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Summary

Edgardo I. Valenzuela.2019. Microbial Processes Driven by the Redox Capacity
of Natural Orga nic Matt er Suppress the Emission of Greenhouse Gases in
Wetland Sediments . Doctoral Thesis, Instituto Potosino de Investigacion Cientifica
y Tecnoldgica AC, San Luis Potosi, Mxico.

edox-active organic molecules (RAOMs)commonly referred to as Aumus

or humic substances(HS) represent a fair amount of the carbon stored

for hundreds of years through decomposition processes in several
ecosystems Because of the high reactivity that these substances possess which is
given by its high content in electron donating and accepting moieties (redox
functional groups), they can mediate several chemical and bidogical reactions in
nature. Within the numerous transformations that these substancesmay elicit, the
linking of global biogeochemical cycles, such as the C, Fe, S and N cycles could
result in the suppression of greenhouse gases (GHG) produced via microbial
processes.Our hypotheses were based on the fact that HS reducing, or oxidizing
microorganisms, could employ GHG, such as methane (CH) or nitrous oxides (N2O)
as electron donor or acceptor, respectively, thus providing additional mechanisms
of GHG suppression in organotrophic systems, such as wetlands. Despite this
potential, little information was available about the role that this RAOMs and
related microorganisms could play as GHG sinks. This lack of information inspired
the goal of this dissertation, summarized herein, which was to overcome the
existing knowledge gaps by (i) proving that the microbiota of wetland sediment s
could employ humic material as terminal electron acceptor for achieving anaerobic
methane oxidation, (ii) provide evidence on electron shuttling mediated by humic

substances supporting CH; oxidation with metal oxides as terminal electron

XXii



acceptors, (iii) elucidating the potential of H Sto link GHG consumption (CH; and
N20O) by promoting inter -species electron transfer and (iv) evaluating the effect of
a sulfur cryptic cycle promoted by HS on the anaerobic oxidation of methane.

In the first part of my PhD research, it was tested if the microorganisms
present in sediments collected from a coastal wetland were able to employ CHs as
the electron donor to reduce both a structural analogue of HS (anthraquinone-2,6-
disulfonate, AQDS)andt he sedi ment ds i ntri nsidentfi€klAOMs. F
the enrichment of specific bacterial and archaeal phylotypes CHs oxidizing/quinone
reducing selective conditions. These results as well as those anaerobic methane
oxidation (AOM) kinetics obtained by inhibition -based tests allowed to propose a
mechanism for AOM which involves archaea in a broader spectra than the common
ANME lineages,the decoupling of archaea from sulfate-reducing bacterial partners,
as well asnatural organic matter (NOM) acting not only as an electron sink but
also as asubstrate for methanogenesis these results are presented inChapter Il ).

In the second part of this dissertation (Chapter IIl'), it is shown how two
sources of HSwith distinct chemistry and redox properties could act as electron
shuttles for microorganisms to carry out AOM with iron oxides of distinct
crystallinity as electron acceptors. Furthermore, it was demonstrated how these
RAOMs additionally promoted the sequestration of carbon dioxide (CO2) coming
from CH4 mineralization by eliciting the precipitation of iron carbonates due to the
parallel enhanced iron reduction. These finding s show how a relevant mechanism
of AOM in wetland sediments, which links the C and Fe cycles, can be hindered by
geochemical phenomena triggered by th e geochemical conditions prevailing .

In the third part of my PhD research, the capability of microorganisms
presents in wetland sediments to consume not only CHs but also N2O in a coupled
manner was evaluated Evidence is provided demonstrating that HS stablish a link

between methanotrophic and nitrous oxide reducing microorganisms allowing
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AOM to be dependent of N 2O reduction. These resuts, presented in Chapter IV,
are the first demonstration of an inter -species electron transfer mechanism, which
uses RAOMs to allow normally non-compatible microbial synergism resulting in
diminished CHs and N2O emissions. Furthermore, NO reducers were identified
through cloning methodologies and proposed as potential oxidizers of reduced
RAOMs

For the last part of this research, in Chapter V, the objective wasto decipher
if HS could trigger a cryptic cycling of sulfur, which would result in a positive
feedback to sulfate dependent AOM. It was observed that even though HS can
oxidize sulfide to oxidized sulfur compounds, /.e. thiosulfate, and thus potentially
promoting further methane oxidation, AOM was mainly fueled by HSin wetland
sediments. Consequenty, chemical reduction of the redox moieties in HS would
result in a competing process for CHs oxidizing/HS reducing microorganisms
having a negative impact in the overall rates of CHs consumption.

Altogether, the pieces of evidence gathered in this work, which link microbial
and chemical processes inthe C, Fe, N and S biogeochemical cycles, urgeto
perform further research to fully decipher the mechanisms by which HS elicit
processes mitigating the emission of greenhouse gases to the atmosphere.
Knowledge of this nature is critical to assess the autoegulation capacities that
microbes possess to lessen GHG emissions and thus assessing tire potential

impact in current and future scenarios of climate change.
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Resumen

Edgardo I. Valenzuela. 2019Rol de los Procesos Microbianos Promovidos por la
Capacidad Redox de la Materia Organica Natural en la Supresion de la
Emision de Gases de Efecto Invernadero por S ediment os de Humedal es. Tesis
Doctoral, Instituto Potosino de Investigacion Cientifica y Tecnologica A.C, San Luis
Potosi, México.

as moléculas organicas con actividad redox (MOAR) histéricamente

conocidas como humus o sustancias humicas (HS), represenain una

cantidad colosal del carbono almacenado durante cientos de afios a través
de procesos de descamposicion de materia organica natural (MON) en diversos
ecosistemas. Debido a la reactividad que poseen estas sustancias, que les es
conferida por su alto contenido en grupos funcionales donadores y aceptores de
electrones (grupos funcionales redox), éstaspueden mediar diferentes reacciones
quimicas y biolégicas en la naturaleza. Dentro de las numerosas transformaciones
gue estas sustancias en las que estasustandas pueden participar, la conexion de
los ciclos biogeoquimicos, tales como los ciclos del C,Fe, Sy N, podria conllevar a
la supresion de la emision de los gases de efecto invernadero (GEI) producidos a
través de procesos microbianos de manera natiral en los ecosistemas. Las hipotesis
planteadas en esta tesis se basaron en el hecho de que los ndroorganismos
reductores y oxidantes de las SH podrian emplear GElI como el metano (Ckj o el
oxidos nitroso (N20) como donador o aceptor de electrones respectivamente,
proporcionando asi mecanismos adicionales de supresion de GEI en sistemas
organotroficos como los humedales. A pesar de ese potencial, hasta el momento
en el que esta tesis fue concebida, se disponia de informacién limitada sobre el
papel que podrian desempefiar estas sustancias y los microorganismos con

capacidad de utilizarlas por sus capaddad redox en el contexto de los sumideros
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biologicos de GEI. Esta falta de informacion inspir6 el objetivo de esta investigacion
de tesis, que en resumen ®nsistia en superar las brechas de conocimiento
existentes al (/) demostrar que la microbiota de un sedimento de humedal podria
emplear material hiumico como aceptor terminal de electrones para la oxidacion
anaerobia de metano, (/#) proporcionar evidencia sobre la transferencia de
electrones mediada por sustancias humicas propiciando la oxidacién de CH con
oxidos metalicos como el sumidero de electrones, (/) dilucidando el potencial de
las SH para propiciar el consumo simultaneo de CH y N2O al promover procesos
de transferencia de electrones inter-especies y (/v) evaluar el efecto de los ciclos
cripticos de azufre promovidos por SH en la oxidacién anaerobia de metano.

En la primera parte de este proyecto doctoral, se evalué si los
microorganismos presentes en los sedimentos de un humedal costero podian
emplear CHs como donador de electrones para reducir, no solo un analogo
estructural (antraquinona-2,6-disulfonato) y una fuente purificada de HS (SH
Pahokee Pead), sino también las MOAR intrinsecas del sedinento. Ademas, se
detectd el enriguecimiento de filotipos bacterianos y de arquea especificos bajo
condiciones de presion selectiva, basados en esto y en resultados obtenidos a
partir de pruebas basadas en inhibicion de la sufato-reduccion; se propuso un
mecanismo para la oxidacion anaerobia de metano (OAM) en humedales que
involucra argueas en un especto mas amplio que aquel que sélo considera los
linajes de ANME, el desacoplamiento de arqueas del compafiero bacteriano sulféo
reductor y a la MON tanto com o sustrato para metanogénesis (fraccion labil) asi
como un sumidero de electrones (fraccion recalcitrante con propiedades redox).
Estos resultados son presentados en elCapitulo Il ).

En la segunda parte de esta disertacion Capitulo 1ll), se comprob6 cémo
dos fuentes de SH con distintas propiedades redox fungieron actuar como

transportadores de electrones para que los microorganismos llevaran a cabo la
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OAM con 6xidos de hierro de distinta cristalinidad como aceptor terminal d e
electrones. Ademés, se demostd coOmo simultdneamente éstas MOAR
promovieron el secuestro de diéxido de carbono (CO2) proveniente de la
mineralizacion de CH; al inducir la precipitacion de carbonatos de hierro debido a
las mayores tasas de hierro reduccid. Estos hallazgos muestran como un
mecanismo relevante de OMA en los humedales que une los ciclos C y Fe puede
verse obstaculizado por fendmenos geoquimicos provocados por el contexto
geoquimico.

En la tercera parte de esta investigacion de doctorado, se puso a prueba la
capacidad de labiota de humedal para consumir no solo CHs sino también N2O de
manera acoplada. Se proporciona evidencia de que las SH establecen un vinculo
entre los microorganismos reductores de Oxido nitroso y los microorganismos
metanotroéficos, el cual que permite que la OAM sea dependiente de la reduccion
de N20. Estos resultados, presentados en elCapitulo IV, son la primera
demostracion de un mecanismo de transferencia de electrones interespecies que
utiliza los grupos funcionales caracteristicos de las MOAR parapermitir un
sinergismo microbiano normalmente no compatible que resulta en una supresion
simultdnea de emisiones de CH. y N20. Ademas, los reductores de NO se
identificaron mediante metodologias de clonacién y se propusieron como posibles
oxidantes de SH.

Para b Ultima parte de esta investigacion, en el Capitulo V, el objetivo fue
dilucidar si las SH pudieran desencadenar un ciclo criptico de azufre que resultara
en una retroalimentacion positiva para la OAM dependiente de la reduccion de
aceptores de electrones azufrados. Descubrimos que a pesar de que las SH pueden
oxidar el sulfuro disuelto a compuestos de azufre oxidados, p. €]., tiosulfato, y por
lo tanto suscitar mayores tasas de OAM, el consumo biolégico de CH: por la

microbiota del humedal fue impu Isado principalmente por la humus-reduccion. En

XXVii



consecuencia, la reducciéon quimica de los gruposfuncionales de las SH resultaria
en un proceso competitivo para la oxidacion de CHs dependiente de la reduccion
de SH que se veria reflejado como un impacto neggativo en las tasas de consumo
de CHa.

En conjunto, la evidencia reunida en este trabajo y que uncula aspectos
microbianos y quimicos no solo del ciclo biogeoquimico del C, sino también del Fe,
N y S, sefalan la necesidad de llevar a cabo mas investigacido de mayor
profundidad que dé como resultado un conocimiento profundo sobre los
mecanismos mediante el cual las SH puede desencadenar procesos mediante los
cuales se define la cantidad neta de GEI que se libera a la atmésfera de la Tierra
debido a procesos microbiologicos. El conocimiento de esta naturaleza es
fundamental para evaluar las capacidades de autorregulacion que poseen las
comunidades microbianas para disminuir sus emisiones de GEI y, por lo tanto,
evaluar el impacto potencial que estas fuentes naturales pueden tener en los

escenarios actuales y futuros del cambio climatico.
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CHAPTERI
INTRODUCTION

Redox-Active Organic Molecules as Key
players in the Suppression of the Emission

of Greenhouse Gases

HIGHLIGHTS

Redox-active organic molecu les (RAOMS) i.e. humic substances(HS)
mediate numerous ecologically important reactions in the envi ronment.

20 years of research pinpoint the importance of RAOMSs in suppressing the
emission of greenhouse gases (GHG) .

Severalphylogenetically diverse archa ea and bacteria are involved in
GHG suppressing reactions mediated by RAOMs.

New mechanisms of CHs and N2O emission suppression by HS are
proposed in this Thesis.



Abstract

edox-active organic molecules (RAOMSs) historically known
R as humus or humic substances(HS) represent an operationally defined
fraction of natural organic matter with plentiful ou tstanding physical and chemical
properties. Because oftheir versatility and functionality, HS have been thoroughly
investigated for their use in several tedcnological fields. However, one of the most
invaluable assets of these naturally produced RAOMSs innature is their ecological
function derived from the severalmechanisms in which they can intervene in global
biogeochemical cycles. This introduction summarizes the current body of
knowledge about how HS, the often overlooked, nonetheless principal, represent a
pivotal player in the microbial suppression of emission of greenhouse gases (GHG)
from aquatic ecosystems. Due to their exceptional redox properties, beyond
suppressing methane emissions coming from microbial decomposition of organic
matter (methanogenesis), HS can function as the electron sink for globally relevant
reactions, such as anaerobic oxidation of methane (AOM). Also, by enhancing
microbe-metal and/or microbe -microbe interactions, HS can further catalyze metat
dependent AOM or link microbi al GHG consuming reactions by enabling inter-
species electron transfer. Ths chapter also underlines the active role of HS in the
sulfur cycle, and how the triggered cryptic reactions might affect methane and

carbon dioxide dynamics in ecosystems.




1.1 What are Humic Substances

Humic substances (HS) also known as humus or humic material, are
complex organic compounds which mains characteristics are their intricate
chemical structure, dark color, richness in redox functional moieties, and resistance
to biodeg radabilityl. HS are naturally produced and stored in environments in
which chemical, enzymatic and microbial processes slowly and incessantly degrade
carbonaceous compounds leaving behind this kind of residue. This process has
been named humification (Fig. 1)!. Several ecosystems (aquatic and terrestrial)
constitute the ideal niche in which humus is formed and preserved during large
periods of time, thus HS are believed to be wbiguitous in the environment?. As an
example, it has been estimated that about 1600x10' g of the total biosphere 6 s
carbon pool is stored as HS (70% of the soil NOMY. This represens up to 90% of
the carbon stored in wetlands and similar freshwater ecosystems and around 0.7
2.4% of dissolved organic matter (DOM) in the ocean. Becauseof the differences
on their origin and diagenesis, HS may present variations ontheir chemical
composition, molecular weight, and structure; meaning that there is no general
chemical formula for HS* Recently, several reports have challenged general
assumgptions about the traditional concept and properties of HS. On one hand,
Lehman and KlebeP have proposed to consider a continuum of progressively
decomposing organic compounds due to the lack of evidence supporting the
formation of HS in soils via the propo sed humification model. On the oth er hand, a
couple studies have demonstrated how this by default considered recalcitrant
molecules can indeed be microbially degraded by fungi or complex organic carbon
degrading bacteria®®’. Furthermore, the utilization of commercial humic acids HA,

a fraction of HS) as electron donor by the biota of a methane producing wetland




sediment did promote methanogenesis and the proliferation of fermenting

bacteria suggesting the biodegradation of a fraction of this humic material®.
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Fig. 1.1bSchematic representation of the formation, structure and redoxproperties
of humic substances, the most important redoxactive organic molecules in the
environment. Through chemical and biotic degradatiothe highly decomposed organic
fraction traditiondly known as Aumus continuously accumulates in organigch
ecosystems in which iparticipates in numerous ecologically relevant processese to

the wide range of redox potential given by its functional moieties.

Taking these new approaches into consideration, and considering how some
authors have referred to HS /e. as the highly transformed fraction of natural
organic matter (NOM) with capacity to accept electrons (redox-active)?, as organic
acids’, or as continuously decomposing organic compounds®, we will define and
often refer to HS as redox-active organic molecules (RAOMs) accoding to the

purposes of this dissertation.




1.1.1 The Redox Properties of Humic Substances

Because of the many properties that HS display such as sorption, retention,
chelating, and binding properties, they have been subject of research on several
fields during almost the whole last century (Fig. 1.2). Biological sciences, such as
biotechnology and environmental microbiology fields, have thoroughly focused on
the development of new technologies to tackle environmental priority issues
related to the removal of several kinds of pollutants from wastewater and soils by
using HS'%1L Most of these developments rely on one of the most exploitable
properties of humu s, itsredox activity!2.

One of the primordial characteristics of these compounds, is the richness in
chemical groups placed at the periphery of their aromatic structural core (Fig.
1.1)1314  These moieties can differ in number, chemistry, availability,and redox
properties depending on the source of the humic material, th us resulting on a
range of redox-potential, reactivity, and electron accepting capacity (EAC) which
can be very variable amongst the radically different sources of these kinds of

RAOMs(Table 1.1).




Table 1.1 bExamples of the variability of the electron accepting capacity of several types of humic

materials extracted from natural settings as well as from commonly used sources of humic and fulvic

acids commercially available.

Kind of humic material or
Commercial name

Source of extraction/Provider

EAC

Reference

DOMA

Suwanee River fulvic acid (FA
Suwanee River humic acid
(HA")

HA Sodium Salt
Suwanee River Il HA
(Standard)

Elliott Soil HA
(Standard)
Pahokee Peat HA
(Standard)
Leonardite HA
(Standard)

Nordic Lake HA
(Reference)
Waskish Peat HA
(Reference)

Pony Lake FA
(Reference)

HA
HA

HA

HA

Highly decomposed peat
(DOM)

Highly decomposed peat
(particulate organic matter,
POMY)

Weakly decomposed peat
(DOM)

Weakly decomposed (POM)

Long-term oxidized peat
material (DOM)
Long-term oxidized peat
material (POM)

Mer Bleue bog, Ottawa, Canada

Okefenokee Swamp, South Georgia,

USA
Sigma-Aldrich

Okefenokee Swamp, South Georgia,

USA (IHSS)

Joliet, lllinois, USA (IHSS)

Florida Everglades, Miami, USA (IHSS)
Gascoyne Mine, North Dakota, USA

(IHSS)

Vallsjgen, Skarnes, Norway (IHSS)

Minessota, USA (IHSS)

Antartica (IHSS)

Drained thaw lake basin near Barrow

Alaska
Ancient basin

Sigma-Aldrich

Sigma-Aldrich

Neustadter Moor, Germany (cutover

bog)

Mittleres Wietingsmoor, Germany

(cutover bog)

Vechtaer Moor, Germany

0.286.1meq” e gt
C

~0.2peq™ eglcC
~lpyeqgeglC
~2ueqeglcC
0.96 meq e g!
1.96 meqe gt
1.68 meqe gt
1.71 meqe gt
1.2 meqe gt
0.98 meq e g!

0.49 meq e g*

0.260.5meqe gt

0.38+0.13 meq € g-1
0.10 meq e gt dry
material
2.48 and 1.42+0.026
3.35+0.15 pmol & mg

Cl
9.01+1.74 pmol € (g
peat Cy?!
660.9+8.13 pumol € (g
peat Cy?!
3.64+1.07 umol € (g
peat Cy?!
302.9£35.5 pmol &
(g peat C)y*
10.3£1.52 ymol € (g
peat Cy?!
453.6+16.3 umol e
(g peat Cy*!

Heitmann et al.,
20071

Jiang and
Kappler, 20076

Aeschbacher et
al, 2010

Lipson et al.,
2013

Zhang et al.,
20148

Yu et al.,
2015'°,2016%°

Gao et al.,
2018%

‘EAC. electron accepting capacity’meq: mili or “"peq: electronmicro-equivalents "DOM: dissolved

organic mattey ' FA: fulvic acids, -HA: humic acids YPOM: particulate organic matter




The main functional moiety, which confers redox capacity to HS, has been proven
to be the quinone chemical group!3'422 Depending upon the redox conditions of
the environment in which HS can be found, their quinones may be on a fully
reduced (hydroquinone; QHy), fully oxidized (quinone; Q), or in an intermediate
oxidation state (semiquinone radical QH)?3. Additional non-quinone moieties
found in HS are the 1-methyl-2,5pyrrolidinedione, N-methyl aniline, 3
(methylthio) -propanoic acid, and dimethyl sulfone groupsi®?4 However, due to
their predominance in HS, commercially available quinones such as
anthraquinone-2,6-disulfonate (AQDSF2%27, anthraquinone-2-sulfonic acid (AQS),
5-hydroxy-1,4-naphtoquinone (juglone)?®, and 2-hydroxy-1,4-naphtoquinone
(lawsonef® have been traditionally used in experimental settings testing the

capability of microorganisms to use HS as electron donor or acceptor.




1.1.2 Humus -Reducing and -Oxidizing Microorgani sms

Pioneer studies exploring the diversity of microbes capable of using HS and
their analogs as electron acceptor3° or donor 3!, revealed that a great diversity of
microbes could be able to complete its respiratory chain when oxidizing diverse
organic substrates®?, as well as to reduce oxidized compounds®?® which includes
several important pollutants 1934 Specific characteristic of humus-reducing (HRM)
and -oxidizing (HOM) microorganisms are: i) they can be found in a great diversity
of terrestrial and aquatic environments, ii) they are phylogenetically diverse
(including phylotypes not only from the bacterial , but also from the archaeal
domain), and iii) they are generally able to reduce or oxidize other electron
acceptors or donors, besides HS*®. Due to these characteristics, these versatile
microorganisms can participate in biogeochemical relevant reactions, therefore,
linking the C, N, S, Fe, and As cycles (to mention some) by driving or mediating
redox reactions and thus thriving in numerous environments. Consequently, HS
have been extensively studied with the purpose of taking their potential in
environmental and biotechnological applications, comprising areas, such as
wastewater treatment and biodegradation of priority pollutants ( Fig. 1.2). Martinez
and colleagues as well as LipczynskaKochany (2013, 2018)°34 have extensively
reviewed the potential of HRM to be key players in environmentally important
fields, such as biodegradation and biotransformation of priority pollutants |,
including nitro-aromatics, halogenated compounds, and several extensively used
dyes. Furthermore, the importance of quinones as promoters for biological energy
generation, and nano-catalyst production has also been examined; however, in the
last few years the body of knowledge concerning the mechanisms by which HS can

intervene in the natural dynamics of microbial GHGs emission has been increasing




considerably (Fig. 1.2). This is of primordial importance due to the current

problems of climate change that we as humanity face.
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Fig. 1.2bSCOPUS based search on the scientific interest in Humic SubstancesThe
total number of scientific papers published per year in which humic substances is used
as a keyword is shown in bars. The insedisplaysthe percentage of papers in which
humic subsances and other keywords of interesof this dissertationare present within
the literature Calculations were as follows% = (# of papers with the keywords HS

and /. e. Biodegradationn a year | # of papers with the keywords HS that year)*100).




1.2 Mechanisms for greenhouse gases emission suppression by

humus -reducing/oxidizing microorganisms

1.2.1 Methanogenesis suppression by Humic Substances

Pioneer studies which provided the first clues on the role of HS in the
suppression of methanogenesis, showed that the anaerobic microbial
transformation of halogenated organic pollutants, shifted towards CO 2 production
instead of CHs generation when an organic rich sediment was supplemented with
HS® . Later, the inhibition of methanogenesis in sludge and sediment incubations
in which volatile fatty acids, hydrogen and phenolic compounds, were used as the
substrates, was shown when AQDS was provided since it became the preferred
TEA’38 Two mechanismswere proposed as the reason for this effect; on one hand,
the oxidation of organic compounds coupled to quinones reduction is
thermodynamically more viable than methanogenesis (Fig. 1.3A and C); on the
other hand, some methanogenic archaea can switch their metabolic pathway
towards quinone reduction instead of methanogenesis (Fig. 1.3B). This last
mechanism was afterwards confirmed by several studies exposing different
archaeal phylotypes with this capability (listed in Table 1.2) and it was also recently
proven in M. acetivorans by genetic and transcriptomic analyses®.

Several studies aiming to elucidate the dynamics of CH, and CO, emissions
from wetland s, ecosystems that represent the most important natural contributors
to the global CH4 budgets, did observe higher CO,:CH; ratios than expected from
anaerobic decomposition (expected to be 1:1)%*042 Keller and colleagues®
presented the first evidence for suppressed methanogenesisdriven by HS in these
important environments, by showing that amendment of wetland soils with

extracted HS or with commercial source of HS (IHSS Pahokee PeatHS) shifted the
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expected CO:CH; ratio to much higher values due microbial reduction of HS
instead of methanogenesis. Blodau and Deppe (2012)* further confirmed these

findings in sediments of an ombrotrophic bog.

A Thermodynamics affecting substrate B Metabolic shift of
. utilization in microbial community versatile methanogens
HRM"
Co, AQDS CO, Methanogen
AQDS
v v
organic AH,QDS )
€ donor 2 organic AH,QDS
x 0 € donor
methanogen X
Methanogenesis a1 /) Acetate
-AQDS—reduction AS ‘A'E'E 8 “E° AE 8 A'E

/i) Propionate

AEAE AE'E A'EAN EEC AEAE'E AE'EANR B AEE
/i) Acetate
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AEAE "EE A'E'E A'EAN) £'EC AEA'E'E  AE'EAN & AE &
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Fig. 1.3bMechanisms for methanogenesis suppression by Humic Substances.
Superior panelsdepict the two mechanisms by which HS may suppress methanogenic
activity that have been identified so far: AQDS reduction competing for methanogen
substrates due to morefavorable thermodynamicsPanel A (Cervantes et a/ 2000) ¥,
and methanogens switchingheir metabolic pathway towards quinone reductioRanel

B (Cervantes et al, 2002)*. Panel C shows some examplg of the higher Gibbs free
energy obtained through AQDS and oxmid Humic Substances reduction against the

energy obtained through the methanogenic process (modified from Cervantes et al
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2000°%). Calculations for acetate oxation coupled to HS reduction £g. 1j were done using the

Nernst equation, considering 8 elexins transferred towards HS for the complete oxidation of acetate to
HCO;,andarangeof B1 v - 300 mV¥ for HS as proposed by Aeschbacheer a/(2011)* and

Straub et a/(2000) “°. "HRM, humus reducing microorganism.

1.2.2 Anaerobic methane oxidation driven by microbial reduction

of HS

Several indications regarding the documented dynamics of CHs and CO;
consuming/producing processes in organotrophic environments , such as wetlands,
led to hypothesize that the most abundant electron acceptor in th is kind of
ecosystem, HS, could fuel anaerobic CH oxidation (AOM) and thus explaining
some inconclusive observations'’. This hypothesis was supported by:i) the high
CO,:CH ratios obtained in anoxic sediment incubations?#44849 ii) large proportions
of AOM activities unexplained by the reduction of t r adi ti onal 5% organi c
and iii) the theoretically physiological capability and energetic feasibility of this
process. Regarding the last point, the great diversity and ubiquity of HRM, as well
as the wide range of redox-potential of HS°, would make the HS-driven AOM
process much more feasible than that coupled to sulfate (SOs%) reduction, the
most common TEA for AOM>? (Fig. 1.4D).

Scheller and colleagues (20162 presented the first evidence demonstrating
how an anaerobic methane oxidizing archaeon (ANME), of the 2c clade (from a
microbial enrichment coming from a marine sediment) was able to anaerobically
oxidize CH; by extracellularly directing electrons towards AQDS and several other
artificial TEAs including SigmaAldrich HA. Right after, Valenzuela and colleagues
(2017, Chapter Il of this Thesisf, demonstrated how the anaerobic biota of an
environmental inoculum taken from a tropical coastal wetland, was able to couple

AOM to the reduction of Pahokee PeatHS (PPHS even in the presence of
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additional inorganic electron acceptors (SQi>” and Fe(lll))intrinsically present in the
sediment. The contribution to mitigatin g global CH4 emissions by this HSfueled
process was estimated to be 1300 Tg of CHs per year considering the global
wetland area. Interestingly and contrastingly to that reported by Scheller®® in
analogous AQDSenriched set-ups, the abundance of ANME, the only archael
group known to perform AOM activities , was almost undetectable by high-
throughput sequencing, thus distinct archaeal groups, such as the Bathyarcheota,
Thaumarchaeota and the Marine Benthic Group D from the Euryarchaeaota were
proposed to potentially play a role in the HS-driven AOM process, based on
abundances obsened via high throughput sequencing (Fig. 1.4B). Recently, Bai
and colleagues (2019%* have demonstrated that another member of the ANME
group, the ANME 2-d clade, which was firsly discovered due to its capacity to link
AOM to NO3 reduction®® and after proven to be capable of reducing Fe and Mn
oxides®®, was also able to couple the methanotrophic process to RAOMs reduction.
This discovery reinforces the importance that RAOM may have in the control of the
global flux of CH4 to the atmosphere and therefore as key players in climate

change.
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1.4bMechanisms for Anaerobic Methane Oxidation driven by Humic

Substances. Panek A to C depict the different scenarios reported in which RAOMs

can drive AOM these include:Panel A decoupling from bacterial sulfateeduction by

ANME2¢®, Panel B NOM and AQ@S-driven AOM by the micrdbial communityof a

wetland sedimerft and Panel C, displays HA and quinones driven AOM by ANMEKI

archaea which are commonly involved in the nitrogen cycfé. Panel D displays a

comparison among the thermodynamics of AOM reacBomlependent on several

electron acceptors. All Gibbgree energy values were taken from previous repdtt§™®®

except for that shown inEq. /v which was calculatedusing the Nernst equation,

considering 8 electrons transferred towards HS for the compleaigidation of CH to

CO,, and a range of E

studieg®®,

Vv

30 mV for HS suggested in previous
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1.2.3 Humic substances as electr on shuttle s for AOM with metallic
oxides as TEA

As a follow up to the studies regarding HS-driven AOM, Valenzuda and
colleagues (2019, Chapter Ill of this Thesisf° provided the first evidence showing
that HS could further promote CH 4 oxidation by acting as an electron shuttle and
consequently catalyzing the dissimilatory reduction of iron minerals. Goethite and
ferrihydrite, two forms of iron oxides of distinct crystallinity that are commonly
found in nature, served as TEA for AOM when two distinct sources of HS
(Leonardite, a coal mine derived humic material, and PPHS) were provided.Besides
prompting AOM, it was observed that HS elicited the formation of inert ferrous iron
carbonates, such as siderite thus sequestering a potent GHG by turning it into inert

minerals (Fig. 1.5A).

A.

HS as a mediator for AOM with
metallic oxides as the TEA *HS tested:
Pahokee PeaHS (IHSS, IS103H)
ferrihydrite (@ crystallinity ~ Leonardite(IHSS, 1S104L)

co, e (@ cryst;
)@( )ablotlc *goethite (mcristallinity) Fe oxides:
reacnon
HSeq siderite (FeCQ,) i

92-line ferrihydrite (FesHOg - 4H,0)
*¥U-FeOOH

B.

Possible mechanism for HS enabling AOM with

ferrihydrite as TEA acting as e shuttles *Quinones tested:
AQS
der'“m A/QDS
Flavin
qumones‘” ferrihydrite
>‘Q< )ablotl r( **HA tested:
CH4 qumones red eactio

propionate ngfo\ﬂb"o HAved MacklinChemical Co. HA

Fig. 1.5bRAOMSs fueling AOM by shuttling electrons towards iron oxides.Panel A

shows the mechanism of carbon burial described by Valenzueaa/ 2019% in which
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different sources of HS served as the electron shuttle for the microbial community of a
wetland sedinent to perform AOM with iron oxides as the TEA with the concomitant
production of inert carbonates. Panel B displays the potential archaeal
(Mettanobacteriurp and bacterial (Desulfovibri proposed to carry out this humus
mediated process concomitantly assilating propionate as C source according to

results shown by Heet a/ 2019%.

Later, He and colleagues (2019} documented the occurrence of this HS
mediated CH4 consuming process and observed the predominance of an archaeon
from the Methanobacterium dgenera, along with a Desulfovibrio bacterium
apparently working in syntrophy to carry out this process. It was proposed that
Methanobacterium could have carried out partially CHs oxidation and produced
propionate in the process. Therefore, the bacterial partner could have oxidized
propionate to CO2 with the subsequent reduction of ferrihydrite to Fe ?*. These
conclusions were based on the observations of propionate consumption, which
exclusivelyoccurred in the presence of 9,10-anthraquinone-2-sulfonic acid (AQS) as
an electron carrier concomitantly to CH4 consumption and ferrihydrite reduction
(Fig. 1.5B).

Altogether, these studies point out the importance that RAOMs may have by
linking the C and Fe cycles hrough electron shuttling reactions. These discoveries
also expand the mechanisms by which Fe, the most abundant metal on Earth may
function as a sink for AOM through indirect processes. Previously, microorganisms
such as Methanoperedens nitroreducens, have been demonstrated to directly
transfer electrons extracellularly towards metallic oxides to accomplish AOM®®.
However, as demonstrated in pioneer studies regarding the electron transferring
capacities of HS362, not all microorganisms are physiologically able to reduce solid

extracellular TEAssuch asmetallic oxides®3. Thus, the discovery of methanotrophic
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processes that rely on RAOMs as electron shuttles to proceed, expand the
possibilities of microbial interactions and niches in which metals, such as Fe and
Mn, may help to diminish CH4 emissions, thus having a huge biogeochemical

impact.

1.2.4 Inter -species electron transfer mediated by HS promote
GHGs consumption

Microorganisms employ several mechanisms by which they can overcome
individual metabolic restrictions. In order to harvest energy from the degradation
of substrates, some microbes are able to extracellularly transfer electrons to
microbial partners in a mechanism known as interspecies electron transfer (IET§4.
By this kind of mechanism, different microorganisms, with distinct metabolic
capacities, may enable syntrophy /. e. sharing the electrons that one microbe
harvested from the oxidation of a reduced compound with another organisms,
which will use these electrons to reduce a second compound serving as final
electron acceptor®®. However, not every microorganism is able to swap electrons
with a partner in a direct manner (direct interspecies electron transfer, DIET), some
microorganisms require molecules or materials that serve as a bridge for electron
transport due to their redox properties.

Quinone-mediated electron transfer (QUIET), is the name given to the
process in which two microorganisms share electrons via quinones or quinone-
containing materials, such as granular activated carba, carbon cloths, biochar or
HS, which serve as a coructive bridge that enables the electron transporting
process’®. In a similar manner to that in which quinones may catalyze iron
reduction through electron shuttling (Fig. 1.5), they may link microbial

metabolisms /. e. ethanol oxidation coupled to fumarate reduction by two species of
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Geobacter (G. metallireducens and G. sulfurreducend®® or CHs production from
ethanol consumption by G. sulfurreducensand Methanosaeta®.

Following the same mechanism, Valenzuela et a/, (submitted, Chapter IV of this
thesis) tested the hypothesis about HS serving as a link between anaerobic
methane oxidizers and nitrous oxide reducers via QUIET. Results showed that
indeed the microbial commu nity of a coastal wetland sediment could link CH4
oxidation to N 20 reduction in a close stoichiometric relationship exclusively when

PPHS were presentffig. 1.6).

emano m,doblae (RC 3| Metabolic  capablities :
M,vled'a"" CH, oxidzing  3HS
CO, N,O redudng archaea
CH >O< >°< HS oxidizng &N,O
4 HSred redudng bacieria

Fig. 1.6 bSimultaneous CH, and N,O consumption through an extracellular electron
transfer process mediated by the redox-active moieties in Humic Substances.
Methanomicrobiagae uncultured species and the Rice Cluster | genera
(Methanocellaceae d&mily) were the archaeh phylotypes highly enriched and thus
proposed to be responsible for theCH, oxidation halfreaction Acinetobacter(o-
proteobacteria family) was the most abundam,O reducer seemingly completing the
QUIET mediated GHG consuming processes (Valenzuetd a/ Chapter IV of this

thesis).

These results are anindication of the potential that HS may have in a global
context by suppressing GHG emission vialETprocesses. Further studies must focus

on deciphering additional microbial synergies that could be established through
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the QUIET proces elicited by humus and the impact that these coupled processes

may have in ecosystems specifically in the cycling of elements.

1.2.5 Sulfur cryptic cycling elicited by Humic Substances and its
effect on AOM

Previously, some studies gave the first insidits on sulfur (S) 8 NOM
interactions with a potential involvement in C cycling and therefore with
consequences in CQ and CHs emissions. Pioneer studies demonstrated that the
reaction of dissolved sulfide (HS), the main product from sulfate (SQ:?) reduction,
with NOM could result in the incorporation of S into the structure of HS analogs,
such as the quinone Juglone?®. Subsequent studies identified that the oxidizing
power of the functional moieties of HS could result in the transformation of HS -
into several sulfurous intermediates, such as elemental sulfur (8)'° and thiosulfate
(S03%)1567, as well asincorporation into the o rganic structure of HS'%:¢7,

Heitmann and colleagues (2007)°, were the first to discuss the potential effect that
S cycling by HS could have in the dynamics of the C cyclesuch as organic matter
degradation and therefore in CO2 and CHs production. Recenty, Valenzuela et a/,
(manuscript in preparation, Chapter V of this thesis), demonstrated via chemical
assays performed under conditions close to those prevailing in wetland sediment
and pore water (pH, temperature, organic matter concentrations and ionic
strength), how HS was anoxically oxidized due to the electron accepting moieties
of Pahokee PeatHumic Substances. The main products of this S cycling process
were elemental sulfur () and thiosulfate (50s%) in that specific order, which

agreed with previous studies'®>®’ (Fig. 1.7).
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Fig. 1.7bSulfur cycling by Humic Substances (HS) and its effect on anaerobic
methane oxidation (AOM) Panel A displays the model of S cycling by the oxidizing
power of HS and the hypothetical positive feedback on sudfakeducing processes
which would outcompete methanogenesis for electron donors according to Heitmann
and colleagues 2006, 2007, Panel B shows dissolved sulfide (HS oxidation and S
products formation competing with thelS-dependentAOM process for he oxidized
functiond moieties of HS as electron acceptoré/alenzuela and colleaguesChapter V

of this thesis)

Additionally, it was verified that sulfur was also incorporated into the organic
structure of PPHS by the formation of C-S bonds and thus transforming the
chemical and redox properties of the humic material 12968 |ncubation of AOM-
performing wetland sediment enriched with SO4* and/or PPHS as electron
acceptors demonstrated that, while methanogenesis suppression occurred due to
the extended oxidizing power provided by sulfate, AOM was preferentially driven
by humus-reducing microorganisms (Fig. 1.7). Furthermore, this humus-dependent
methanotrophy was negatively affected by SOs> reduction due to the chemical
reduction of HS and the incorporation of S into the organic humic structure.

Although this study fails to prove that indeed a humus -elicited S cryptic cycle could
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extend AOM in a microbial culture in which CHs oxidation is fueled by S
compounds (such as SQ?% or S$;03%), the relevance ofthis paper resides on the fact
that this is the first study evaluating chemical environmental factors, such as the
presence of competing electron donors in a process as environmentally relevant as

NOM/humus -fueled AOM can be in organotrophic environments.

1.3 Scope of the Doctoral Dissertation

Microorganisms are the littlest living entities driving biogeochemical cycles
in our planet. Within this context, the redox active fraction of natural organic
matter, also known as hAumic substances may play important roles in the
suppression of the emission of greenhouse gasesby eliciting several mechanisms
of microbial activity. Since these biological reactions may involve the reduction or
oxidation of the redox moieties in this compounds linked to the depletion of
potent greenhouse gases such as Chl and N20O, the main goal of this doctoral
dissertation was to describe mechanisms by which humic substances could

diminish the emission of CHs, N2O and CQO, from wetland sediments.

1.4 Hypotheses and Specific Objectives

Hypot heses

9By acting as terminal electron acceptor for methanotrophic microorganisms, humic
substances could drive the process of anaerobic oxidation of methane. Thisnovel
processwould represent a missing piece in the understanding of the carbon cycle
in environments such as wetlands, the main natural emitters of this potent

greenhouse gas
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9 The anaerobic oxidation of methane coupled to humic substances reduction, could
be further elicited if metallic oxides such as ferric iron minerals act as the terminal
electron acceptor by oxidizing the reduced functional groups of humic
substances and thus renewing its availability for methanotrophic microbes . This
mechanism of humus-prompted e/ectron shuttling would link the C and Fe cycles
and by consequence expand the exent by which CH4 emission is suppressed.

fRedox functional groups in humic substances, /.e, quinones, could link the N and C
cycles by allowing otherwise non-interacting microbes of methanotrophic and
nitrous oxide reducing metabolisms to stablish simultaneous activity via
extracellular electron transfer.

fDue to its wide range of redox potential, humic substances could intervene in the
sulfur cycle by mediating the oxidation of sulfide coming from sulfate -reducing
dependent anaerobic methane oxidation. By doing so, additional production of
sulfur oxidized compounds could further promote anaerobic methanotrophy

fueled by the respiration of sulfur compounds.

Specific Objectives

To document the capability of the microbiota of a wetland sediment to link the
anaerobic oxidation of methane to the reduction of humic substances and its
structural analoges. This includes providing qualitative and qualitative evidence
as well as proposing a mechanism considering parallel biological processes (e.g.,
methanogenesis) and the microbial taxa potentially involved.

1 To describe the occurrence of electron shuttling mediated anaerobic oxidation of
methane with iron oxides of distinct crystallinity and morphology as the terminal
electron acceptors, and proposing the underlying novel mechanism taking into
account potential simultaneously occurring chemical processes such as the
precipitation of dissolved carbonate and ferrous iron in the form of iner t

carbonates (e.qg., siderite).
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To prove the capability of humic substances to enable the simultaneous

consumption of methane and nitrous oxide by mediating the extracellular

electron transport

microorganisms.

between methanotrophic and nitrous oxide

reducing

To test the feasibility of humic substances driving a cryptic cycling of sulfur by

provoking the recycling of sulfide coming from sulfate dependent anerobic

oxidation of methane.

This includes identifying the organic and inorganic

products of sulfide oxidation by humus and evaluating the effect of that this

reaction may have on the methanotrophic and methanogenic activities of the

microbiota of a wetland sediment.
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CHAPTER I

Anaerobic Methane Oxidation
Driven by Microbial Reduction of
Natural Organic Matter

HIGHLIGHTS:

1 Theanaerobic oxidat ion of methane (AOM) was stoichiometrically linked
to anthraquinone-Z2,6-disulfonate (AQDS) reduction .

1 AOM was coupled to Pahokee PeatHumic Substances reduction(~100
nmol cm -3 day-1).

1 Archaeal and bacterial taxadistinct to AOM putative microorganisms
were enriched under the humus-reducing/CHs-oxidizing conditions.

1 Theglobal contribution to CHa suppression by this novel process is
estimated to be of the order of 1,300 Tg CH4 year-.

A modified version of this chapter has been published as:
Valenzueh, E I., Prieto-Davo, A., LopezLozano, N. E., HerndndezEligio, A., Vega
Alvarado, L., Juarez, K., et al(2017). Anaerobic methane oxidation driven by
microbial reduction of natural organic matter in a tropical wetland . Appl. Environ.
Microbiol. 83, AEM.00645-17. doi:10.1128/AEM.00645 17.
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Abstract

etlands constitute the main natural source of methane on Earth due to
W their high content of natural organic matter (NOM), but key drivers such
as electron acceptors supporting methanotrophic activities in the se habitats are
poorly understood. We performed anoxic incubations using freshly collected
sediment along with water samples harvested from a tropical wetland, amended
with 13C-methane (0.67 atm) to test the capacity of its microbial community to
perform anaerobic methane oxidation (AOM) linked to the reduction of the humic
fraction of its NOM. Collected evidence demonstrates that electron-accepting
functional groups (e.g. quinones) present in NOM fueled AOM by serving as
terminal electron acceptor. Indeed, while sulfate reduction was the predominant
process accounting for up to 42.5% of the AOM activities, microbial reduction of
NOM concomitantly occurred. Furthermore, enrichment of wetland sediment with
external NOM provided complementary electron-accepting capacity, which
reduction accounted for ~100 nmol *3C-CH; oxidized cm=3 dl. Spectroscopic
evidence showed that quinone moieties were heterogeneously distributed in the
wetland sediment, and that their reduction occurred during the course of AOM.
Moreover, an enrichment derived from wetland sediments performing AOM linked
to NOM reduction stoichiometrically oxidized methane coupled to the reduction of
the humic analogue, anthraquinone-2,6-disulfonate (AQDS) Microbial populations
potentially involved in AOM coupled to microbial reduction of NOM were
dominated by divergent biota from putative AOM -associated archaea. We estimate
that this microbial process could pot entially contribute to the suppression of up to
114 Tg CH: yr! in coastal wetlands and more than 1,300 Tg yr! considering the

global wetland area.
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2.1 Introduction

Microbial processes produce and consume methane (CH) in anoxic
sediments playing a crucial role in regulating Earth’s climate. Virtually 90% of CH
produced from marine environments is oxidized by microorganisms avoiding its
release to the atmosphere 1. Anaerobic oxidation of methane (AOM) associated
with sulfate reduction was first discovered in marine environments 2. More recently,
AOM has also been linked to the microbial reduction of nitrate 34 and nitrite °, as
well as Fe(lll) and Mn(lV) oxides®® in freshwater and marine environments.
Wetlands are the largest natural source of CH: ®, contributing to about a third of
global emissions 10, but key drivers, such as electron acceptos fueling
methanotrophic activities in these habitats, are poorly understood. CH4 emissions
from wetlands have been strongly responsive to climate in the past and will likely
continue to be responsive to anthropogenic -driven climate change in the future,
predicting a large impact on global atmospheric CH4 concentration 19, The
traditional assumption is that aer o byi
cycling by oxidizing an estimated 40 to 70% of gross CHs: production in these
ecosystems?!!, Recent findings 12 challenged this conjecture by providing evidence
that AOM may consume up to 200 Tg CHs yrl, decreasing their potential CHa
emission by 50% in these habitats. Most AOM activities observed in wetlands have
been related to sulfate reduction 123 but other electron acceptors remain feasible.
Natural organic matter (NOM), circumscribed to humic substances (HS) in many
studies 4, occurs at high concentrations in wetlands both in soluble and solid
phases '°. Recent evidence indicates that HS suppress métane production in
different ecosystems 1617 yet the mechanisms involved are still enigmatic. HS can
theoretically promote AOM as they can serve as terminal electron acceptors for

microbial respiration 181° and have higher redox potential than sulfate 2°. However,
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compelling evidence demonstrating AOM driven by the microbial reduction of
NOM present in anoxic environments remains elusive?:22,

We aimed to document !*CH: anaerobic oxidation and the ongoing
reduction of intrinsic electron acceptors, including the electron accepting fraction
of NOM, by the biota of freshly sampled sediment from a coastal tropical wetland.
We provide *CH; tracer studies and spectroscopic evidence demonstrating for the
first time that AOM is linked to the microbial reduction of redox functional groups
present in the NOM of this tropical marsh. Furthermore, we found evidence, based
on 16s rRNA gene sequences, indicating that microbial populations potentially
involved in AOM coupled to microbial reduction of NOM were dominated by

divergent biota from putative AOM -associated microorganisms.
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2.2 Materials and Methods

2.2.1 Sediment sampling and characterization

Sediment cores were collected from the tropical marsh Sisa/ located in

Yucatan Peninsula, southeastern Mexico (21°0 9 6 26 6 6 N,

(Fig. 2.1).
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Fig. 2.1bGeographic localization of the sediment and water sampling point within

the Yucatan Peninsula. The Sisal wetland is a mangrove swamp located within the

ports of Celestun and Sial in southeastern Mexico. This coastal zone has a serarid

climate, a high degree of karstificatiorand receives intermittensaltwater inputs from

the ocean.The imagewas taken and modified fromGoogle Maps2019.

Sediment cores with a depth of 15 cm were collected under a water column

of approximately 70 cm. Water samples were also collected from the area of

sediment sampling points to be used as liquid medium in anaerobic incubations.

All sediment and water samples were sealed in hermetic flasks aml were
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maintained in ice until arrival to the laboratory. Upon arrival, all sampled materials

were stored at 4°C in a dark room until analysis and incubation. Sediment cores

were opened and homogenized within an anaerobic chamber (atmosphere

composed of N2/H2 (95%/5%, v/v)) before characterization and incubation. No

amendments (addition of chemicals, washing or exposure to air) were allowed on

sediment and water samples in order to reflect the actual conditions prevailing /n

situ as closely as possible. Cheacterization of water and sediment samples is

described in Table 2.1.

Table 2.1 b Sediment and water characterization.

Column water Pore water Sediment
Sulfate (mM) 2.81+0.4 6.7+0.8 NA
Sulfide (mM) 2.07+0.19 6.18+0.22 NA
Nitrate (mM) ub 1.75%0.06 NA
Nitri te (mM) ubD ubD NA
Total iron (Mg g dry sediment 1) uD uD 0.26+0.02
Total manganese (Mg g dry ub ubD 0.0067
sediment'l)
TOC* (mg L) 35.45+0.72 148.73+2.26 NA
TIC* (mg L") 39.85+1.05 185.07+0.68 NA
TC (Mg carbon Odry sediment'l) NA NA 80.35+4
TIC (MQinorg. carbon. Jdry sediment _l) NA NA 43.97+2.1
Volatile solids (%) NA NA 11%
Sodium (mg L 1) 2006.7+11.5 3914.37+37 NA
Chloride (mg L 1) 4361.11+ 7506.24+607.9 NA

642.1

UD, undetectable NA, not applicable *total organic carbon measured in liquigthase, **t otal

inorganic carbon measured in liquid phase.
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2.2.2 Sediment incubations

Water samples collected from sediment sampling points were thoroughly
mixed before amendment with HS (2.5 g L) by magnetic stirring. Pahokee Peat
(Florida, Evergladgs) HS, purchased from the International Humic Substances
Society, were employed as exterral NOM in sediment incubations. Humic-enriched
water was flushed with N2 to blow away any dissolved oxygen. Portions of 15 mL
were then distributed in 25-mL serological flasks. Sediment containers were
opened inside an anaerobic chamber. Portions of 2.5 nL of wet sediment
previously homogenized were then inoculated into each serological bottle. After
sealing all bottles with rubber stoppers and aluminum rings inside t he anaerobic
chamber, they were flushed with N2. Once anaerobic conditions were established, 5
mL of 13C-labeled methane were injected into each vial to reach a 3CH, partial
pressure of 0.67 atm in a headspace of 7.5 n. Controls incubated in the absence
of external HS were also prepared by following an identical protocol. Killed controls
included chloroform at a concentration of 10% (v/v) to annihilate any microbial
activity. Additional incubations were executed in the presence of the sulfate-
reduction inhibitor, molybdate (25 mM), in the presence and in the absence of
external NOM. All incubation bottles were statically placed in a dark room at 28 °C
(temperature prevailing at Sisal wetland at the sampling time). The pH remained at

7.5£0.05 throughout all incubations.
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2.2.3 Enrichment incubations with AQDS

Incubations were commenced by inoculating 120-mL serological bottles
with 10 g of volatile suspended solids (VSS)L? of Sisal sediment. Prior inoculation,
portions of 60 m L of artificial medium wer e distributed into the incubation bottles
and flushed for 15 min with a mixture of N 2:CC: (80%/20%, v/v) for stripping any
dissolved oxygen from the medium. AQDS (>98.0% purity, TCI AMERICA
Chemicals) was added at a concentration of 10 mM as terminal electon acceptor
along with the following basal medium components (g L1'): NaHCQ (5), NHiClI
(0.3), kHPO4 (0.2), MgCk®H20 (0.03) and CaCl (0.1). Trace elements were included
in the medium by adding 1 m L L'? of a solution with the following composition (mg
L'Y): FeChatH20 (2,000), HBGs (50), ZnCk (50), CuCi®H20 (90), MnChatH20 (500),
AICk®H20 (90), CoCi®&H20 (2000) 2,0 (N20)C INa% HO a® H162),
(NH4)6M07024 (500), EDTA (1,000), NAVO4&,0 (100) and 1 mL L:* of HCI at 36%.
The final pH of the medium was 75 and no changes were observed throughout the
incubation time. Once inoculation took place, microcosms were sealed with rubber
stoppers and aluminum rings, and then flushed with the same N2:CQO mixture.
After anoxic conditions were established, 1 ml of sodium sulfide stock solution was
injected into each vial to reach a sulfide concentration of 0.1 g L in order to
consume any traces of dissolved oxygen. Methane was provided into the
microcosms by injecting 30 mL of CHs (99.9% purity, Praxair)reaching a partial
pressure of methane of 0.54 atm. Subsequent incubations were performed after
AQDS was reduced (converted to ARBQDS) coupled to anaerobic oxidation of
methane (AOM). A new set of bottles containing basal medium with AQDS (10
mM) were inoculated within an anaerobic chamber by transferring 10 mL of slurry
(sediment and medium) taken from previous incubations (Fig. 2.2). The following

incubations were completed under the same experimental conditions.
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Once all AQDS was reduced 10 ml Once all AQDS was reduced basal
of slurry were taken to be used as medium was replaced and
inoculum for new microcosms. conditions reestablished

Day 151: slurry sampling
and storage (-80°C) until
DNA extraction.

Day 0:
inoculation
(10 g VSS I'Y

CH, CH,

N,/CO, (so%/zo%)‘

1stcycle: day Oto 101 2nd cycle: day 101 to 139 days 3rdcycle: day 139to 151
Final CHy oxidized/ AQDS educed ratio: none  Final CHy oxidized/ AQDSreduced ratio: 1:5.5 CHy oxidized/ AQDS educed ratio: 1:4.7
Biomass concentration: lowered by Biomass concentration: unmodified

dilution

Fig. 2.2bSchematic representation of sequential incubation cycles for AQDS

dependent methanotrophic activity.

2.2.4 Analytical techniques
2.2.4.1 Isotopic carbon dioxide and methane measurements

lons 16 (2CHs), 17 (PCHs), 44 (2COz) and 45 (3COz) were detected and
quantified in a Gas Chromatograph Agilent Technologies 7890A coupled to a Mass
Spectrometer (detector) Agilent Technologies 5975C, the ionization was achieved
by electronic impact and quadrupole analyzer. For the analysis, a capillary olumn
Agilent Technologies HP-PLOT/Q with a stationary phase of poly-styrene-di-vinyl-
benzene (30 m x 0.320 mm x 20 um) was employed as stationary phase using
helium as carrier gas. The chromatographic method was as follows: the starting
temperature was 70 °C which was held for 3 min, and then a ramp with an increase
of 20 °C per min was implemented until 250 °C was reached and maintained for 1
min. The total time of the run had a duration of 13 min. The temperature of the

injection port was 250 °C. The ingction volume was 20 pl and there was only one
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replicate of injection per bottle. The gas injected into the GC was taken directly
from the headspace of the incubations and immediately injected in to the GC port.
Methane calibration curves were made by injection of dif ferent methane (99.9% of
purity) volumes into serological bottles under the same experimental conditions
(atmosphere composition, pressure, temperature, and liquid volume). 2CQO, and
13CO; curves were made using different dried sodium bicarbonate (99% purity,
Sigma Aldrich) and sodium *3C-labelled carbonate (99 atom %!3C, Sigma Aldrich)
concentrations, respectively, in serological bottles which contained the same
volume of wetland sediment and water used in incubations. Standards were
incubated at room temp erature for 12 hours until equilibrium with the gaseous
phase was reached. The linear regression analysis of obtained measurements had a
co-relation coefficient higher than 0.97. 3CO; production rates were based on the
maximum slope observed on linear regressions considering at least three sampling

points.

2.2.4.2 Methane quantification in AQDS enrichment

Net methane consumption was assessed in terms of methane concentration
measurements in the headspace of microcosms. These measurements were carried
out by injecting 100 pl of gas samples from the headspace of incubation bottles
into a gas chromatograph (Agilent Technologies 6890M) equipped with a thermal
conductivity detector, and a Hayesep D (Alltech, Deerfield, Illinois, USA) column
with the following dimensions: 3.048 m x 3.185 m x 2.16 mm. Helium was
employed as carrier gas at a flux of 12 mL min-1. Thetemperature of injection port,
oven and detector was 250, 60 and 250°C, respectively. Calibration curves were
made for each reaction volume used by injecting different methane concentrations

into serological bottles under the same experimental conditions at which
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microcosms were performed (atmosphere composition, pressure, temperature, and

liquid volume).

2.2.4.3 Determination of electron accepting fu  nctional groups in

solid phase by XPS

Sediment samples (solid fraction of microcosms) were dried under a
constant nitrogen flow after incubation with methane. Once sediments became
dried, bottles were open inside an anaerobic chamber with an atmosphere
composed of N2/H> (95%/5%, v/v) and were triturated on an agate mortar. Samples
were then kept under anaerobic conditions until analysis in an X-Ray Photoelectron
Spectroscopy Analyzer PHI VersaProbe Il (Physical Electronics, ULVAZHI). Two

representative spectra were recorded per scanned sample.

2.2.4.4 Determination of electron accepting functional g roups in

solid phase by Micro -ATR-FT-IR imaging

Micro-ATRFT-IR images were collected from each sample with a continuous
scan spectrometer, Agilent 660 FFIR interfaced to a 620-infrared microscope with
a 32 x 32 FPA detector and Ge ATR objective for mico-ATR. Each pixel obtains a
full IR spectrum or a total of 1024 spectra. Background spectra were collected from
a clean ATR crystal {e, without sample). The Ge crystal of the ATR microscope was
lowered onto the surface of each sample for a contact area of approximately 100 x
100 em. Spectra were collected by coaddition of 256 scans over a spectral range
of 4000 to 900 cm1, at a spectral resolution of 4 cmL. In all images, a color scale
bar is set within the software to reflect the relative concentrati on range, from low

to high. Agilent Resolutions Pro was used for data acquisition and analysis.
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2.2.4.5 Determination of electron accepting functional groups in

liquid phase by high resolution UV  -Vis-NIR spectroscopy

After each incubation cycle, liquid samples (1.5 L) were taken in an
anaerobic chamber with a disposable syringe and put into a quartz cell, which was
sealed with plastic film in order to keep anoxic conditions during spectrometric
analysis. Spectra were obtained in a Varian Cary 5000 U¥Wis (diffuse reflectance)

spedrophotometer, equipped with an integrating sphere.

2.2.4.6 Nitrite and nitrate determinations

Nitrite and nitrate concentrations were measured according to spectrometric
techniques established at Standard Methods 44 Nitrate measurement is taken
under acidic conditions at a wavelength of 275 nm and the value obtained is
corrected for dissolved organic matter which has its maximum absorbance at 220
nm. Nitrite forms a purple complex through a reaction with sulfanilamide and N -(1-
naphthyl) ethylene diamine, which presents its maximum absorbance at a
wavelength of 543 nm. Samples were taken with a disposable syringe directly from
the microcosms, injected into sealed quartz cuvettes or glass tubes (depending on
the required lecture wavelength) and immediately taken to the spectrophotometer

to avoid any reaction of t he sample with atmospheric oxygen.

2.2.4.7 Sulfate and sulfide determinations

Samples were extracted from microcosms and immediately filtered through
0.22 um nitrocellulose membranes. Filtered sanples were then diluted (1:10) with

deionized water and processed in an Agilent Capillary Electrophoresis System
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(Agilent Technologies) according to the methodology proposed by Soga & Ross #°.
Dissolved sulfide was measured by the spectrometric method proposed by Cord-
Ruwisch 48, Briefly, 100 |L of sample were taken and immediately mixed in vortex
with 4 mL of an acidic CuSQ solution. Absorbance at 480 nm was immediately
registered in a UV-VIS spectrophotometer (Thermo Spectronic) to avoid sulfide

oxidation before measurements.

2.2.4.8 Humic substances reduction and ferrous iron

measurements

Quantification of the reduction of electron -accepting functional groups in
HS was performed according to Lovley et a/*8. Slurry samples (~500 L) were taken
from microcosms with a disposable syinge while bottles were being manually
shaken inside an anaerobic chamber. A portion of each sample (200 |L) was mixed
with an equal volume of an acidic solution (HCI, 0.5 M) and allowed to stand for 30
min, while the same volume of sample was reacted with ferric citrate (20 mM) for 3
hours. After reaction with ferric citrate, samples were mildly re-suspended in a
vortex and 200 pL were left repose with the same volume of HCI solution for 30
min. Afterwards, each sample was centifuged for 10 min at 10,000 g in a centrifuge
Spectrafuge 16M and 200 L of supernatant were then recovered and reacted with
a solution 0.2 g L! of 2,4,6-tris(2-pyridil)-1,3,5triazine (ferrozine reagent). Ferrous
iron produced due to chemical reduction o f ferric citrate by reduced functional
groups in HS, forms a purple complex along with ferrozine reagent, which has its
maximum absorbance at 562 nm. The ferrozine solution was buffered with HEPES
(50 mM). Once centrifuged samples were mixed with ferrozine solution, they were
left reacting for 10 min before their measurement in a spectrometer Thermo

Scientific Genesis 10 UV located inside an anaerobic chamber. All solutions
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employed in this determination were bubbled with N 2> for 30 min to ensure the

absenceof dissolved oxygen.

2.2.4.9 Total carbon (TC), total organic carbon (TOC) and total
inorganic carbon (TIC) measurements

Water samples were filtered through 0.22 pum nitrocellulose membranes and
diluted with deionized water, while sediment samples were dried until constant
weight. Both liquid and solid samples were analyzed in a Total Organic Carbon
analyzer Shimadzu TOCVCS/TNML equipped with a solids sampling port (SSM-
5000A). Solid sample processing time was 6 min at 900C using O; (500 mL min-1)

with a purity of 99.9% as carier gas, all samples were analyzed by triplicate.

2.2.4.10 Total, volatile and fixed solids

Total, fixed and volatile solids were measured by triplicate according to

Standard Methods procedure 44,

2.2.4.11 Elemental compositi on

Elemental composition of sediments was assessed by analyzing acigextracts
from 2 g of wet sediment. In the case of iron and manganese measurements in
microcosms, supernatant samples were taken with disposable syringes, filteredand
acidified prior analysis. Samples were then analyzed byinductively coupled plasma
optical emission spectrometry (ICROES) in an equipment Varian 730ES. The

operational conditions were: potency 1 kW, auxiliary flow: 1.5 L min-%, net flow: 0.75
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L min-!, sample taking delay: 30 s, and the number of measured replicates by

sample was three. Argon was employed as carrier gas.

2.2.4.12 DNA extraction, PCR amplification and  Sequencing

One microcosm for each selected treatment was randomly chosen at the
end of the incubation period (30 days for experiments presented in Fig. 2.3, and
151 days for experiments depicted in Fig. 2.10). Before DNA extraction, liquid
medium was decanted and extracted from the serological bottles. The total
sediment was homogenized afterwards, and a subsample of 0.5 g was taken to
proceed with DNA extraction. The remaining sediment and the other microcosms
were used for material characterization. The total DNA was extracted from
sediment samples using the Power Soil DNA extraction kit (MO BIO Laboratories
Carlsbad, CA, USA) following the protocol described by the manufacturer. DNA
isolated from each sample was amplified using primers 341F and 785R, targeting
the V3 and V4 regions of the 16s rRNA gene fused with lllumina adapter overhang
nucleotide sequences #’. The polymerase chain reactions(PCRs) were performed in
50 L reactions using Phusion Taq polymerase (Thermo Scientific, USA) under the
following condition s: denaturation at 98 °C for 60 s, followed by 5 cycles of
amplification at 98 °C for 60 s, 50 °C for 30 s and 72 °C for 30 s, followed by 25
cycles of amplification at 98 °C for 60 s, 55 °C for 30 s and 72 °C for 30 s, followed
by a final extension of 72 °C for 5 min. Two independent PCR reactions were
perfor med for each sampl e. The pr odsu
Metagenomic Sequencing Library Prepaiation protocol and Nextera XT Index Kit v2
(Nlumina, San Diego CA). Libraries were deep sequered with the lllumina MiSeq

sequencer.
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2.2.4.13 Bioinformatics Analysis

An analysis of 16S rRNA gene libraries was carried out using Mothur open
source software package (v 1.34.4)“%. The high-quality sequence data were
analyzed for potential chimeric reads using the UCHIME algorithm. Sequences
containing homopolymer runs of 9 or more bases, those with more than one
mismatch to the sequencing primer and Q-value average below 25 were
eliminated. Group membership was determined prior to the trimm ing of the
barcode and primer sequence. Sequences were aligned against the SILVA 123
16s/18s rRNA gene template using the nearest alignment space termination (NAST)
algorithm and trimmed for the optimal alignment region. A pairwise distance
matrix was calalated across the non-redundant sequence set, and reads were
clustered into operational taxonomic units (OTUs) at 3% distance using the furthest
neighbor method. The sequences and OTUs were categorized taxonomically using
Mot hur 0s Bayesi ahe SIEMAal®3s referéneer set.aTmel sequences

obtained have been submitted to NCBI GeneBank database.

2.2.4.14 Accession numbers

The accession numbers of sequences in this wrk were deposited in the
GenBank sequence read archive under the BioProject with SR094593 accession

number.
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2.3 Results
2.3.1 Kinetics of 3C-methane oxidation and electron balances

Exponential phase of AOM was observed in microcosms over he first 15
days of incubation in the case of unamended sediment (free from external NOM
addition). The methanotrophic rate in this experimental treatment was ~1.34 pymol

13C-methane oxidized cm2 d! (Fig. 2.3).
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Fig. 2.3 b Anaerobic methane oxidation measured as **CO, production in
< <., . .1 7 AK€ enrichmentAcalctilated as *FCQ, (**CO,/*CO, +
2C0O,). Panel a display the kinetics for incubations performed with unamended

sediment. Panel b displays the kineticsfor incubations performed with sediment
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enriched with 2.5 g [* of external NOM in the form ofPahokee Peahumic substances.
Error bars represent the standard esr among replicates (n = 4, or 3). SR-/NHstands
for sediment incubations performed with nybdate (25 mM) in order to inhibit sulfate
reduction.™®CO, production rates were based on the maximum slope observed on linear

regressions considering at leashtee sampling points.

At the end of the exponential phase, sulfate and Fe(lll) reduction acounted
for 42.5% and 0.5% of3C-methane oxidized, respectively, while the role of nitrate

was marginal (Fig. 2.4 and Table 2.2).
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Fig. 2.4 bProduction of **CO, and reduction of intrinsic or added electron acceptors
at the end of the exponentid phase (20 days of incubation). Results in the absence
and in the presence of external NOM as HS froRahokee Peakre depicted inPanels

a, b and Panels c, d respectively. SRINH stands for controls amended with sulfate
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reduction inhibitor, sodium molylade (25 mM). Error bars representthe standard error
among replicates. *CO, produced was measured as described foiFig. 2.1.
Quantification of nitrate reduction implies a decrease on their concentration at this
sampling time, whereas Fe (lll) reduction vgaquantified in terms of the feous iron

produced. Reduction of NOM and HS was determined by the ferrozine technicgtenr

bars represent the standard error among replicates

These unamended sediment microcosms exhibited a reduction in intrinsic
NOM during the course of AOM, which was expected due to the high
concentration of organic carbon in the tropical wetland, with the capacity to accept
electrons (Table 2.1, Fig. 2.4). Nevertheless, large perturbation caused by
endogenous NOM reduction in experimental controls lacking 2C-methane
obstructed accurate assessment of AOM driven by this microbial process Fig. 2.3).
The large endogenous NOM reduction observed in these control experiments may
be explained by concomitant methane production (and subsequent consumption)
observed (Fig. 2.5), and by oxidation of labile organic matter present in the
sediment (Table 2.1). Supplementary incubations spiked with the sulfate-reduction
inhibitor, sodium molybdate (25 mM), showed decreased sulfate reducing activities
(~50%, Fig. 2.4), while AOM rates remained high when compared against their
non-inhibited counterparts (Fig. 2.3). Remarkably, when sulfate reduction was
inhibited, the reduction of intrinsic NOM was doubled (from 1.6+0.11 to 3.4+0.19
milli-electron equivalents (meq) 1), implying that the reduction of redox functional

groups in NOM was promoted when the utilization of sulfate was impeded.
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Fig. 2.5 b Produced "*CH, in wetland sediment microcosms. Filled symbols represent
experiments amended with external NOM a#ahokee PeatHS: squares (Y-)
represent microcosms amended withCH, (n=4), circles (-0-) represent °CH, free
microcosms (endogenous combls, n=4) and diamonds ¢ -) represent sulfate
reduction inhibited controls (n=4). In the same way, open symbols represeitH,
added (-1 -, n=4), endogenous (-3-, n=3) and sulfate-reduction inhibited controls-¢-,
n=3) without addition of external HS. @&rile controls are represented by crosses X-).
Dashed arrows emphasize negative slopes, implying consumption of produt&H,
eventually contributing to substantial reduction of intrinsic and added electron acceptors.

Error bars represent the standardrror among replicates.

Further enrichment of wetland sediment with external NOM, in the form of

HS derived from Pahokee Peat (Florida Everglades, 2.5 g 1), provided
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complementary electron accepting capacity, which significantly elicited AOM up to

~1.88 pumol 13C-methane oxidized cm=3 d-! and extended the exponential phase to
20 days (Fig. 2.3). In this experimental treatment, electron balances revealed a
methanotrophic activity responsible of ~100 nmol '3C-CHs oxidized cm™ d-! linked
to microbial reduction of NOM (including both intrinsic and externally added as

Pahokee PeatHS). As hypothested before, consumption of intrinsically produced

methane was confirmed by experimental controls enriched with HS from Pahokee
Peat and incubated in the absence of 3C-methane, which showed significant
consumption of ?CHs (Fig. 2.5). This was also confirned by increased '°CQ;,
production quantified, which was reflected on 2 to 4 -fold lower enrichment of

13CO; in HS enriched incubations as compared to unamended controls (see'3FCQ
values in Fig. 2.3). Reports 23 24 indicate that methanotrophic microorganis ms
prefer to oxidize 2CH: as compared to 3CHs;, which may partly explain our
findings.

The role of sulfate reduction on AOM when wetland sediment was enriched
with HS was not possible to assess Table 2.2) due to large endogenous sulfate
reduction elicited by degradation of the labile fraction of externally added NOM
(Fig. 2.4), which also triggered methanogenesis in these microcosms. Since no
significant differences in iron reduction were detected between microcosms with or
without 3CHs addition, the only microbial process clearly identified driving AOM in

Pahokee Peakenriched sediments was the microbial reduction of HS (Table 2.2).
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Table 2.2 b Contribution of different electron acceptors on anaerobic oxidation of
methane in wetland sediment incubations at the end of exponential phase (20 days

of incubation)

% of AOM

linked to % of AOM % of AOM
Treatments SO.2 linked to Fe** linked to HS or
4 reduction ~ NOM reduction
reduction
With Pahokee Peat HS - - 7+£0.4
With Pahokee Peat HS and i i 1040.5
molybdate
Sediment only 42.5+2 0.46%0.05 -
Sediment and molybdate 16+0.8 - -

The percentages of**C-methane oxidation linked to the reduction of diféat electron
acceptors in wetland sediment were quantified by dividing the amount of reduced
terminal electron acceptors by the amount 6fCH, oxidized (calculated from™CQO,
production), both correctedor endogenous controls. Stoichiometric relationshifd:1 for

sulfate, and 1:8 for iron and HS or NOM) were considered.

2.3.2 Spectroscopic evidence on presence and reduction of redox -
functional groups in NOM

Initial exploration of the solid phase NOM present in wetland sediment by
micro-ATRFTIR spectrarevealed the presence of electron accepting moieties both
in unamended and in HS enriched wetland sediments.

By mapping of acquisition points at 1650-1620 cm?, presence and heterogeneous
distribution of quinone functional groups was evidenced in sedime nts confirming
the presence of non-soluble electron accepting moieties classically attributed to

humic-like materials (Fig. 2.6a and b).
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Fig. 2.6 bSpectroscopic evidence of the presence of quinone moieties and their
reduction in wetland sediment samples. Panels a and b depict the MicreATR-FTIR
representative spectra taken from imaged areas generated after processing quinone
functional groups (16501620 cm?®) of sediment samples before incubation in the
absence and in the presence, respectively, of ext@lnNOM in the form of Pahokee
Peat HS. Panels c and e portray XPS high resolution profiles of C1s, white and f
represent Ols signalPanels ¢ and d belong to sediment samples prior incubation,

while panelse and f correspond to sediment samples after inbation with**C-methane.
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Regions and components were corrected at 284.8 eV for the C adventitious carbon
A, B and G components belong to €0 bond (~286.6 and ~532 eV), C and H
correspond to C=0 functional group (~288.9 and ~533.3 eV), D belongs toGCOOH
(~289.6), E is typical of the presence of carbonate (~291) andF suggests the

occurrence of a metallic oxide (~530).

To further confirm this, we looked for double bonded carbon and oxygen
(C=0) by use of X-ray photoelectron spectra (XPS), technique thatsupported the
existence of quinone-like functional groups in unamended sediment and
furthermore, provided evidence of the reduction of these moieties by showing the
disappearance of the C=0 signal from C1s and O1s high resolution spedra when
comparing signals from sediment analyzed before and after incubation with 13CHs
in the absence of external HS Fig. 2.6¢ to f). Another missing signal after the AOM
process was that which corresponds to metallic oxides, evidenced by analysis of tle
O1s high resolution spectra (Figure 2.6d and f), which may imply reduction of
intrinsic iron oxides that supported ~0.5% of methanotrophy according to electron
balances (Table 2.2). Further analysis of the liquid phase of pristine sediment
microcosms al revealed the reduction of quinone -like moieties during the course
of AOM (Fig. 2.7). Initial samples exhibited a welldefined and strong peak at 1690
cm! associated with quinone moieties, while reduced samples, at the end of the
incubation period, showed an increase in the sgnal related to phenolic groups
(1660 cntl). Additional signals of phenolic groups were detected after incubation

with 3CHs and Pahokee Peatby spectral signals detected around 2260-2500 cnr?!

25
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Fig. 2.7 bHigh performance Ultraviolet-Visible-Near Infrared spectra obtained from
liquid samples before and after incubation with **CH,. Panels a and ¢ depict spectra
obtained before incubation with'CH,, while panelsb and d show spectra obtained after

incubation with**CH,.
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2.3.3 Microbial communiti es performing AOM

According to 16S rRNA gene sequences from wetland sediment samples
performing AOM, anaerobic methanotrophic archaea (ANME), which are
traditionally linked to anaerobic methanotrophy under sulfate -reducing? 26, Fe(lll)
reducing® 8 and artificial electron acceptor-reducing conditions?’, were barely
detected in our experiments, with ANME-1b and ANME-3 representing less than
0.5% and 0.2% respectively, from the archaeal community in all experimental
treatments (Fig. 5). The only abundant Airyarchaeota members detected were
affiliated to an unclassified genus of the Marine Benthic Group Dfamily (MBGD and
DHVEG1), which accounted for 18 to 23% of the archaeal biota in all treatments.
Outside of the Euwuryarchaeota phylum, members from the newly named
Bathyarchaeotalineage (formerly known as Miscellaneous Crenarchaeotic Group
were another cluster of microorganisms that remained in high perc entages (from 8
to 14%) in all treatments. Two genera from the T7haumarchaeota phylum, one
belonging to t he pMC2A209 class, and the other from the Marine Benthic Group B
(MBG-B) were also consistently present in all sediment samples showing AOM, the
latter one increasing its proportion up to 12% when sulfate reduction was inhibited

(Fig. 2.8).
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Taxonomy Treatment
o | o Z
€ s R
Phylum Family Genus 20 b 2|2 (f
Diapherotrites Unknown_Family Candidatus _lainarchaeum | 0.0 1.1 | 00 19
Halobacteriaceae Halomarina | 0.1 14 0.0 0.2
ANME 1-b unclassified (ANME 1-b)| 0.0 0.1 0.5 0.0
MHLsu47-B8A unclassified (MHLsu47-B8A)| 4.8 2.6 0.1 4.9
Methanoculleus | 0.0 1.2 0.0 0.0
Methanomicrobiaceae Methanogenium | 0.2 0.5 1.6 0.4
Methanomicrobium | 2.4 24 2.8 2.0
Euryarchaeota SMS-sludge-7 unclassified (SMS-sludge-7)| 1.1 2.1 0.2 1.2
Methanosaetaceae Methanosaeta | 4.0 15 3.2 13
Methanosarcinaceae ANME-3| 0.2 0.0 0.0 0.0
Unknown_Family unclassified (Fe-A-9)| 0.5 0.2 0.0 35
AMOS4A-452-E11 unclassified (AMOS4A-452-E11)| 1.4 0.6 0.1 0.9
Marine_Benthic_Group_D_and_DHVEG-1 unclassified (MBGD and DHVEG-1)| 22.6 18.9 20.6 17.7
Marine_Group_lI11 unclassified (MG_III)| 3.5 1.6 4.9 14
Bathyarchaeota unclassified unclassified (Bathyarchaeota)| 128 7.5 14.0 10.0
SM1K20 unclassified unclassified (SM1K20)| 0.7 0.4 1.6 0.6
unclassified unclassified (Group_C3)| 3.9 2.6 2.7 2.1
Thaumarchaeota unclassified unclassified (MBGB)| 6.6 56 119 49
unclassified unclassified (pMC2A209)| 19.3 16.3 149 125
Woesearchaeota _(DHVEG-6) unclassified unclassified (DHVEG-6)| 11.7 | 26.2 15.6 25.0
Others Others| 4.3 7.0 54 9.4

B

Abundance code

i

Fig. 2.8 bArchaeal composition in wetland sediment samples performing AOM.Most

abundant archaeal genera detected, based on 16s rRNA amplicon gene libraries, on

selected experimental treatments shown Fig. 2.3 at the end of the incubation period

(30 days).

From the bacterial counterpart, the most abundant bacteria in two of the

treatments was a genus of Oceanimonas from Aeromonadaceae family

(Gammaproteobacteria), whose presence was diminished when sulfate reduction

was inhibited and when 3CH; was absent, suggesing that this microorganism

might have been involved in sulfate-dependent AOM. Other evident changes in the

bacterial community included the increase of Clostridia and Bacilimembers when
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external NOM was supplied (Fig. 2.9), which agrees with their capadty to reduce

HS?®,

Taxonomy Treatment
¥
[ [
C =
© [
£ | £
E1 2| & |&
5| 2| £ |Fz
£ 5 + + Z
Phylum Order Family & E z 25
Actinobacteria Acidimicrobia OM1_clade| 0.3 1.0 0.4 0.5
Aminicenantes unclassified unclassified| 0.5 2.0 0.9 0.9
Atribacteria unclassified unclassified| 0.2 1.2 0.5 0.7
. Bacteroidetes _BD2-2 unclassified| 0.5 23 0.9 11
Bacteroidetes — - -
Bacteroidia | Draconibacteriaceae | 0.1 5.6 1.9 0.3
Bacteroidetes Cytophagia Cytophagaceae | 0.0 1.1 0.5 0.3
Anaerolineae Anaerolineaceae | 2.3 4.8 2.6 3.3
Chloroflexi —
Dehalococcoidia unclassified| 0.7 2.4 1.0 0.9
Deferribacteres | Deferribacteres_Incertae_Sedis Unknown_Family| 0.4 1.1 0.4 0.4
Bacillaceae | 16.3 0.8 0.3 28
Bacilli Family XIl| 0.4 53 19 21
o Planococcaceae | 239 = 01 0.1 20.0
Firmicutes —
Clostridiaceae _4| 0.1 0.9 0.4 1.6
Clostridia Family_XIl| 0.2 148 6.9 286
Ruminococcaceae | 0.0 1.6 0.4 0.3
bemmatimonadetes Gemmatimonadetes unclassified| 0.3 1.3 04 0.4
Latescibacteria unclassified unclassified| 0.3 1.0 0.4 0.4
Betaproteobacteria Alcaligenaceae | 0.7 6.6 13 25
. Desulfarculaceae | 0.4 1.6 0.5 0.5
Deltaproteobacteria
. Desulfobacteraceae | 0.2 1.1 0.3 0.3
Proteobacteria
Aeromonadaceae | 428 04 @ 624 0.2
Gammaproteobacteria| Oceanospirillaceae | 0.2 0.2 0.2 3.0
Pseudomonadaceae| 0.8 10.1 1.9 10.8
Spirochaetae Spirochaetes Spirochaetaceae | 0.6 2.3 1.0 1.2
Others Others Others| 7.7 304 124 173

[Low

Abundance code

Fig. 2.9bBacterial community composition in wetland sediment samples performing

AOM based on 16s rRNA gene libraries obtained by MiSeq ILLUMINA technology

HS stands for humic substances, as reference for adde®ahokee Peat enriched

microcosms, SRINH stands for silfate-reduction inhibited, as reference for those

treatments spiked with sodium molybdate.
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2.3.4 AOM linked to AQDS reduction

In order to confirm the capacity of the sediment biota to channel 13C-
methane derived electrons to quinone groups, the humic analogue,
anthraquinone-2,6-disulfonate (AQDS), was added as an electron acceptor to the
artificial basal medium for sediment enrichments (Fig. 2.2). AQDS reduction and
methane consumption were observed since the first enrichment cycle, although no
clear relationship between net methane consumption and AH>QDS production was
observed due to high concentrations of intrinsi ¢ electron donors and acceptors
(data not shown). Nevertheless, during the third incubation cycle, net AOM was
observed within 11 days, which corresponded to a final ratio of oxidized
methane/reduced AQDS of 1:4.7 corrected for endogenous controls, which is very
close to the stoichiometric 1:4 according to the following equation ( Eq. 2.1 and
Fig. 2.10):

CH, + 4AQDS + 2H,0 - CO, + 4AH,QDS qs°") = -43.2 kJ mol -1 Eq.
2.1

Analysis of 16s rRNA gene sequences from enriched sediment sampled at the end
of the third cycle of AQDS-dependent AOM activity (Fig. 2.1) displayed a
significant decrease on the diversity of the microbial community evidenced by a
decrease in Shannon index, from 5.52 infreshly sampled sediment to 3.56 after

enrichment with CH4 and AQDS.
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Fig. 2.10bAOM with AQDS as electron acceptor by an enrichment derived from
wetland sediment. Panel a: Kinetics of methane consumption linked to AQDS reduction
(to AH,QDS) observed during the last 11 days of the entire enrichment process lasting
151 days: filled squares-f/-) represent microcosms including CHas electron donor
and AQDS as electron accepto(complete experiments, n=3), open squares-{ -)

represent controls whout electron acceptor provided (without AQDS control, n=3),

solid circles ¢6-) represent CH-free microcosms (endogenous controls, n=3), and
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crosses (-x-) represent heat killed contls (sterile controls, n=2). Error bars represent
the standard error anong replicates.Panels b and ¢ depict microbial community
changes at the end of the enrichment (151 days of incubation) at the phylum level
based on lllumina sequencing of 16s rRNA W24 regions. Fresh sediment composition
was used as a reference.

Significant increments and decreases of specific groups of archaea and
bacteria did occur in this enrichment (Fig. 2.10b and c). From the archaeal fraction,
the pMC2A2009 class from the Thaumarchaeota and the Methanosaeta genera were
archaeal clusters that significantly increased their presence in the AQDS enrichment
(34% and 23%, respectively). Also, in the AQDS enrichment, theBathyarchaeota
phylum previously detected in wetland sediments, both in the presence and in the
absence of external NOM, significantly increased its proportion in the archaeal
community (around 10% respect to the original composition), suggesting potential
metabolic arrangements to thrive under AQDS-dependent AOM conditio ns (Fig.
2.10b). Humus-reducing bacteria that proliferated throughout the five months of
enrichment included genera from the Desulfuromonadales®3°, Clostridiales*?® and
Propionibacteriales®* orders in 27%, 7%, and 12%, respectively, with respect to the

original composition ( Fig. 2.9).
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2.4 Discussion

2.4.1 NOM as terminal electron acceptor fueling AOM in wetland
sediment
Although the complex composition of the studied wetland sediment

challenged efforts to elucidate the microbial processes responsible for the high
methanotrophic activities quantified, the present study provides multiple lines of
evidence demonstrating that electron-accepting functional groups present in its
NOM fueled AOM by serving as terminal electron acceptor. Indeed, while sulfate
reduction was the predominant process accounting for up to 42.5% of AOM
activities, microbial reduction of NOM concomitantly occurred. Furthermore,
enrichment of wetland sediment with external NOM, as Pahokee Peat HS,
significantly promoted AOM with a quantified amount of ~100 nmol *3C-CHs
oxidized cm3 d-! attributed to this microbial process. Spectroscopic evidence also
demonstrated that quinone moieties, main redox functional groups in HS1°, were
heterogeneously distributed in the studied wetland sediment and that their
reduction occurred during the course of AOM. Moreover, an enrichment derived
from wetland sediments performing AOM linked to NOM reduction

stoichiometrically oxidized methane coupled to AQDS. Sediment incubations
performed in the presence of the sulfate reduction inhibitor, molybdate, further

confirmed the role of HS in AOM. Certainly, even though sulfate-reducing activities
significantly decreased in the presence of molybdate, AOM activities remained
high, while microbial reduction of NOM was doubled under these conditions. These
interesting findings suggest that methanotrophic microorganisms performing

sulfate-dependent AOM might have directed electrons derived from AOM towards

NOM when sulfate reduction became blocked as has been siggested based on

experiments performed under artificial conditions 7.
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2.4.2 Microbial communities in wetland sediments performing

AOM
Archaeal clusters consistently found in wetland sediment incubations

performing AOM included members from the MBG -D family, which have already
been proposed as players in metaldependent AOMS®, thus their presence agrees
with evidence indicating AOM linked to iron reduction observed in some

experimental controls (Table 2.2). Additionally, these microorganisms were not
found in the AQDS enrichment, probably due to depletion of intrinsic ferric iron

throughout the incubation cycles. Archaea constantly present amongst fresh
sediment incubation and AQDS enrichment were those from the pMC2A209 class
and the Bathyarchaeota phylum. To our knowledge, the pMC2A209 class of
archaea has not been related to AOM, but its close partners from the MBG-B class
have been consistently found in environments in which AOM occurs®?%5, In fact,
Thaumarchaeota members, including the MBG-B, have been found in consortia
performing AOM in the absence of ANME clades®®. Interestingly, the pMC2A209
cluster seemed to duplicate its proportion up to 12% when sulfate reduction was

inhibited (by molybdate), which might suggest that the impediment of sul fate
reduction enhanced its activity promoting AOM coupled to NOM reduction.

Respect to the Bathyarchaeota phylum, increasing evidence suggests that this
lineage might be involved in the methane cycle. Recently, it has been
demonstrated that this cluster p ossesses he necessary genetic elements to express
the enzymatic machinery required for methane production, and potentially

methane consumption?’. Additionally, Saxton and colleagues have found abundant
Bathyarchaeota representation in a fulvic acids rich deep sediment that oxidizes
methane uncoupled from sulfate reduction ?2. Unexpectedly, a very low percentage
within the archaeal population was identified as members from the ANME type

archaea, even though it would be expected to find ANME-2 members since t is the
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only ANME subgroup with proven capability to derive electrons extracellularly
towards humus and its analogues under artificial conditions?’. Our microcosms,
both in fresh sediment as well as in the AQDS longterm enrichment, showed a
barely detectable number of copies of ANME-1b and ANME-3 sequences retrieved
by the methodology employed, suggesting a low presence of ANME
microorganisms in the ecosystem studied.

Regarding the bacterial composition, while Clostridia, Bacilli and
Gammaproteobacteria were significantly represented within the fresh sediment
performing AOM (Fig. 2.9), the AQDS enrichment Eig. 2.10) exhibited the most
significant increase in Deltaproteobacteria of the Desulfuromonadales order, which
includes several humusreducing microorganisms'4. Since a wide diversity of
microorganisms have been proven to reduce humus analogues or HS, we do not
rule out that diverse bacterial clusters could have participated in partnership with
detected archaea to jointly performed AOM coupled to NOM re duction.
Nevertheless, humusreducing bacteria possess metabolic versatility and capability
to reduce miscellaneous electron acceptors, which makes it difficult to come to
conclusions about their participation in our experiments. Further investigation must

be done to unravel the potential involvement of humus -reducing bacteria in AOM.

2.5 Ecological significance

To our knowledge this is the first report of AOM coupled to microbial
reduction of NOM, which constitutes a missing link within the carbon cycle. HS
frequently contribute up to 80% of soil NOM and up to 50% of dissolved NOM in
aquatic environments. While the labile fraction of NOM promotes methanogenesis
in anaerobic environments, the slowly decomposing humic portion may serve as an
important barricade to prev ent methane emissions in organotrophic ecosystems by

serving as terminal electron acceptor driving AOM (Fig. 2.11).
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SR-AOM

Methanogenesis 12CO, +13CO,

labile
fraction Nomenclature

methanogenic

uu substrates

Methanogenic archaea

Fermenting bacteria

Anaerobic methanotrophic
archaea*

CH,(biogenic)

+ Sulphate-reducing bacteria

Humus-reducing bacteria

HS

e accepting
fraction

12C0, +1CO0,

NOMreduced lZCOZ + 13CO2

NOM equced NOM-AOM mechanisms

Fig. 2.11bSchematic representation of methane generation and consumption by
wetland sediment biota. While a fraction of NOM may serve as electron acceptor to
support AOM (NOMAOM) and decouple sulfatereduction dependent AOM (SFAOM),
depending on its chemical pragrties, a labile fraction of NOM could also be degraded
following the methanogenesis patlay by a fermenting and methanogenic fraction of
the consortia. Equilibrium between these three phenomena must be tightly dependent
on thermodynamic conditions, concéation of chemical species, and composition of
microbial community. *Anaerobic methanophic archaea are considered in a broader

perspective than ANME clades frorm&uryarchaeotgphylum.
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As an example, considering the maximum AOM driven by microbial
reduction of NOM measured in humic enriched sediments, and the global area of
coastal wetlands® 39 we approximate that this microbial process consumes up to
114 Tg CH,; yrl. Considering the global wetland areal®, we anticipate methane

suppression of more than 1,300 Tg yr?! according to the following calculations:

The maximum measured AOM activity linked to microbial reduction of NOM
was 100 nmol *C-CH, oxidized cn?® d* (Fig. 2.3 and Fig. 2.4). This activity was
calculated based on quantified NOM reductiomked to AOM (corrected for the
endogenous control lackimy **CH,), which was then divided by 8 (number of electrons
derived from the oxidation of°CH, to **CQ,). Considering that AOM activities prevail
within the top 40 cm from wetland sedimentsand a gobal coastal wetland area of

48.9 Mha*®, the total coasal wetland volume in which AOM occurs is:

The estimated otal coastal wetland volume for AOMould be= 40 cm x 48.9 x 10°©
ha x (1 cn?/10 “® ha)
Therefore,

Total coastal wetland volume for AOM £.956x10' cn?®

Considering this total volume otoastal wetland, methane consumption by microbial
reduction of NOM in coastal ecosystems is:

100 nmol CH, cm® d* x (16 ng CH,/1 nmol CH,) x (1 Tg CH,/ 10 * ng CH,) x 1.956

x 10" cm?® x (365 d/yr)

Therefore,

Total methane consumption in coastal wetlands by NOM reductior1 ¥4.23 Tg CH, yrt

Considering the global wetlands area of 570 Mha, the calculated methane suppression
by this microbial process can be as follows:

Global wetlands volume for AOM = 40 cm %70 x 10° ha x (1 cm?/10 *® ha)
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Global wetlands volume for AOM 2.28 x 10*® cm®

Considering this volume for global wetlantls methane consumption by microbial
reduction of NOM in wetlands is:

100 nmol CH, cm® d* x (16 ng CH,/1 nmol CH,) x (1 Tg CH,/ 10** ng CH,) x 2.28

x 10 cm® x (365 d/yr)

Therefore,

Total methane consumption in wetlands by NOM reductiori831.5 Tg CH, yrt

Accordingly, NOM-driven AOM may be more prominent in organotrophic
sites with poor sulfate content, such as peatlands, swamps and organotrophic
lakes. This premise is supported by suppression of methanogenesis by HS observed
in different ecosystems!® 7 and by the widespread AOM activity reported across
many peatland types*°3*2, The potential role of HS is further emphasized because
their electron accepting capacity is fully recycled in recurrently anoxic
environments. Thus, the suppression of methanogenesis by HS estimated to be of
the order of 190,000 mol CHs km=2 yr! may be much larger than previously

considered.
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CHAPTER Il

Electron Shuttling Mediated by Humic
Substances Fuels Anaerobic Methane
Oxidation and Carbon Burial

HIGHLIGHTS

1 Elusive mechanisms for the anaerobic oxidation of methane (AOM) ina
tropical wetland were explored.

1 Humus promoted net AOM with a poorly reactive iron oxide (goethite) as
the electron sink.

1 Humus-driven electron shuttling enhanced carbon sequ estration as inert
minerals (iron and calcium carbonates).

1 Theenvironmental significance of humus electron shuttling in AOM is
discussed.

A modified version of this chapter has been published as:

Valenzuela, E. I., Avendano, K. A., Balagursamy, N., Arriaga, S., Niete Delgado, C.,
Thalasso, F., et al(2019). Electron shuttling mediated by humic substances fuels
anaerobic methane oxidation and carbon burial in wetland sediments. Sci. Total
Environ. 650, 2674 62684. doi:10.1016/J.SCITOTENV.20 18.09.388.
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