivity (Graf et al., 2014). Additionally,
Brenzinger et al. (2015) noted that nirK denitrifiers were more resilient to pH changes, unlike
nirS denitrifiers that are suppressed by acidic conditions, likely explaining the pH-separated
nirS taxonomic profiles of the soils, whereas nirK showed some similarity (Fig. 5). Regardless

of specific NIR types, the overall levels of NIR (mainly nirK) present in the MG and MT of
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both soil 3.8 and 6.8 were comparable (Fig. 3), indicating a similarly strong potential for a
biological response to suppress potentially toxic nitrite. This suggests the existence of microbial
control of nitrite levels in the acidic soil, and not sole reliance on chemical processes to keep
levels of potentially toxic nitrite low. This is supported by other studies indicating that aerobic
chemical degradation of nitrite accounts for <40 % of nitrite “loss” in soil 3.8 and none in
soil 6.8 (Mgarkved et al.,, 2007), and that the control of nitrite levels in soil 3.8 is
biologically-driven during denitrification under anoxia (Lim et al., submitted for publication).
Consequently, we postulate that most of the nitrite degradation in soil 3.8 is biotic, and that at

least 60 % of gross NO produced is biological in origin.

The previously low nirK detection in both soil 3.8 and 6.8 (Liu et al., 2010) likely stemmed
from the use of “universal” primers (Throbéck et al., 2004) that targeted relatively narrow
groups of known NIR sequences (Coyotzi et al., 2017), as we observed first-hand in preliminary
gPCR analyses (Supplementary Fig. S1 and accompanying text). Such primer limitations
contribute to a consistent underestimation of less well-characterised environments that may
harbour nitrite reducers with non-conserved priming regions. Nevertheless, nitrite degradation
was still assisted by chemical processes at low pH, thus it is not surprising that gnor was higher
upregulated in soil 3.8 than nirK (Fig. 3). This indicated a robust biological attempt at regulating
nitrite-generated NO levels, which is in turn necessary because microorganisms risk inhibiting

their own respiration under uncontrolled NO levels (Bergaust et al., 2008).

In contrast, since nitrite is increasingly stable close to pH 7 (Stevens et al., 1998), the high
nirK transcription in soil 6.8 was not surprising, given the need to further reduce the
accumulating nitrite (Fig. 3). Although it appears that microorganisms in soil 6.8 were
apparently attempting to curb nitrite levels (albeit unsuccessfully as seen in Fig. 1), nitrite is
known to accumulate at neutral pH without apparent toxicity to microorganisms (Glass and
Silverstein, 1998). We hypothesise instead that the high nirK transcription may have been
caused by NIR playing “catch-up” with the highly expressed and active NAR, which was
generating very large quantities of nitrite (Fig. 1). Despite this high nirK transcription and the
relatively low NOR (cnor and gnor) transcription (Table 1), NO levels were kept lowest of all
the denitrification products during the entire incubation (Fig. 1). This inconsistency between
transcription and activity may be attributed to different mMRNA-protein translation ratios among
the reductases. The relative NO suppression at both pH 3.8 and 6.8 sheds a different light on
microbial control of potentially toxic denitrification intermediates, and may bear its roots in the

complex regulatory relationship of NO-sensitive transcription regulators (Rodionov et al.,
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2005; Torres et al., 2016). Nevertheless, it is worth noting that the amount of NO accumulated
in both soils is very high when compared to the levels generally observed in pure cultures
(Bakken et al., 2012; Liu et al., 2013), and the persistence of such high NO concentrations may

result in denitrification inhibition (Bergaust et al., 2008).

Incomplete denitrification at acidic pH. As expected, larger quantities of N>O were
accumulated in soil 3.8 than 6.8, and the major end-products accumulated were N2O and N2 in
soils 3.8 and 6.8, respectively. While it is known that acidic environments tend to accumulate
N20 instead of N. despite nosZ transcription (Brenzinger et al., 2015), previous (Liu et al.,
2010) and preliminary studies (Supplementary Fig. S1) with soil 3.8 were unable to detect nosZ
transcripts using primer-based techniques. Our current primer-free sequencing successfully
revealed early nosZ transcription in soil 3.8 without corresponding N2O reduction (Fig. 1,
Table 1).

This disparity in function may have its roots in the dissimilar genetic potential and activity
of the soils: Of all the denitrification genes (except for the low-occurring thus quantitatively
irrelevant nirS), nosZ bore the most pH-differentiated MG profile. The MG of soil 3.8 was split
between a-, B-, and y-proteobacteria, unlike the o- and &-proteobacteria dominated soil 6.8.
Although similar orders were active, the active community was fluctuating and the proportions
of transcripts from each order differed greatly between the soils. Since there was no observed
N20OR activity in soil 3.8, one of two conclusions may be drawn: (i) all nosZ-possessing
microorganisms had errors in their nosZ gene leading to non-function, or (ii) N2OR inactivity
was due to a post-transcriptional failure, likely caused by the acidic pH. Since the former
conclusion is unlikely to withstand the rigours of environmental selection [it is improbable that
bacteria will maintain and actively transcribe non-functional genes over multiple generations
(Albalat and Cafiestro, 2016; Koskiniemi et al., 2012)], the latter conclusion is more probable.
It has been suggested that post-transcriptional modifications were incomplete at low pH (Liu et
al., 2014), which is supported by the recent isolation of NosZ apoenzymes lacking copper ions
in its active site from Paracoccus denitrificans at pH <7 (Lycus et al., unpublished data).
Alternatively, given the delayed and lower transcription of denitrification genes in soil 3.8,
hindered transcription of regulators (e.g. nos operon element nosR, which directly affects NosZ
synthesis and maintenance) would also result in similarly reduced N2OR activity (Wunsch et
al., 2003; Wunsch and Zumft, 2005).

Because of the high gene sequence similarity and limited sequencing positions (see

Materials and Methods), as well as relatively conserved nosZ active sites, we deemed the
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separation of our reads to be insufficiently reliable to differentiate between the two types of
nosZ: Z-type (zNos) or c-type (cNos), alternatively defined by taxonomic separation of nosZ
clades I and 11 (Jones et al., 2012; Spiro, 2012). There is currently much interest in the often
overlooked cNos-carrying microorganisms because they may be widely abundant in the
environment (Jones et al., 2012; Orellana et al., 2014) and may also be correlated with the
occurrence of other denitrification genes (Graf et al., 2014). However, very recent research has
shown that systems with cNos-dominated DNA could still be dominated by active zNos
organisms (Coyotzi et al., 2017). Since both zNos and cNos reduce N2O to N, and the
significance of the dominance of either type is still debatable, we felt no need to attempt further
differentiation of the NosZ types in this study.

Trends in denitrification potential and response. Two of the strongest signalling molecules
in denitrification regulation are nitrite and NO, via repressors and regulators such as NsrR and
the aforementioned Crp-Fnr transcription regulator superfamily that activates
denitrification-related gene clusters (Rodionov et al., 2005; Torres et al., 2016). Evidence of
such global regulation was seen in the strong abundance correlation of all denitrification gene
transcripts (except nap) in soil 6.8 in response to accumulated nitrite and NO (Fig. 1, Fig. S4).
Similarly in soil 3.8, nar, nirK, gnor and nosZ transcript abundances were positively correlated
(nirS and cnor abundances are uncertain due to their low numbers). In comparison, gene
abundances of both soils revealed positive correlation only between NIR (nirK+nirS) and
N20R (nosZ) but a strong negative correlation with gnor (Fig. S4). Although NIR and N20OR
abundances were positively correlated with cnor, this may be more indicative of the
co-occurrence of cnor with NIR and N2OR within a single genome (Graf et al., 2014).

Abundances aside, MG and MT taxonomic profiles revealed trends within the microbial
guilds. Both soils displayed similar nirK and gnor, but relatively distinct nosZ MG profiles (0 h
bars in Fig. 5). Soil 6.8’s nirK and gnor MT profile was also relative stable (compared to nosz),
supporting the hypothesis of a link between active nirK and gnor denitrifiers independent of
nosZ organisms (Coyotzi et al., 2017). However, soil 3.8 bucks the trend with highly unstable
and apparently unrelated NIR, NOR and N2OR transcriptional profiles, highlighting the
influence of pH on the actively denitrifying population. Another previously hypothesised link
described a higher correlation of nirS than nirK with NOR (cnor+gnor) and nosZ (Graf et al.,
2014). Despite observing such an overall abundance correlation (Fig. S4), there was little
evidence at the community level, with the presence of an unstable nirS- and nosZ-transcribing

Burkholderiales population as the only indication in soil 6.8 (Fig. 5). Contrarily, Rhizobiales
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was actively transcribing both nirK and nosZ in soil 6.8, and transcribed nirK at equal or higher
levels than Burkholderiales nirS transcription. While the same Rhizobiales species may not
have transcribed both nirK and nosz, the MT profiles nevertheless fail to support greater
co-occurrence of nirS than nirK with nosZ. Similarly in soil 3.8’s MT, nirS was transcribed
only by Pseudomonadales which did not transcribe nosZ at all. Importantly, the co-occurrence
observations (Graf et al., 2014) stem from a DNA-based in silico study without associated
transcriptional or phenotypical data, and as observed in this paper, genetic potential can strongly
differ from activity. Therefore, this underscores the importance of phenome-linked meta-omic
(MG+MT) studies. On the other hand, the present paper analyses a mixed soil community,
where transcripts may be derived from different members of the same bacterial class, and may

therefore not be easily comparable with organism-specific studies.

Disconnect between meta-omes and phenome. Despite largely similar levels in soil 6.8’s MG,
there was a persistent dominance of nirK and nosZ over gnor transcripts (Fig. 3 and Table 1).
In theory, this should result in the accumulation of NO and N2 gases with low quantities of
intermediate nitrite and N2O (owing to the low NOR transcription and strong simultaneous
upregulation of all genes). However, we detected large quantities of interim nitrite and N2O
(Fig. 1). Similarly in soil 3.8, comparable levels of nirK, gnor and nosZ transcripts did not result
in a “balanced” denitrification gas profile, but in the accumulation of large quantities of NO
and N0 that failed to yield N2 (Fig. 1, 3). This complex relationship between genetic potential,
transcript abundance, and denitrification phenotype is further highlighted by comparing the net
production/consumption rates (Fig. 1B) to the transcription profile (Fig. 3D). Given that all
genes were up- and downregulated simultaneously, if we assumed similar translation rates and
enzyme activity, any change in enzymatic activity caused by bursts of transcription (indicated
as net production/consumption) should be reflected as a significant increase in end-product
accumulation (N20 in soil 3.8 and N2 in soil 6.8) since there was no loss of end-product.
However, increases in gene transcription were not always accompanied by a corresponding
change in net production/consumption. Such change was only seen post-0.5 h in soil 3.8 NO
and soil 6.8 N2 production (observed as spikes in production). The peak in net NO production
in soil 6.8 at 15 h may also be attributed to the 12 h transcription burst (Fig. 3D). Even assuming
that proteins may have been transcribed at different rates, the stability of all substrate
production/consumption rates were largely unperturbed throughout the incubation (Fig. 1B).
Contrarily, the only major change in end-product occurred around 30 h in soil 6.8, but is likely

due to an exhaustion of nitrate instead. Thus, the MG, MT and phenome of these soils together
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point towards post-transcriptional regulation or the regulation of associated essential genes
(such as nosR of the nosZ operon) for most genes involved in denitrification.

Concluding remarks. In the last decade, falling costs associated with sequencing analyses and
better bioinformatics tools have resulted in many MG and MT studies, but few are well-linked
to phenotypic measurements. This paper details the effort of such close MG, MT and phenome
associations, which are necessary together to fully comprehend the complexity of microbial
community response to nitrate addition under anoxic conditions. Denitrification in these soils
was clearly divided by environmental pH, most outstanding of all is the simultaneity of gene
transcription (Fig. 3), the control of nitrite in soil 3.8 (Fig. 1), and the present and responding
bacteria (Fig. 4-5). Jointly, these results clearly depict a process modularity expected in
complex environments, as well as the fallibility of relying on only MG/MT for process
predictions. In particular, this study conclusively shows that the effect of N2OR
non-functionality at low pH ranges across a diverse microbial community, strongly arguing for
a general post-transcriptional effect at low pH, rather than a pH-dependent composition of the

community.
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Quantification of transcripts using quantitative real-time PCR (qPCR).

Amplicon-based quantification of denitrification using primers targeting 16S rRNA
(27F/518R), nirK (517F/1055R), nirS (cd3aF/R3cd) and nosZ (nosZF/1622R) genes were
performed on both DNA and RNA samples from soil 3.8 and 6.8. There was consistently lower
quantities of all tested genes in soil 3.8 than 6.8, but all were above the detection limit (4 x 10°
copies g soil, ww). Reverse transcription gPCR of the three denitrification genes revealed two
peaks in transcription in soil 6.8 at 3 and 9-12 h, pointing towards two distinct bursts in
transcription. The two bursts of transcription were confirmed with sequencing-based analyses
(see main paper), and was not an artefact of extraction efficiency bias. In comparison, soil 3.8
signals were indistinguishable from the gqPCR signal baseline. This either indicated a
constitutive low expression of these genes, or the unsuitability of existing denitrification gene
primers targeting the microflora in soil 3.8. Given the high expression detected using
sequencing technologies and the dominance of nirK over nirS in soil 3.8 (Fig. 3, main text), the
latter is the most likely reason.
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Figure S1 | Degenerate primers targeting nirK, nirS and nosZ were unsuitable for soil 3.8 and
failed to detect gene transcripts in amplification-based analyses. (A) Primers targeting the 16S rRNA
(27F/518R), nirK (517F/1055R), nirS (cd3aF/R3cd) and nosZ (nosZF/1622R) genes were able to detect
gene copies in both soils 3.8 and 6.8. (B) mRNA transcripts of nirK, nirS, and nosZ were only detected
in soil 6.8 (blue), revealing a “dual expression peak” pattern for all three genes. The gPCR fluorescence
signal from soil 3.8 (red) samples could not be differentiated from baseline noise.
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Calculating the concentration of HNO:2 as a function of pH and total nitrite concentration.

The Henderson-Hasselbalch equation (1) can be used to calculate the relative amount of

undissociated nitrite as a function of pH (which is controlled by the buffer system of the soil):
Ka = [H'T*[AT[HA] 1)
Where Ka is the base dissociation constant
Taking the logio of both sides
log0(Ka) = log10[H'] +logio([AT/[HA]) )
defining pX = - logio[X], (2) gives:
-PKa = -pH + logio([AT/[HA]) 3)
Replacing [A] with [NO27] and [HA] with [HNO2],
and solving equation (3) for [NO2)/[HNO:]:
[NO2J/[HNO2] = 10¢HPKa) 4)

Equation (4) can be solved for [HNO2]/([HNO2]+[NO2]), which is the molar fraction of total

nitrite (as measured) that is un-dissociated:
[HNO2J/([HNO2]+[NO2]) = 1/(1+[NO27) = 1/(1+10CPH-PKa)y  (5)
Hence, we can calculate the concentration of un-dissociated HNO: in the soil
[HNO2] = TNN/(1+10¢H - pPKa)) (6)

where TNN is the measured concentration of total nitrite N ([HNO2]+[NO27], pH is the
measured soil pH and K, is the dissociation constant for nitrous acid, which is 4E-4 (hence
pKa=3.3398).

Needless to say, soil pH is the most problematic parameter, since the pH may vary throughout
the soil matrix, and the bulk pH as measured depends on the cation concentration in the soil
slurry. Our pH measurements were done in 0.01 M CaCl,, which is thought to give pH values
close to the average of the intact soil. Higher salt concentrations will give lower pH values and

vice versa.
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Table S1 | Kingdom-based relative abundance of taxonomies based on 16S rRNA analysis.

Soil pH Time (h)

Relative abundance (%)

Archaea Bacteria Unclassified
3.8 0 0.3 94.2 55
3.8 0 0.3 94.2 5.5
3.8 0 0.2 94,5 5.3
6.8 0 0.6 93.9 55
6.8 0 0.5 94.1 5.4
6.8 0 0.4 94.2 5.4
6.8 3 0.5 94.1 5.4
6.8 3 0.2 94.5 5.4
6.8 12 0.6 93.8 55
6.8 12 0.6 94.0 55
6.8 27 0.4 94.2 5.4
6.8 27 0.3 94.3 5.4
Soil 3.8 Soil 6.8
100% 1
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Figure S2 | The taxonomic distribution of archaea in soil 3.8 and 6.8 based on 16S rRNA
sequencing revealed contrasting communities. Samples were sequenced using primers targeting the
16S rRNA gene (515f/806rB) and annotated using the GreenGenes database as reference. Values are
relative to total archaeal 16S rRNA. Detailed breakdown found below (Supplementary Table S1).
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63  Table S2 | Taxonomic distribution of 16S rRNA genes present in soil 3.8 and 6.8 during anoxic incubation.

Kinad Phv Soil 3.8 Soil 6.8

ingcom ylum 0h 0h oh Oh 0h 0h 3h 3h 12h 12h 27h 27h
Archaea Ammonia-oxidising (Crenarchaeota: Thaumarchaeota) 0.00 0.00 0.00 057 048 042 040 015 059 053 040 0.35
Archaea Methanogens (Euryarchaeota: Methanomicrobia) 0.06 0.08 0.04 002 0.00 000 004 000 003 002 000 0.00
Archaea Other Archaea (Crenarchaeota: Thermoprotei) 0.07 0.06 0.04 0.00 0.00 0.00 007 000 000 000 000 0.00
Archaea Unclassified Archaea 0.19 018 0.14 0.00 0.00 000 000 000 000 000 000 0.00
Bacteria Acidobacteria 845 757 8.85 074 077 073 105 067 071 071 074 0.73
Bacteria Actinobacteria 12.07 12.85 13.62 10.70 1054 11.14 1021 1021 1192 10.78 10.71 10.49
Bacteria Armatimonadetes 012 011 o0.10 000 0.00 000 002 000 0.00 000 000 0.00
Bacteria Bacteroidetes 349 407 321 779 719 694 572 653 733 899 633 577
Bacteria Caldithrix 0.00 0.00 0.00 008 010 008 008 011 0.07 008 009 0.08
Bacteria Chlamydiae 0.00 0.07 0.00 005 0.03 003 002 003 005 005 005 0.04
Bacteria Chlorobi 0.06 006 0.05 000 0.00 000 000 000 000 000 000 0.00
Bacteria Chloroflexi 032 042 037 157 136 147 142 144 151 144 158 149
Bacteria Cyanobacteria 013 013 0.20 005 0.08 006 009 004 006 005 010 0.07
Bacteria Deferribacteres 0.09 0.07 0.08 0.06 0.07 006 007 007 006 007 006 0.06
Bacteria Firmicutes 1225 1243 12.88 10.73 1040 10.37 1045 1096 10.39 10.60 1056 10.94
Bacteria Gemmatimonadetes 013 011 012 004 004 005 011 005 005 005 005 0.06
Bacteria Nitrospirae 021 015 0.5 068 070 065 061 060 063 062 071 0.65
Bacteria Planctomycetes 497 455 421 329 336 324 333 333 319 314 328 342
Bacteria Proteobacteria (Alphaproteobacteria) 13.72 13.08 14.28 12,32 1279 1289 1381 1281 1276 12.05 1234 1272
Bacteria Proteobacteria (Betaproteobacteria) 6.71 7.08 6.95 523 535 538 544 545 490 515 515 559
Bacteria Proteobacteria (Deltaproteobacteria) 246 224 216 427 415 464 423 418 394 374 425 432
Bacteria Proteobacteria (Epsilonproteobacteria) 0.00 0.00 0.00 0.07 0.06 006 006 003 006 006 005 0.03
Bacteria Proteobacteria (Gammaproteobacteria) 542 599 568 953 993 996 992 996 983 992 1012 9.98
Bacteria Proteobacteria (Unclassified) 6.73 6.31 6.16 549 562 557 542 558 561 557 574 544
Bacteria Spirochaetes 0.05 006 0.05 015 015 015 0415 0214 0212 014 014 014
Bacteria Synergistetes 147 152 163 029 027 026 028 028 026 027 027 0.28
Bacteria Tenericutes 0.00 0.00 0.00 003 0.00 008 000 000 0.02 006 005 0.00
Bacteria Thermotogae 022 020 0.19 0.16 016 016 016 023 017 015 018 0.15
Bacteria Unclassified Bacteria 928 929 9.6 11.76 1228 11.84 12.03 1295 12.04 11.87 13.07 1245
Bacteria Verrucomicrobia 586 580 4.39 883 876 843 937 886 817 843 862 940
Unclassified Unclassified 549 552 532 551 536 53 544 536 555 552 539 537

64  All values are listed as relative abundance (% of total sequences)
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Table S3 | Occurrence of assigned denitrification and DNRA genes and transcripts in soil 3.8 and 6.8 (all values in RPM).

Soil pH  Time (h) nap nar nirkK nirS cnor gnor nosZ nirB nrf Total Denitrification DNRA
DNA
3.8 - 24.6 147.0 33.7 0.9 5.0 70.5 175 56.7 5.6 361.5 82.8% 17.2%
3.8 - 24.1 146.8 35.9 0.9 6.0 68.7 19.3 59.5 5.2 366.5 82.3% 17.7%
3.8 - 225 145.3 37.1 0.8 6.1 68.3 17.8 54.8 55 358.2 83.2% 16.8%
6.8 - 62.5 128.1 37.6 54 10.5 375 25.8 129.1 37.2 4735 64.9% 35.1%
6.8 - 61.0 130.3 39.6 6.1 10.3 38.2 27.8 132.4 38.8 484.4 64.7% 35.3%
6.8 - 64.5 131.3 39.6 5.6 11.3 36.6 23.8 133.8 40.6 487.0 64.2% 35.8%
Total 259.2 828.8 223.5 19.7 49.2 319.7 131.9 566.3 132.7 2531.0 72.4% 27.6%
RNA
3.8 0.5 3.0 46.0 23.5 0.0 1.3 31.7 334 8.8 0.0 147.7 94.1% 5.9%
3.8 0.5 13 45.1 23.4 0.0 0.7 27.3 25.9 3.0 0.0 126.7 97.6% 2.4%
3.8 3 2.8 104.7 40.9 0.4 1.3 98.2 62.0 2.7 0.2 313.2 99.1% 0.9%
3.8 3 6.6 79.9 42.1 0.0 0.1 52.8 42.0 6.3 15 231.4 96.6% 3.4%
6.8 0.5 16.3 162.2 72.3 21.9 10.2 23.2 86.7 29.6 9.1 4315 91.0% 9.0%
6.8 0.5 41.1 131.9 42.4 6.9 141 32.6 40.5 63.0 20.3 392.7 78.8% 21.2%
6.8 3 50.0 544.6 330.2 63.0 28.1 106.0 417.8 17.8 11.7 1569.2 98.1% 1.9%
6.8 3 41.6 336.1 192.9 35.8 22.1 55.8 368.2 52.0 8.5 1112.9 94.6% 5.4%
6.8 9 49.9 114.5 40.6 8.0 10.8 31.0 56.2 102.1 21.8 434.8 71.5% 28.5%
6.8 9 60.8 136.5 32.3 4.5 7.1 25.5 12.3 125.8 27.2 432.1 64.6% 35.4%
6.8 12 48.0 261.9 137.5 185 16.4 58.4 154.0 67.0 275 789.3 88.0% 12.0%
6.8 12 44.7 235.1 149.1 22.6 18.4 40.8 234.9 68.1 32.9 846.6 88.1% 11.9%
6.8 27 43.8 127.6 56.5 7.1 10.6 215 65.4 87.1 16.6 436.2 76.2% 23.8%
6.8 27 53.1 124.2 67.4 7.1 12.6 34.0 77.8 92,5 19.3 487.9 77.1% 22.9%
Total 462.8 2450.3 1251.1 195.6 153.9 639.0 1677.0 725.8 196.7 7752.1 88.1% 11.9%

Denitrification = denitrification-related genes (nap+nar+nirK+nirS+cnor+gnor+nosZ); DNRA = DNRA-related nitrite reductases (nirB+nrf)
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Figure S3 | Genetic potential vs. transcription at 0.5 and 3 h in soils 3.8 and 6.8. Gene abundance
(triplicates, green) vs. transcript abundances (combined 0.5 and 3h, orange) in soil 3.8 (upper panel) and

soil 6.8 (lower panel).
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Figure S4 | Correlation of denitrification gene and transcript abundances from both soils depict a
strong pH-dependent effect. The metagenomes of both soils 3.8 and 6.8 were analysed together to
create a general denitrification gene abundance correlation pattern for the entire experimental field site.
Metatranscriptomes were analysed separately to determine pH-influenced transcriptional abundance
differences. Correlation matrices were sorted to group stronger correlations together. Correlation and
probability values are reported in Supplementary Table S4.
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Table S4 | Raw values for Pearson correlation of denitrification genes and transcripts (Fig. S4).

Correlation Probability

DNA (Soil 6.8 + 3.8)

nap nar nirK nirS  cnor gnor nosZ nap nar nirK nirS cnor gnor nosZ
nap 1.00 nap 0.00
nar -0.99 1.00 nar 0.00 0.00
nirKk 080 -0.80 1.00 nirk 0.06 0.06 0.00
nirS 099 -098 0.82 1.00 nirS 0.00 0.00 0.04 0.00
cnor 098 -097 0.88 0.97 1.00 cnor 0.00 0.00 0.02 0.00 0.00
gnor -1.00 099 -0.83 -0.99 -0.99 1.00 gnor  0.00 0.00 0.04 0.00 0.00 0.00
nosZ 093 -095 0.79 0.96 091 -094 1.00 nosZz  0.01 0.00 0.06 0.00 0.01 0.00 0.00
RNA (Soil 6.8)

nap nar nirK nirS cnor gnor nosZ nap nar nirK nirS cnor gnor nosZ
nap  1.00 nap 0.0
nar 0.06  1.00 nar 0.87  0.00
nirKk  0.04 0.99 1.00 nirKk 091 0.00 0.00
nirs -013 097 097 1.00 nirS 073 000 000 0.00
cnor 0.04 0.93 0.95 0.90 1.00 cnor  0.92 0.00 0.00 0.00 0.00
gnor 020 096 095 090 092 1.00 gnor 057 0.00 000 0.00 0.00 0.00
nosZz -0.02 0.93 0.96 0.93 0.95 0.85 1.00 nosZ 0.96 0.00 0.00 0.00 0.00 0.00 0.00
RNA (Soil 3.8)

nap nar  nirK nirS cnor gnor nosZ nap nar  nirK nirS cnor gnor nosZ
nap 1.00 nap 0.00
nar 0.37 1.00 nar 0.63 0.00
nirK 0.69 092 1.00 nirK 031 008 0.00
nirS -0.19 0.83 0.54 1.00 nirS 0.81 0.17 0.46 0.00
cnor -0.67 000 -0.36 0.0 1.00 cnor 033 1.00 064 050 0.00
gnor  0.16 0.97 0.79 0.94 0.24 1.00 gnor  0.84 0.03 0.21 0.06 0.76 0.00
nosZ 024 09 080 091 026 099 1.00 nosZ 076 004 020 009 074 0.01 0.00
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