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Chapter 1

1. Summary

1.1 Abstract

Iron (Fe)(Ill) minerals are an important terminal electron acceptor for microbial
respiration under anoxic conditions. However, under neutral pH conditions, Fe(Ill) minerals
have very low solubility and are mostly present as solid (oxyhydr)oxide. This imposes a
limitation on the rate and extent of electron transfer between microbes and Fe(IIl) minerals.
Therefore, microbes have developed several strategies to enable extracellular electron transfer.
One of the most important strategies is to use the natural organic matter (NOM) as electron
shuttles.

NOM represents the complex of organic compounds that are derived from the decay of
plant and animal matters in natural systems. Due to the presence of functional groups such as
quinone and hydroquinone, NOM can undergo redox cycles and act as electron shuttles between
spatially separated microbes and Fe(III) minerals. Although many previous studies have shown
the stimulatory effects of NOM on the microbial Fe(Ill)-mineral reduction as electron shuttles,
it remains unknown whether such a NOM electron shuttling process can happen over long
(centimeter (cm)) distance. Moreover, the mechanism of NOM electron shuttling is still unclear,
i.e., if the electron shuttling process is driven by the diffusion of the NOM or the “hop” of
electrons between NOM molecules. Finally, previous studies used chemically extracted humic
substances (HS) as a proxy for NOM. It is, however, unknown to which extent this chemical
extraction method alters the redox properties of the HS.

In Chapter 3 of this thesis, we extracted NOM from a forest soil (thus referred to as soil
organic matter (SOM)) at neutral pH using water, and subsequently isolated HS chemically
from the water-extracted SOM using sodium hydroxide (NaOH) at pH 12. Our results showed
that, under anoxic extraction conditions, the HS extracted chemically from the water-

extractable SOM had a 3-times higher electron exchange capacity (EEC) than the water-
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extracted SOM itself. With higher EEC, the HS also showed more stimulation effects (i.e.,
higher reduction rate and extent) on the microbial Fe(III)-mineral reduction as electron shuttles
than the water-extracted SOM. Therefore, we suggest future studies to carefully consider the
influence of the chemical extraction on the redox properties of HS when using HS to represent
NOM in laboratory studies.

In studies presented in Chapter 4 and Chapter 5, we developed a novel agar-solidified
setup that separates the Fe(Ill)-reducing bacteria (Shewanella oneidensis MR-1 or Geobacter
sulfurreducens) and Fe(II) minerals (ferrihydrite or goethite) over 2 cm distance, with either
anthraquinone-2,6-disulfonate (AQDS) or NOM as electron shuttles. Fe concentration
measurements coupled to a diffusion-reaction model clearly indicated Fe(IlI)-mineral reduction
in the presence of AQDS or NOM as electron shuttles over 2 cm distance, independent of the
type of the Fe(Ill)-reducing bacteria. Moreover, a linear correlation between the heterogeneous
electron transfer rate constant and the diffusion coefficient of AQDS was obtained from the
cyclic voltammogram of AQDS. This linear correlation is in good agreement with the
“diffusion-electron hopping” model proposed in previous studies, indicating that the electron
transfer via AQDS was accomplished by a combination of diffusion and electron hopping
between AQDS molecules. Since AQDS is commonly used as the analogue for quinone and
hydroquinone functional groups in NOM, we postulate that electron hopping also plays a
crucial role to facilitate the electron transfer via NOM molecules over cm distance.

Overall, studies in this thesis showed that, microbial Fe(Ill)-mineral reduction can
happen at cm-scales with NOM as electron shuttles, and the long-distance electron shuttling is
achieved by a combination of NOM diffusion and electron hopping between NOM molecules.
These findings improved our understanding of the feasibility and mechanism of microbial

Fe(III)-mineral reduction at cm-scales with NOM as electron shuttles in the environment.



Chapter 1

1.2 Zusammenfassung

Eisen (Fe)(IlI)-Minerale sind wichtige terminale Elektronakzeptoren fiir mikrobielle
Respiration unter anoxischen Bedingungen. Jedoch haben Fe(III)-Minerale unter neutralen pH-
Bedingungen eine sehr geringe Loslichkeit und kommen hauptsdchlich als festes
(Oxyhydr)Oxid vor. Dies stellt eine Einschrinkung fiir die Rate und das Ausmal} des
Elektronentransfers zwischen Mikroben und Fe(Ill)-Mineralen dar. Deswegen haben Mikroben
mehrere Strategien entwickelt, um extrazelluldren Elektronentransfer zu ermdglichen. Eine der
wichtigsten Strategien ist die Nutzung natiirlicher organischer Substanz (NOS) als
Elektronenshuttle.

NOS représentiert den Komplex organischer Verbindungen, die durch den Zerfall
pflanzlicher und tierischer Materie in natiirlichen Systemen entstehen. Aufgrund der Priasenz
von funktionellen Gruppen, wie z.B. Chinon- und Hydrochinongruppen, kann NOS
Redoxzyklen durchlaufen und somit als Elektronenshuttle zwischen rdumlich getrennten
Mikroben und Fe(IlI)-Mineralen fungieren. Obwohl viele frithere Studien die stimulierenden
Effekte von NOS auf mikrobielle Fe(IlI)-Reduktion, wenn NOS als Elektronenshuttle fungiert,
gezeigt haben, bleibt es ungekldrt, ob ein solcher NOS-Elektronenshuttleprozess iiber lange
(Zentimeter (cm)) Distanzen stattfinden kann. AuBerdem ist der Mechanismus hinter NOS-
Elektronenshuttling immer noch unklar, d.h. ob der Elektronenshuttleprozess durch Diffusion
der NOS angetrieben wird oder durch das ,,Springen” von Elektronen zwischen NOS-
Molekiilen. SchlieBlich verwendeten frithere Studien chemisch extrahierte Huminstoffe (HS)
um NOS als Elektronenshuttle darzustellen. Es ist jedoch unbekannt, in welchem Ausmal diese
chemische Extraktionsmethode die Redoxeigenschaften der HS verédndert.

In Kapitel 3 dieser Arbeit extrahierten wir NOS bei neutralem pH mit Wasser aus einem
Waldboden (daher als organische Bodensubstanz, OBS, bezeichnet) und isolierten
anschlieBend, unter Verwendung einer Natriumhydroxydextraktion (NaOH) bei pH 12, HS

chemisch aus der wasserextrahierten OBS. Unsere Ergebnisse zeigten, dass unter anoxischen
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Extraktionsbedingungen die chemisch aus der wasserextrahierten OBS isolierten HS eine
dreifach hohere Elektronenaustauschkapazitit (EAK) hatten als die wasserextrahierte OBS
selbst, was auf die Bildung von redoxaktiven funktionellen Gruppen wihrend der NaOH
Extraktion hindeutet. Mit hoherer EAK =zeigten die HS auch einen ausgeprigteren
stimulierenden Effekt (d.h. héhere Reduktionsrate und groBeres Reduktionsausmall) auf die
mikrobielle Fe(Ill)-Reduktion als die wasserextrahierte OBS wenn sie als Elektronenshuttle
fungierten. Deswegen schlagen wir vor, in zukiinftigen Studien den Einfluss der chemischen
Extraktionsmethode auf die Redoxeigenschaften von HS sorgsam in Betracht zu ziehen, wenn
HS benutzt werden, um OBS in Laborstudien darzustellen.

In den in Kapitel 4 und Kapitel 5 vorgestellten Studien entwickelten wir ein neuartiges
mit Agar stabilisiertes Set-up, welches Fe(Ill)-reduzierende Bakterien (Shewanella oneidensis
MR-1 oder Geobacter sulfurreducens) und Fe(Ill)-Minerale (Ferrihydrit oder Goethit) {iber
einen Abstand von 2 cm trennt, mit entweder Anthrachinon-2,6-disulfonat (AQDS) oder NOS
als Elektronenshuttles. AQDS ist das hidufig genutzte Analogon fiir die funktionellen
Chinongruppen, die in NOS Redoxzyklen durchlaufen, um Elektronen iiber Distanz zu
transportieren. Eisenkonzentrationsmessungen gekoppelt mit einem Diffusionsreaktionsmodell
zeigten eindeutig mikrobielle Fe(Il1)-Reduktion iiber eine Distanz von 2 cm in Gegenwart von
AQDS oder NOS als Elektronenshuttle, unabhédngig von der Art der Fe(Ill)-reduzierenden
Bakterien. Weiterhin wurde anhand des Cyclovoltammogramms von AQDS eine lineare
Korrelation zwischen der heterogenen Elektronentransferratenkonstante und dem
Diffusionskoeffizienten von AQDS festgestellt. Diese lineare Korrelation stimmt gut mit dem
,Diffusions-Elektronensprung®“-Modell, das in friiheren Studien vorgeschlagen wurde, iiberein,
was darauf hindeutet, dass der Elektronentransfer via AQDS durch eine Kombination von
Diffusion und Elektronenspringen zwischen AQDS Molekiilen erreicht wurde. Deswegen
nehmen wir an, dass Elektronenspringen auch in der Umwelt eine kritische Rolle spielt, wo es

die Geschwindigkeit des Elektronentransfers durch NOS Molekiile erhoht.
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Insgesamt haben die Studien in dieser Arbeit gezeigt, dass mikrobielle Fe(IlI)-
Reduktion mit NOS als Elektronenshuttles durch Diffusion von NOS und Elektronenspringen
zwischen NOS Molekiilen iiber Zentimeter hinweg mdglich ist. Die Ergebnisse in dieser Arbeit
verbessern deswegen unser Verstindnis von mikrobieller Fe(IlI)-Mineralreduktion mit NOS

als Elektronenshuttles in der Umwelt.
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2. Introduction

2.1 Iron in the environment

Iron (Fe) widely exists in almost all aquatic and terrestrial environments and is one of
the essential nutrients for almost all living organisms (Cornell and Schwertmann, 2006). In the
environment, iron mostly presents in the form of ferrous (Fe(II)) or ferric iron (Fe(III)) (Cornell
and Schwertmann, 2006). The redox cycling between Fe(Il) and Fe(IIl) can be mediated either
chemically or by Fe(Il)-oxidizing and Fe(Ill)-reducing bacteria (Kappler and Straub, 2005).
Because of the large surface area, iron minerals are strong sorbents for soil nutrients,
contaminants and organic matters (Borch et al., 2010; Cornell and Schwertmann, 2006).
Therefore, the redox cycle of iron has significant impact on other geological and environmental
processes such as the preservation of organic matter and nutrients (Canfield, 1994; Wang et al.,
2019), the remobilization of toxic metals (Muehe et al., 2016; Sundman et al., 2020) and the

degradation of organic pollutants (Zhou et al., 2018).

2.2 Microbial Fe(I1I)-mineral reduction

Microbes undergo respiration processes to convert energy from nutrients to adenosine
triphosphate (ATP) through a series of redox reactions that couple the oxidation of an electron
donor (nutrients such as organic matter and Ho», etc.) to the reduction of an electron acceptor
(Gray and Winkler, 2010). Under anoxic conditions, Fe(IIl) minerals are often the terminal
electron acceptor for the microbial respiration process (Roden, 2006; Weber et al., 2006).
However, unlike other electron acceptors such as dissolved nitrates or sulfates that can be taken
up by microbes, the solubility of Fe(II) minerals is very low under typical environmental pH
conditions (Cornell and Schwertmann, 2006). Therefore, in order to gain energy by transferring
respiratory electrons to Fe(III) minerals, microbes have to develop strategies for extracellular

electron transfer (Hernandez and Newman, 2001).
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2.3 Extracellular electron transfer

Dissimilatory metal-reducing bacteria, including Shewanella spp. and Geobacter spp.,
are known to be capable of conducting extracellular electron transfer, thus reducing Fe(III)
minerals (Lovley and Phillips, 1988; Myers and Nealson, 1988). The strategies employed for
extracellular electron transfer, although differs between Shewanella spp. and Geobacter spp.,
fall into two broad categories: endogenous and exogenous. Whereas endogenous indicates that
microbes transfer electrons by self-produced electron shuttles, exogenous represents that
microbes exploit redox-active electron shuttles that already exist in the environment (Glasser

et al., 2017).

Endogenous electron-transfer strategy

1. c-type cytochromes

Extracellular electron transfer requires the transportation of respiratory electrons from
the inner membrane, through the periplasm and outer membrane to the surface of cells. And
this step can be achieved by cell-produced c-type cytochromes. There are two well-studied
dissimilatory metal-reducing bacteria, Shewanella oneidensis MR-1 and Geobacter
sulfurreducens, which are known to produce c-type cytochromes (Shi et al., 2007). However,
as shown in Figure 2.1, these c-type cytochromes participate in the extracellular electron
transfer process very differently between the two species. For Shewanella oneidensis MR-1,
the respiratory electron is first transferred to an inner-membrane c-type cytochrome CymaA,
which is capable of reducing another c-type cytochrome MtrA that is located at the periplasm
(Lies et al., 2005; Myers and Myers, 1997). MtrA might interact with the outer membrane
protein MtrB. Although it is not a c-type cytochrome, MtrB is speculated to facilitate the
electron transfer across the outer membrane to MtrC, which is associated with OmcA. The
MtrC-OmcA complex can directly transfer electrons to a solid electron acceptor such as Fe(III)

minerals (Beliaev and Saffarini, 1998; Beliaev et al., 2001; Myers and Myers, 2001). In contrast
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to Shewanella oneidensis MR-1 that directly uses c-type cytochromes for extracellular electron
transfer to the Fe(II) minerals, it has been suggested that Geobacter sulfurreducens uses porin-
cytochrome complex to transfer electrons from the inner membrane to the Fe(IIl) minerals
(Lovley, 2006; Reardon and Mueller, 2013). In Geobacter sulfurreducens, the respiratory
electrons are first transferred to c-type cytochromes ImcH and CbcL in the cytoplasmic
membrane (Seidel et al., 2012). These c-type cytochromes then donate electrons to PpcA in the
periplasm, which is able to transfer electrons to another two porin-cytochrome complexes that
are located in the outer membrane: OmaB-OmbB-OmcB and OmaC-OmbC-OmcC (Ding et al.,
2006), which eventually transfer electrons to the Fe(III) minerals (Mehta et al., 2005).
Although c-type cytochromes can successfully transfer electrons from the inner
membrane to the surface of cell, it has been shown that the largest distance an electron can ‘hop’
between cytochromes and a solid electron acceptor, such as Fe(IIlI) minerals, is around 2 nm
(Gray and Winkler, 2003). Therefore, for dissimilatory metal-reducing bacteria that are
spatially separated from Fe(III) minerals by a distance that is longer than 2 nm, other electron

transfer pathways may have to be employed.

A B

Iron oxides Iron oxides

A
ER{HED o
Outer .. § onbs | lodbe Outer
membrane membrane

q p OmaB  OmaC
Periplasm

Inner @ @ Inner
membrane membrane

Figure 2.1. Proposed models depicting electron transfer pathways from inner membrane to the

Periplasm

outer membrane by c-type cytochromes for (A) Shewanella oneidensis MR-1 and (B)

Geobacter sulfurreducens (modified from Shi et al. 2007).
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2. Redox-active riboflavin

The production of riboflavin was first observed in Shewanella strains (Marsili et al.,
2008; Newman and Kolter, 2000; von Canstein et al., 2008) and later also discovered in
Geobacter species (Huang et al., 2018; Okamoto et al., 2014). Experimental results showed
significantly faster ferrihydrite reduction in setups with the amendment of riboflavin compare
to setups where the cell-produced riboflavin was removed, and the removal of riboflavin
resulted in the decrease of the electron transfer rate by > 70% (Marsili et al., 2008). Riboflavin
is redox-active and it can undergo oxidation-reduction reactions by either accepting/donating
one electron in a two-step process or two electrons at once, as shown in Figure 2.2. Therefore,
riboflavin can act as a recyclable electron shuttle between Shewanella or Geobacter and Fe(I1l)
minerals. It has been shown that the diffusion-based recycling of riboflavin allows Shewanella
oneidensis MR-1 to access Fe(IIl) minerals up to 60 micrometers (um) distance (Michelson et

al., 2019).

Figure 2.2. The conversions between reduced and oxidized riboflavin.

3. Conductive pili/nanowires
When conducting extracellular electron transfer, both Geobacter spp. and Shweanella
spp. can produce a nanometer scale diameter and micrometer scale long proteinaceous filaments,

referred to as pili or microbial nanowires (Gorby et al., 2006; Reguera et al., 2005). Under
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atomic force microscopy, pili/nanowire produced by Geobacter and Shweanella showed high
conductivity, confirming their significant role in the electron transfer process from bacteria to
the electron acceptor (Leung et al., 2013; Malvankar et al., 2014). The utility of conductive
pili/nanowires can 1) facilitate electron transfer from bacteria to metal oxides over distance, ii)
significantly increase the reactive surface area and iii) help to deliver electrons to metal oxides
that are confined in micro-pore environments that may otherwise be inaccessible (Cologgi et
al., 2011; Lovley and Walker, 2019). However, it has been reported in several recent studies
that the reduction of metal oxides by conductive pili/nanowires is only possible with redox co-
factors, such as riboflavin and c-type cytochromes, which are closely attached to the conductive
pili/nanowires (Leang et al., 2010; Michelson et al., 2017; Snider et al., 2012). So far, the
longest electron transfer distance by redox-co-factor-coated conductive pili/nanowire is 15 pm

(Michelson et al., 2017).

Exogenous electron transfer strategy

Exogenous electron transfer strategies depend on the redox-active compounds that
already exist in the environments. It has been shown that dissolved and solid-phase humic
substances (HS) (Jiang and Kappler, 2008; Lovley et al., 1996; Roden et al., 2010), biochar
(Kappler et al., 2014; Yang et al., 2020) and some inorganic compounds such as sulfur species
can all undergo redox cycles and act as electron shuttles between Shewanella/Geobacter and

Fe(IIT) minerals (Flynn et al., 2014).
2.4 Natural organic matter (NOM) and humic substances (HS)
Definition, classification and isolation

Natural organic matter (NOM) consists of plant and animal detritus at various stages of
decomposition, cells and tissues of microbes and microbes-synthesized substances (Sparks,
2003). NOM typically has a very high specific surface (up to 800-900 m? g'!') and abundant

redox-active functional groups (Chiou et al., 1990; Sparks, 2003), thus, it is an important
10
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sorbent for macro-and micro-nutrients (Impellitteri et al., 2002; Krosshavn et al., 1993), heave
metals and organic contaminants (Karapanagiotis et al., 1991; Shi et al., 2010; Zeng et al., 2011).
Understanding the chemical composition and redox properties of NOM can help us to predict
the nutrient cycling and the fate of heavy metals and organic contaminants in the environment.
However, studying NOM is challenging because it needs to be separated from other
components before any laboratory experiments; therefore, an extractable fraction defined as
“humic substances (HS)” has been used as a proxy for NOM (Lehmann and Kleber, 2015).

HS is defined as a series of relatively high-molecular-weight, brown- to black-colored
substances, formed by a secondary synthesis reaction recognized as “humidification” (Aiken,
1985). HS contains a variety of functional groups, including COOH, phenolic OH, enolic OH,
quinone, lactone, ether and alcoholic OH. It is amorphous, aromatic and polyelectrolyte, with
the average molecular weight ranging from 500 to 5000 Da (Stevenson, 1994). HS can be
further divided into humic acid (HA), fulvic acid (FA) and humin. Humin is the fraction that is
not soluble in bases and acids and is rich in OH groups. HA usually has dark brown to black
color, and it is soluble in bases but not in acid. HA is the high-molecular-weight fraction of HS
with a large content of quinone functional group, whereas FA is made out of much smaller
molecules with an orange to light-brown color, and has abundant carboxyl and phenolic groups
(Stevenson, 1994). As shown in Figure 2.3, HA and FA can be isolated from soil with an
extraction method using sodium hydroxide (NaOH) and hydrochloride (HCI) to adjust pH of
the soil suspension solution to either very alkaline (pH=12) or extremely acidic (pH=2) (Aiken,

1985).

11
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Soil sample

Alkaline extraction
with NaOH (pH 12)
|

[ |

Humin (insoluble) Soluble extract

Adjust with HCI

(pH<2)
A
[ |
Insoluble fraction Soluble fraction
Re-dissolve in base XAD-8 Column
& electrolyte Chromatography

l
-« @

Humic Acid Fulvic Acid

Figure 2.3. The isolation procedure of humic substances from soil.

Redox properties of HS

HS is the composition of heterogeneous, redox-active organic compounds; thus, it
processes a certain capacity of taking up electrons by the oxidized functional groups (electron
accepting capacity, EAC) or releasing electrons from the reduced functional groups (electron
donating capacity, EDC). By applying a novel electrochemical method, Aeschbacher and co-
authors analyzed the EAC and EDC of 15 FA and HA samples from either terrestrial or aquatic
systems (Aeschbacher et al., 2012). They found that, although the EAC and EDC vary between
aquatic and terrestrial samples, all of the analyzed FA and HA had EACs ranging from 0.8 to 2
mmol € (gsample)”!, and EDCs from 0.5 to 2.8 mmol € (gsample) ' at pH 7. Moreover, a strong
correlation between the EAC of the samples and their aromaticity (analyzed by nuclear
magnetic resonance (NMR)) was observed (R?>= 0.82), indicating that the EAC of HA and FA
samples is majorly contributed by aromatic reducible moieties such as quinones.

Because of its heterogeneous structure, no defined reduction potential can be assigned

to HS but rather a range of reduction potentials at which the HS can accept or donate electrons.

12
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Using the same electrochemical analysis, Aeschbacher and co-authors measured the
reduction potential distribution of three HA samples from different source at pH 7 (Aeschbacher
et al., 2010). They found that the reduction potential of the three samples ranged between -0.4
to +0.2 V, with a peak at around -0.3 V. Compared to the standard reduction potential of other
biogeochemical redox couples at pH 7, part of the reducible moieties of HA have more negative

reduction potential than redox couples such as Fe(OH)s-Fe?* and o-FeOOH-Fe?*, as shown in

Figure 2.4. Therefore, HA contains moieties with sufficiently low reduction potential (Ex°, pH

7) to reduce some typical iron minerals.

Ox Red
0.8_ Oz(aq)__ Hzo
NO3* —1— Ny(g)
0.6 MnO, —— Mn2*
0.4} NO3 —— NO%
~ NQO3- —— NH#**
=,
W o0.2F —
— 2+
O.O—Fe(OH)3 Fe
| Reduction potential
a-FeOOH Fez distribution of HAs
-0.2F so,2 | 'HS?>
CO,{g)—— CH,
2H* —1— Hy(a
0.4l 2(aq)| |

Figure 2.4. Estimated reduction potential distribution of HA at pH 7 (analyzed
electrochemically), compared to the standard reduction potential En’ (pH 7) of selected

biogeochemical redox couples (modified from Aeschbacher et al 2011).
HS as electron shuttles

In 1996, Lovley and co-authors reported for the first time that the addition of HA could
significantly increase the extent and rate of Fe(Ill)-mineral reduction compared to the

experiments with Geobacter metallireduces or Shewanella alga only (Lovley et al., 1996). The

13
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initially explanation for this observed stimulation effect was that HA acted as chelator and
dissolved Fe(IIT) minerals to release Fe**; therefore, making it more accessible to microbes.
However, Lovley and co-authors only detected around 200 umol L dissolved Fe** in the
experiment with HA amendment, and this amount of Fe** is too low to explain for the 2.75
mmol L' more reduced Fe(Ill)-minerals in the experiment with HA than with Geobacter
metallireduces only. Therefore, Lovley and co-authors suggested that instead of a chelator, HA
might serve as an electron shuttle between microbes and Fe(Ill) minerals. They further
proposed that HA stimulated the Fe(III) reduction as electron shuttles in a two-steps process,
as shown in Figure 2.5: (i) Geobacter metallireduces or Shewanella alga couples the oxidation
of organic substrates to the reduction of HA and (ii) the reduced HA donate electrons to Fe(I1I)
minerals. The stimulation effects of HS on the microbial Fe(IIl) reduction as electron shuttles
were also observed by many other studies using different HS, dissimilatory metal-reducing
bacteria and Fe(III) minerals (Behrends and Van Cappellen, 2007; O’Loughlin, 2008; Wolf et
al., 2009). And the study of Jiang and Kappler (Jiang and Kappler, 2008) showed that
Geobacter sulfurreducens transfers electrons to HS at least 27 times faster than to Fe(III)
minerals, and the microbial-reduced HS transfer electrons to Fe(III) minerals at least seven
times faster than Geobacter sulfurreducens to Fe(Ill) minerals. These results further confirmed
that Fe(III) can be reduced at a higher rate when electron shuttling occurs. Moreover, Jiang and
Kappler also showed that the stimulation effects of HS as electron shuttles on the microbial
Fe(I1I)-mineral reduction can be observed with a HS concentration as low as 5 mg L-!. Since
this concentration is related to the dissolved organic matter concentration in many aquifers
(Aiken, 1985), this discovery indicates the potentially important role of HS electron shuttling

in natural systems.
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Figure 2.5. Schematic diagram of HS as electron shuttles to stimulate microbial Fe(I1I)-mineral

reduction (modified from Lovley et al 1996).
Anthraquinone-2,6-disulfonate (AQDS)

It has been believed that quinone moieties that widely exist in HS are the functional
groups that undergo redox cycles, therefore enabling HS to be electron shuttles between
dissimilatory metal-reducing bacteria and Fe(III) minerals (Newman and Kolter, 2000;
Piepenbrock and Kappler, 2013; Scott et al., 1998; Wolf et al., 2009). Therefore, anthraquinone-
2,6-disulfonate (AQDS), a model quinone compound, has been used as a proxy for the quinone
functional groups in HS in many electron shuttling studies (Lovley et al., 1998; Piepenbrock
and Kappler, 2013). As shown in Figure 2.6, AQDS can undergo electrochemically reversible
reduction-oxidation reaction, with the highly-reactive semiquinone radical as an intermediate

product (Rosso et al., 2004).
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Figure 2.6. Redox reactions between AQDS and AH,QDS.

It was showed that with 100 umol L' AQDS amendment, the rate of Fe(IIl) mineral
reduction was 50 times higher than with dissimilatory metal-reducing bacteria only (Lovley et
al., 1996). The importance of quinone functional groups in HS on the stimulation effect of the

Fe(Ill)-mineral reduction was also confirmed by many other studies. For example, in 2003,
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Chen and co-authors discovered the formation of semiquinone radicals during the microbial
reduction of HS (Chen et al., 2003), and later in 2007, Ratasuk and Nanny identified three
groups of reactive sites in a variety of HS, among which, two had a quinoid nature (Ratasuk
and Nanny, 2007). However, some other functional groups, such as sulfuryl groups, aromatic
constituents and complexed metal ions have also been suggested to participate in redox cycles

of HS (Chen et al., 2003; Einsiedl et al., 2008).
Mechanism of electron shuttling

Diffusion of the reduced electron shuttle to the Fe(III) mineral and oxidized electron
shuttle back to the Fe(Ill)-reducing bacteria has been considered as one of the main mechanisms
of electron shuttling (Murray and Jackson, 1992; Nauman et al., 2007; Phalak et al., 2016;
Picioreanu et al., 2007). A previous study adapting a three-dimensional diffusion model that
comprising an inner sphere of anoxic cells and an outer shell of electron acceptors showed that,
for any shuttle compound that has a diffusion coefficient higher than 101 m? s!' and
concentration more than 10 pmol L, diffusion of the shuttles can drive sufficient flux of
oxidized shuttle molecules to support the survival of the cells. However, with the distance
limitation up to 100 um (Glasser et al., 2017). An alternative mechanism of longer distance
electron shuttling is electron hopping (Boyd et al., 2015; Ing et al., 2018; Snider et al., 2012).
Electron hopping requires a very high density of the electron-transfer sites (Gray and Winkler,
2009); with a high concentration of electron shuttles, the distance between two electron-transfer
sites might get close enough for an electron to hop (2 nm), and the multi-step electron hopping
can facilitate electron transfer over a longer distance and with a faster rate compare to diffusion
(Gray and Winkler, 2009; Pirbadian and El-Naggar, 2012). So far, it has been shown that
electrons were transferred by hopping through the conductive pili of Geobacter sulfurreducens

(Lovley and Walker, 2019; Michelson et al., 2017) and the extracellular polymeric substances
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(EPS) of Shewanella oneidensis MR-1 (Xiao et al., 2017), but it remains unknown whether

electron hopping also plays a role in the electron shuttling of NOM.
Concerns of the chemically extracted HS

The idea of using HS extracted chemically under extreme pH conditions as the proxy
for NOM has been questioned for almost 180 years (Kleber and Lehmann, 2019). It has been
shown in many studies that the chemical extraction of HS with NaOH and HCI alters the
elemental composition, ash content and fraction of organic carbon, the size class distribution
and the frequency of functional groups of the extracted material (de Souza and Braganga, 2018;
Dick et al., 1999; Piepenbrock et al., 2014; Sanchez-Monedero et al., 2002). Recent studies also
suggested a much higher electron accepting capacity (EAC) of chemically-extracted HS
compared to NOM samples extracted under neutral pH conditions with reverse osmosis (RO)
and electrodialysis (ED) method (Olk et al., 2019; Li et al., 2016). However, because the HS
and NOM samples were extracted from different origins in these studies, it was difficult to
evaluate to which extent the different EAC of the HS and NOM was resulted from the extraction
method.

Participation in redox reactions is one of the key properties of NOM, and it is relevant
for many biogeochemical reactions in the environment, such as the microbial Fe(III) reductions.
However, most of the Fe(Ill) reduction experiments so far have applied chemically extracted
HS as the representor of NOM (Bauer and Kappler, 2009; Klupfel et al., 2014; Lovley et al.,
1996; Lovley et al., 1998; Stern et al., 2018; Wolf et al., 2009; Zhou et al., 2018). Therefore, a
study is needed to compare the redox properties of the HS and NOM extracted from the same
origin with different extraction methods and to determine how the different redox property (e.g.
electron accepting and electron donating capacity) influence the stimulation effects of the

extracted HS/NOM on the microbial Fe(III) reduction as electron shuttles.
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2.5 Objectives of this study

So far, most of the mediated Fe(III) reduction experiment with HS as an electron shuttle
have been done in batch setups where bacteria, Fe(IlI) minerals and HS are mixed together
(Bauer and Kappler, 2009; Klupfel et al., 2014; Lovley et al., 1996; Lovley et al., 1998; Stern
etal., 2018; Wolfet al., 2009; Zhou et al., 2018). In a mixed system, HS is not only the electron
shuttle, but it can also impact the rate and extent of Fe(Ill) mineral reduction by being the
chelator for the produced Fe**, thus increasing the thermodynamic driving force for Fe(IIT)
reduction (Roden and Urrutia, 1999). HS can also adsorb on the surface of Fe(III) minerals and
potentially block the surface sites (Kaiser and Guggenberger, 2003) and induce aggregation
(Amstaetter et al., 2012). Due to the various interactions between HS and Fe(IIl) minerals, it is
difficult to evaluate to what extent HS stimulates microbial Fe(IlI) reduction by acting as an
electron shuttle. Furthermore, the longest distance that electrons can be transferred from the
dissimilatory metal-reducing bacteria to the Fe(Ill) minerals is not known yet. Although it has
been shown that AQDS as electron shuttles can transfer electrons in the range of um distance
(Michelson et al., 2017), we suspect that in natural systems with high organic matter content,
the electron shuttle can happen over a much longer distance in centimeter (cm) scale, as shown
in a previous study that the electric currents running through defaunated sediment can couple
the oxygen consumption and the oxidation of hydrogen sulfide over cm distance (Nielsen et al.,
2010). Furthermore, although it is known that the electron shuttle over um distance is achieved
by the diffusion of electron shuttles, the mechanism of electron shuttling over a longer distance
remains unknown. Finally, chemically-extracted HS have been used as the proxy for NOM, and
it remains unclear how the chemical extraction influences the redox properties of the HS
compare to NOM. Therefore, the objectives of this study are:

1. Identifying the effects of the chemical extraction on the redox properties of the extracted

HS (Chapter 3).
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2. Comparing the stimulation effects of NOM and HS extracted with different methods from
the same soil on the microbial Fe(III) reduction as electron shuttles (Chapter 3).

3. Demonstrating that microbial Fe(Ill)-mineral reduction can happen over cm distance with
NOM as electron shuttles (Chapter 4).

4. Evaluating the potential mechanisms of the electron shuttling process over cm distance

(Chapter 4, Chapter 5).
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3.1 Abstract

Soil organic matter (SOM) is redox-active, can be microbially reduced, and transfers
electrons in an abiotic reaction to Fe(IIl) minerals, thus serving as an electron shuttle. The
standard procedure to isolate organic matter (OM) from soil involves the use of alkaline and
acidic solutions and the separation of humic acid (HA) and fulvic acid (FA). This process
potentially leads to unwanted changes in SOM chemical and redox properties. To determine
the effects of extraction conditions on the redox and electron shuttling properties of SOM
extracts, we prepared HA, FA, and water-extractable organic matter (OM) extracts, applying
either a combination of 0.1 M NaOH and 6 M HCI or ultrapure water (pH 7), from soil samples
collected from the subsoil (0-15 cm, A horizon, pH 6.5-6.8) in Schonbuch forest, Baden-
Wiirttemberg, Germany. Both chemical extractions (NaOH/HCI) and water extractions were
done in separate experiments under either oxic or anoxic conditions. Furthermore, we applied
the NaOH/HCI treatment to a subsample of the water-extractable OM to separate HA and FA
from the water-extractable OM. When comparing the amount of carbon extracted from soil by
different extraction methods, we found that FA and HA chemically extracted from the soil can
make up to 34%—40% of the soil organic carbon pool while the water-extractable OM only
represents 0.41%—2.74% of the total soil organic carbon. The higher extraction efficiency of
the chemical extraction is probably due to the deprotonation of carboxyl and phenol functional
groups under high pH. Anoxic extraction conditions also led to more extracted carbon. For
water-extractable OM, seven times more C was extracted under anoxic conditions compared to
oxic conditions. This difference was probably due to the occurrence of microbial reduction and
dissolution of Fe(Ill) minerals in soil during the anoixc water extraction and thus the
concomitant release of Fe(Ill) mienral-cound organic matter. To compare the redox activity of
different SOM extracts, the electron-exchange capacity (EEC) of all extracted HA, FA, and
water-extractable OM was analyzed and our results showed that, under anoxic extraction

conditions, the HA chemically isolated from the water-extractable OM had 2 times higher EEC
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values compare to the water-extractable OM itself, suggesting the potential formation of redox-
active aromatic functional groups during the extraction with NaOH under anoxic conditions by
condensation reactions between amino acids, aldehydes, and hydroxyl- and catechol-containing
molecules. We also performed a microbial Fe(Ill) reduction experiment with all extracts and
found that higher EEC of extracts in turn resulted in a higher stimulation of microbial Fe(III)
mineral reduction by electron shuttling, i.e., faster initial Fe(IIl) reduction rates, and in most
cases also in higher reduction extents. Our findings suggest that OM extracted with water at
neutral pH should be used to better reflect environmental SOM redox processes in lab
experiments and that potential artefacts of the chemical extraction method and anoxic extraction
condition need to be considered when evaluating and compairing abiotic and microbial SOM

redox processes.

3.2 Introduction

Soil organic matter (SOM) contains more organic carbon than the sum of the
atmosphere and living plants (Fischlin et al., 2007) and can influence greenhouse gas emission,
plant growth, and water quality (Lal, 2004; Marin- Spiotta et al., 2014). Studying SOM is
challenging because it needs to be separated from other soil components before doing
laboratory experiments (Lehmann and Kleber, 2015). One of the most commonly used methods
is a chemical extraction of humic substances (HS) at pH> 12 (Achard, 1786). Although the
concept of HS as high-molecular-weight molecules formed by degradation and re-
polymerization of biomolecules has been challenged by seeing SOM as a continuum
progressively decomposing organic compounds (Lehmann and Kleber, 2015), HS extraction is
still applied by many laboratories and the extracted HS are still widely used as a proxy for SOM.
Briefly, HS are extracted by adjusting the pH to > 12 using NaOH, followed by acidification of
the alkaline extract to pH< 2 to separate humic acids (HA) from fulvic acids (FA) (Achard,

1786). Ion exchange resins, dialysis, and even hydrofluoric acid (HF) treatment are used to
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further purify the extracts (IHSS, 2019). Concerns regarding the effectiveness of this harsh
chemical extraction method were already raised in 1888 (van Bemmelen, 1888) and have lasted
until today (Lehmann and Kleber, 2015; Kleber and Lehmann, 2019).

It has been shown that alkaline extraction influences the chemical composition and the
content of redox-active quinoid moieties of the extracted SOM (Piccolo, 1988; Engebretson
and von Wandruszka, 1999). Participation in redox reactions is a key property of SOM and
relevant for many biogeochemical processes in the environment (Murphy, 2014). For example,
under anoxic conditions, SOM can accept electrons from microorganisms, transfer electrons to
other electron acceptors such as Fe(IlI) minerals, and be reoxidized to accept electrons again
from microorganisms (Lovley et al., 1996; Kappler et al., 2004; Bauer and Kappler, 2009; Wolf
et al., 2009). This electron-shuttling process, which is facilitated by SOM, can significantly
increase microbial reduction rates of poorly soluble Fe(IIl) minerals (Lovley et al., 1996; Jiang
and Kappler, 2008), enable microbial reduction of otherwise inaccessible Fe(IIl) minerals
(Lovley et al., 1998) and stimulate indirect reduction of minerals that are spatially separated
from the bacteria (Lies et al., 2005). Highly purified FA and HA are used in most electron-
shuttling studies to represent SOM (Lovley et al., 1998; Lovley and Blunt-Harris, 1999; Lies et
al., 2005; Bauer and Kappler, 2009; Wolf et al., 2009; Klupfel et al., 2014). However, currently
it is not known if and to which extent the SOM electron-shuttling capacity is based on protocol
induced changes caused by the harsh chemical isolation procedure. Therefore, studies that
compare the stimulating effects of SOM extracted with either the traditional chemical extraction
method or with water at neutral pH conditions on the microbial Fe(IIl) reduction are needed.

Piepenbrock and co-authors extracted SOM from a forest soil at circumneutral pH using
water (Piepenbrock et al., 2014). Compared to chemically extracted Pahokee Peat humic acids
(PPHA), the extracted SOM had a significantly lower reducing capacity (neq g C '), which was
calculated from the concentration of reduced Fe(II) after the abiotic reaction of PPHA and SOM

with Fe(IIl) citrate. This potentially indicates different types and proportions of functional
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groups in these samples. However, due to the different origin of the extracted soils, it remains
unclear whether and to which extent the differences in reducing capacities of the SOM extract
and PPHA was caused by the chemical extraction methods. Furthermore, in this study the water
extraction was conducted only under oxic conditions. Although it is known that the presence of
O2 causes oxidation of certain organic compounds under alkaline conditions and therefore
chemical extraction with NaOH should be conducted under anoxic conditions (Bauer and
Kappler, 2009; Maurer et al., 2010), it remains unclear whether and how the presence of O2
influences the abundance of different (redox-active) functional groups and therefore the redox
activity of the water-extracted organic compounds under neutral pH.

To determine the effect of these chemicals on the SOM redox properties, we extracted
OM from a forest soil using several methods (Figure 3.1). The first was the traditional chemical
extraction method (1 M NaOH followed by 6 M HCl) yielding HA and FA under either oxic or
anoxic conditions. The second was OM extraction by ultrapure water at neutral pH (water-
extractable OM) under either oxic or anoxic conditions. Additionally, we treated the water-
extractable OM with NaOH and HCI to further separate HA and FA from the water-extractable
OM (also under either oxic or anoxic conditions). We analyzed the electron accepting capacity
(EAC, i.e., the number of electrons that can be accepted), the electron donating capacity (EDC,
i.e., the number of electrons that can be donated by the OM), and the electron exchange capacity
(the sum of EAC and EDC) of all extracted water-extractable OM, FA, and HA fractions. To
further compare their electron-shuttling capacity, we performed a microbial Fe(III) mineral
reduction experiment with all of the different extracts. The goals of this study were, first, to
identify the effects of alkali and oxygen on the EEC values of the water-extractable OM, FA,
and HA samples and, second, to compare the rates and extents of microbial ferrihydrite

reduction in the presence of the different extract.
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Forest soil (dried, sieved 2 mm)
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Figure 3.1. Schematic diagram of the soil organic matter (SOM) extraction process.
3.3 Materials and methods
Soil organic matter (SOM) extraction

Top soil (0—15 cm) without leaf litter from the A horizon was collected from the
Schonbuch forest, Baden-Wiirttemberg, Germany. The forest is dominated by beech with
populations of oak, spruce, and bald cypress and the soil is qualified as vertic cambisol (World

Reference Base for Soil, WRB, Schad et al., 2014). Soil was dried (30 °C), ground to pass

through a 2 mm sieve by an automatic soil grinder (ball mill, Fritsch, Germany) and stored in

the dark at 4 °C. Chemical extraction of FA and HA was modified from the IHSS protocol

(IHSS, 2019) as follows. In the IHSS protocol, soil samples are incubated with 0.1M HCI with
a ratio of 10 mL of liquid per gram of dry soil, and after 1 h of extraction and XAD-8 resin
separation, a fraction called “FA_extract 1” is collected. In our experiment, we did not extract
this fraction to avoid using XAD-8 separation. As shown in Figure 3.1, 100 g of soil was
incubated with 400 mL of 0.1 M NaOH (pH 12) for 4 h (overhead shaker, 90 rpm, 25 °C) . The

slurry was centrifuged (3528 xg, 30 min) and the supernatant was acidified (pH 2) by 6 M HCI1
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to separate FA (dissolved in the supernatant) and HA (precipitated). Within the present study
we define these extracts as FA (isolated from soil) and HA (isolated from soil). Water-
extractable OM was prepared following Piepenbrock et al. (2014) (Figure 3.1). 100 g of soil

was incubated with 400 mL of ultrapure water (resistivity = 18.2MQcm, 25 °C; Milli-Q,

Millipore) at a pH of 7 (pH was monitored during the extraction and it ranged between 7.02
and 7.33). The pH of the water extraction was adjusted to 7 to avoid any possible artefacts
resulting from further pH adjustment prior to analyses and experiments that require the sample
pH to be 7 such as the electrochemical analysis or the microbial Fe(IIl) reduction. The slurry
was centrifuged after 24 h; we collected and defined the supernatant as water-extractable OM.
A 200 mL aliquot of the supernatant containing the water-extractable OM was amended with
0.1 M NaOH until a pH of 12. After 4 h of incubation, the pH of the solution was adjusted to <
2 by 6M HCl to precipitate HA and to separate FA; this FA and HA are defined as FA (isolated
from water-extractable OM) and HA (isolated from water-extractable OM). Anoxic chemical
extractions (NaOH/HCI) and water extractions were performed in a N2 -filled anoxic glove box;
filtration (0.45 pm, polyethersulfone membrane (PES), Millipore, Germany) was used instead
of centrifugation to remove remaining soil after the extraction. All collected extracts were

freeze-dried under oxic conditions and stored at 4 °C in dark until use.

Organic carbon quantification

Dissolved organic carbon (DOC) of water-extractable OM and FA isolated from soil
was quantified using a DOC analyzer (model 2100S, Analytik Jena, Germany) directly from
the extracted solutions after passing through a 0.45 pum syringe filter (polyethersulfone
membrane (PES), Millipore, Germany). The total organic carbon (TOC) of all extracted HA
and the FA isolated from the water-extractable OM were quantified using a TOC analyzer

(model 2100S, Analytik Jena, Germany) from the freeze-dried powders.
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Nuclear magnetic resonance (NMR) measurements

NMR analysis was conducted from freeze-dried water-extractable OM, HA, and FA
samples. Solid-state 1*C NMR spectra were obtained with a Bruker AVANCE III HD 400 MHz
wide board operating at a frequency of 100.63 MHz using zirconium rotors of 4 mm OD with
Kel-F caps. The cross-polarization magic-angle spinning (CPMAS) technique was applied
during magic-angle spinning of the rotor at 14 kHz. A ramped 'H pulse was used in order to

circumvent spin modulation of Hartmann—Hahn conditions. A contact time of 1 ms and a 90°

"H-pulse width of 2.2 us were used for all spectra. The '*C-chemical shifts were calibrated to
tetramethylsilane (0 ppm) and were calibrated with glycine (176.04 ppm). The aromaticity of

samples was calculated following a previous study (Abelmann et al., 2005).
Specific UV absorbance at 254 (SUVA2s4) analysis

SUV A2s4 analysis was conducted from water-extractable OM, HA, and FA solutions
dissolved in Milli-Q water at concentrations of 10 mg C L. All solutions were filtered with a
0.45 pm syringe filter (polyethersulfone membrane (PES), Millipore, Germany), and the
dissolved organic carbon (DOC) concentration of all samples was analyzed prior to the
SUVA2s4 analysis (DOC analyzer, model 2100S, Analytik Jena, Germany). The SUVA2s4
values of all samples were measured in a 1 cm rectangular quartz cuvette with a fluorescence
spectrophotometer (FluoroMax-4, Jobin Yvon— SPEX instruments, New Jersey, USA). The

final SUV A»s4 values of all extracts were calculated with Equation (1):

SUVA254= UV254/DOC (1)

where UVas4is the absorbance at 254 nm and there is a 1 cm optical path length.
Microwave plasma atomic emission spectrometer (MP-AES) analysis

Metal contents were analyzed by a microwave plasma atomic emission spectrometer
(MP-AES) (4100, Agilent Inc., Santa Clara, CA, USA) in the extracted water-extractable OM,

HA, and FA samples. Prior to the MP-AES analysis, a 0.5 g sample was digested with 10 mL
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2% HNOs3 in a microwave oven at 190 °C (800 W) for 10 min; after cooling down to room
temperature, it was centrifuged for 10 min at 28 649 xg and the supernatant was used for the

analysis. The data for FA (isolated from soil, oxic) and HA (isolated from water-extractable
OM, oxic) are missing due to the lack of enough samples. The unit of all metal concentrations
is milligrams per kilogram, blank means the concentration of the corresponding metal is too

low to be detected.
Electrochemical analysis

Electrochemical analysis followed the method described by Aeschbacher et al. (2010).
Freeze-dried extracts (powders) were dissolved in 100 mM of phosphate buffer (pH 7) at a
concentration of 100 mg C L', After overnight agitation at 300 rpm at room temperature,
samples were filtered through 0.22 um syringe filters (mixed cellulose ester (MCE), Millipore,
Germany). All preparations and measurements were conducted in an anoxic glove box. The
number of electrons transferred to and from all extracts was quantified by integration of
reductive and oxidative current responses after baseline correction in mediated electrochemical
reduction (MER; at Ex» = -0.49 V) and mediated electrochemical oxidation (MEO; Exr= +0.61
V) with 1’1-ethylene-2,2’-bipyridyldiylium di-bromide (DQ) and 2,2’-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) as electron transfer mediators, respectively. To
obtain the EAC and EDC values, the integrated current response was normalized to the
measured DOC of all extracts prior to the EEC analysis (DOCsomrama (mg C L), DOC
analyzer, model 2100S, Analytik Jena, Germany) as shown in Equation. (2) and (3):

EAC = lcqdt/(F X DOCsom/ra/na) 2)

EDC = floxdt/(F X DOCsom/ra/na) )

Where I,..4 and I, ([A]) are baseline-corrected reductive and oxidative currents in MER and

MOR, respectively (F' = Faraday constant).
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Microbial Fe(Ill) reduction experiment and calculation of microbial Fe(Ill) reduction rate

Solutions of organic matter extracts for the microbial Fe(III) reduction experiment were
prepared by dissolving freeze-dried powders in 50 mM phosphate buffer (pH 7.0-7.2) at 500
mg C L', agitation overnight (300 rpm, room temperature), filtration and sterilization (0.22 pum
syringe filters, mixed cellulose ester (MCE), Millipore, Germany), as described before (Jiang
and Kappler, 2008). Although the chosen phosphate concentration is higher than typically
observed in nature and can potentially lead to the formation of Fe(I) phosphate minerals (e.g.,
vivianite) during our microbial Fe(II) reduction experiment, this phosphate buffer was chosen
to enable comparison of our study to previous studies (Bauer and Kappler, 2009; Jiang and
Kappler, 2008; Klupfel et al., 2014; Piepenbrock et al., 2014). All solutions were deoxygenated
3 times (each time 3 min vacuum and 3 min N»-flushing) and stored in dark bottles to avoid
photochemical reactions. Ferrihydrite was prepared as described before (Amstaetter et al., 2012)
and stored no more than 2 months (4 °C) before use.

Shewanella oneidensis MR-1 cells from a frozen stock were streaked on oxic lysogeny
broth (LB) agar plates (10 g L! peptone, 5 g L'! yeast extract, 10 g L' NaCl and 15 g L! agar).
Colonies were transferred to liquid LB medium and incubated at 30 °C for 14 h, harvested by
centrifugation (10 min, 8602 xg) and then washed three times with anoxic SBM medium (0.225
g L1 KoHPO4, 0.225 g L KH2PO4, 0.46 g L' NaCl, 0.225 g L' (NH4)2SO4, 2.18 g L'! Na-
lactate, 0.117 g L' MgSO4¢7H>0, 2.38 g L' HEPES, pH 7.2-7.5). For the Fe(III) reduction
experiments, washed cells were added at a final concentration of 107 cells mL™! to solutions of
water-extractable OM, FA, HA (50 mg C L") and ferrihydrite (15 mM Fe(I1I)) in SBM medium,
(phosphate in the SBM medium was 5 mmol L). AQDS, i.e. 2,6-anthraquinone disulphonate,
a quinone model compound commonly used in electron shuttling studies that can significantly
increase the rates of microbial Fe(II) reduction, was used as 100 umol L' in our experiments

as a reference for a significant stimulation of Fe(III) reduction by our extracted OM via electron
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shuttling. The headspace was flushed with N> and the bottles were incubated in the dark (30 °C).
At each sampling point, an 100 pl aliquot was taken from each bottle, acidified and incubated

with 900 pul of 1 M HCI for 1 h to facilitate mineral dissolution, centrifuged (28649 xg, 5 min),

and the total Fe(Il) concentration was quantified with the spectrophotometric ferrozine assay in
a microtiterplate (Hegler et al., 2008; Stookey, 1970). The fastest reduction rates of the
microbial Fe(IIl) reduction experiments were calculated as shown and explained in the Figure

S3.1.
3.3 Results

Quantity of soil organic carbon extracted by different methods and characterization of

extracted OM, HA and FA

Comparison of different extraction methods revealed that the amount of soil-extracted
carbon varied depending on the presence or absence of O during the extraction and on the type
of extraction liquid (Table 3.1). Extraction with H>O at neutral pH under oxic conditions
followed by NaOH and HCI treatment to separate HA and FA in the water-extractable OM
yielded 0.036, 0.021 and 0.014 g C in the water-extractable OM, FA and HA fractions,
respectively, corresponding to 0.41%, 0.24% and 0.15% of the total carbon present in the soil.
In contrast, anoxic water extraction significantly increased the fraction of extracted carbon to
0.234, 0.146, and 0.079 g C in the water-extractable OM, FA and HA fractions, respectively,
corresponding to 2.74%, 1.69% and 0.90% of the total soil C. Chemical extraction directly from
soil using NaOH and HCI under oxic conditions yielded 1.451 g in the extracted FA (17.0% of
the total carbon present in the soil) and 1.450 g C in HA (17.0% of the total carbon present
inthe soil). Conducting the same chemical extraction from soil under anoxic conditions led to
a higher percentage of extracted carbon for FA (20.7%) and HA (22%) than under oxic

conditions.
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Specific UV absorbance at 254 nm (SUV A»s4) indicates the aromaticity of the extracted
OM, FA and HA (Table 3.1). Water-extractable OM showed a SUVAxs4 value of 0.018 mg™! C
cm! under oxic conditions and the value increased to 0.027 mg! C cm™! when extracted under
anoxic conditions. Similarly, for both FA isolated from water-extractable OM and FA isolated
from soil, the SUV Azs4 values were higher under anoxic conditions than under oxic conditions.
HA extracts isolated from the water-extractable OM under oxic conditions showed a SUV Azs4
value of 0.068 mg"' C cm’!, higher than the 0.018 mg! C cm™! of the water-extractable OM
itself obtained under oxic conditions. A higher SUVA»s4 value for the HA isolated from the
water-extractable OM (0.207 mg™! C cm™) than for the water-extractable OM itself (0.027 mg
I'C em) was also found under anoxic extraction conditions. A 2-way ANOVA statistical
analysis revealed that both oxic versus anoxic conditions and the extraction method (neutral pH
water versus chemical extraction) resulted in different SUV Azs4 values at a significance level
of P<0.05 (Table S3.1). In general, anoxic conditions and the chemical extraction method led
to higher SUV A»s4 values of the extracts, suggesting that these extracts had higher degree of
aromaticity (Korshin et al., 1997). '*C-NMR analysis of extracted OM, FA and HA (Figure 3.2)
confirmed higher contents of aromatic carbon in samples subject to chemical extraction or

anoxic conditions.
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Table 3.1. The dissolved organic carbon (DOC) concentration of the water-extractable OM and FA isolated from soil, the total organic carbon in

all extracted OM, HA and FA fractions, the calculated percentage of carbon extracted from the soil, as well as the specific absorbance value of all

extracts at 254 nm wavelength (SUV Axss4). Values are means+standard deviation (SD) of triplicates.

Water-extractable OM FA AHA
Water- Water- f Isolated Isolated from Isolated Isolated Isolated from Isolated from Isolated Isolated
rom water- water- . . water- .
extracted, extracted, from soil, from soil, water-extractable from from soil,
. . extractable extractable . . . extractable OM, . . .
oxic anoxic** . . oxic anoxic** OM, oxic . soil, oxic anoxic**
OM, oxic OM, anoxic** anoxic**
conce]rjlt(r);ion in 0.149+ 0.890% 5.800% 6.320%
extract (mg C L) 0.036 0.041 - - 0.025 0.071 - - - -
b .
Caf;’;ilizrfigfct 0.036+ 0.234+ 0.021+ 0.146+ 1.451+ 1.770+ 0.014+ 0.079+ 1450+  1.881+
() 0.012 0.015 0.002 0.013 0.008 0.028 0.003 0.000 0.002 0.029
‘Percentage of
0.24+ 1.69+ 17.0% 20.7% 0.15% 0.90% 17.0% 22.0%
+ +
Cafrr';‘l’;’:(’)‘itlr?f/gd 0-41£0.14 274 20.18 0.02 0.15 0.09 0.32 0.03 0.00 0.02 0.34
d
(ng\gt;?l) 0.018 0.027 0.017 0.029 0.023 0.042 0.068 0.207 0.083 0.265

iTOC of all HA extracts and of the FA isolated from the water-extractable OM was directly quantified from the freeze-dried powders. The carbon content of all other liquid

samples was determined as DOC, measured directly from the solutions after passing through 0.45 um syringe filter

®Total organic carbon content in the extract was directly quantified form the freeze-dried samples of FA isolated from the water-extractable OM (oxic, anoxic) and all of the

HA extracts. For the other extracts, the total organic carbon was calculated by DOC (mg C L') X volume of the extracted solution (L)

‘Percentage of carbon extracted from soil = Total carbon extracted (mg)/soil carbon content (8.54 mg)

dSpecific UV absorbance 254 nm (SUV Asss) = UVass XDOC (mg C L), b is the optical path length in centimeter (1 cm in this experiment)

**The percentage of carbon extracted from soil of the samples are significantly different (n=2, two-sided t-test, P< 0.05)
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Figure 3.2. 3C-NMR spectra of water-extractable OM, FA and HA. All spectra were collected
from freeze-dried extracts and the aromaticity of samples was calculated as the percentage of
aromatic C peak area to the total peak area. The relative intensity distributions of specific
chemical shifts are shown in Table S3.2. Spectra for FA isolated from water-extractable OM

cannot be presented due to the lack of an adequate amount of sample for analysis.

Furthermore, after 24 h water extraction of OM, we found a maximum Fe(Il)
concentration of 3 mmol L™! in the water-extractable OM solution. Although, as shown in Table
S3.3, more than 90% of the Fe was removed by filtration (0.22 um, mixed cellulose ester (MCE),
Millipore, Germany) and around 30% of the remaining Fe(II) was oxidized to Fe(Ill) during
the oxic freeze drying process, there was still 15-123 umol L' total Fe present in the water-
extractable OM and FA or HA isolated from it. This Fe is potentially redox-active and can

contribute to the redox properties of the extracted OM. For example, a previous study showed
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that 4 mg L' of Fe(Ill) yielded an absorbance value of 0.65 cm™ at 254 nm wavelength
(Weishaar et al., 2003). Therefore, we believe that the high SUV A»s4 value of HA isolated from
the water-extractable OM compared to SUV Ass4 values of HA shown in previous studies could
be caused by the presence of Fe(Il) and Fe(Ill) in the sample due to the microbial Fe(IIl)
reduction that occurred under the anoxic extraction conditions. However, since this Fe is an
integral part of the OM in the environment and we were interested in determining the role of
environmentally relevant OM extracts in electron shuttling, we decided not to further purify the
extracts (also because this probably would have changed the properties of the present redox-

active organic matter).
Redox properties of extracted water-extractable OM, FA and HA

We used mediated electrochemical reduction and oxidation to quantify the EAC, EDC
and thus the EEC of all water-extractable OM, FA, and HA extracts (Figure 3.3). Based on the
Fe content we calculated the contribution of the Fe to the redox properties of all extracts (Table
S3.3). A 2-way ANOV A statistical analysis revealed that both the extraction condition (anoxic
versus oxic) and the extraction method (neutral pH water versus NaOH) resulted in significantly
different EEC values (P<0.05; Table S3.4). The EEC of water-extractable OM obtained under
oxic conditions was 32 umol e mmol C! (with ca. 4 pmol e mmol C!' from Fe), whereas when
extracted anoxically, it increased to 44 umol e mmol C! (with 14.8 umol e mmol C! from Fe).
Higher EEC values under anoxic compared to oxic extraction conditions were also observed
for all extracted FA: for FA isolated oxically from the water-extractable OM, the EEC was 13
umol e- mmol C! (2.3 umol e mmol C! from Fe), while it increased to 24 umol e mmol C'!
(2.7 umol e mmol C! from Fe) when FA was isolated anoxically from the water-extractable
OM. The EEC of FA isolated from soil under anoxic conditions was 33 pmol e mmol C! higher
than FA isolated from soil under oxic conditions. Similar to FA, for the HA isolated from water-

extractable OM, the EEC values increased from 15 umol e mmol C! (1.9 umol e mmol C!
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from Fe) under oxic conditions to 83 umol e mmol C! (7.3 umol e- mmol C! from Fe) under
anoxic conditions. For HA isolated from soil, EEC values increased from 40 pmol e- mmol C
Munder oxic conditions to 127 umol e- mmol C! under anoxic conditions.

The total number of electrons that can be exchanged (that means transferred from
Fe(II)-reducing bacteria to the OM, or from the OM to Fe(IlI) minerals) by water-extractable
OM before and after the chemical separation of FA and HA from this water-extractable OM
was also calculated (the recovery of EEC) under both oxic and anoxic conditions (Figure 3.3).
For the extracts obtained under anoxic conditions, the sum of total exchangeable electrons
values of the FA and HA isolated from water-extractable OM (786 umol e’) was almost
identical to that of water-extractable OM itself (836 umol €). In contrast, under oxic conditions,
the sum of the EEC values of the FA and HA separated from the water-extractable OM was
324 umol e, ca. 5-times higher than the EEC value of the water-extractable OM (64 pmol ¢°).
This confirms that the traditional chemical extraction procedure conducted under oxic
conditions strongly enhances the redox capacity of the samples.

In addition to the EEC that represents the total amount of electrons that can be stored
by the extracted organic compounds, the individual EAC and EDC values can be used to
characterize the redox state of the water-extractable OM, HA and FA. The EDC and EAC
quantify how many electrons are already stored in the molecules (EDC) and how many
electrons can still be taken up by functional groups that can be reduced (EAC) (Figure 3.3).
Surprisingly, the EAC values were larger for all FA and HA extracts obtained under anoxic
extraction conditions than under oxic conditions (Figure 3.3). The higher EAC under anoxic
conditions suggests the presence of more functional groups that can be reduced in FA and HA
extracted in the absence of oxygen, meaning that the additional amount of organic compounds
that was extracted under anoxic conditions compared to oxic conditions contain more oxidized

functional groups.
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*carbon content was calculated from the total organic carbon content in extracts in Table 3.1

Figure 3.3. Electron exchange capacity (EEC), the sum of EAC (electron accepting capacity)
and EDC (electron donating capacity) of the extracted water-extractable OM (a), FA (b) and
HA (c). Error bars indicate the standard deviation of 4 replicates. All EAC/EDC values were

normalized to the DOC of the extracts.

Effects of different organic matter extracts on the rate and extent of microbial ferrihydrite

reduction and mineral transformation during reduction

To determine the effects of water-extractable OM, FA and HA extracts on microbial
Fe(Ill) reduction, the Fe(Ill) mineral- ferrihydrite was incubated with the Fe(Ill)-reducing
bacteria Shewanella oneidensis MR-1 in experiments amended with our extracts and total Fe(II)

concentration was monitored over time (Figure 3.4). The highest initial microbial Fe(III)
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reduction rates were determined as shown in the supporting information (Figure S3.1). The
presence of AQDS stimulated ferrihydrite reduction to Fe(Il) with a maximum reduction rate

of 3.12+0.38 mM Fe(II) d"! compared to experiments without electron shuttle with a rate of
0.79+0.31 mM Fe(Il) d!' (Figure S3.1(a), (b)). The observed decrease of total Fe(Il) after 5

days of incubation (from 14.67 mM to 6.87 mM) in the AQDS-amended setup was caused by
Fe(IT) loss due to sorption of Fe(Il) or precipitation of Fe(Il) (e.g. as Fe(Il)-phosphate mineral
due to the presence of phosphate buffer) at the wall of the glass bottles (Figure. S3.2). After the
addition of oxic and anoxic water-extractable OM (Figure S3.1(c), (d)), Fe(IIl) was reduced at

maximum rates of 1.53+0.20 mM Fe(II) d"! and 2.07+0.43 mM Fe (II) d'!, respectively,
suggesting higher reduction rates than without any electron shuttle (0.79+0.31 mM Fe(II) d!).

When comparing Fe(II) reduction in the presence of the different HA extracts (Figure
S3.1(1)-(1)), we found that amendment with HA isolated from soil under anoxic conditions

showed the fastest reduction rate (1.83+0.03 mM Fe(I) d!) followed by HA isolated from
water-extractable OM anoxically (1.70+0.25 mM Fe(II) d'') and HA isolated from soil oxically
(1.55+£0.08 mM Fe(II) d!"). The reduction rate of the experiment amended with HA isolated
oxically from the water-extractable OM was 0.82+0.27 showing slight stimulation effect
compare to the setup without electron shuttle (0.79+0.31mM Fe(Il) d!). Addition of FA

increased Fe(IIl) reduction rates significantly in all cases (Figure S3.1(e)-(h)). In the presence
of FA isolated oxically and anoxically from water-extractable OM, the fastest rates were

2.03£0.54 and 2.22+0.36 mM Fe(II) d'!, respectively. After addition of FA isolated from soil

under oxic and anoxic conditions, the maximum reduction rates were even faster with

2.31+0.15 and 3.05+0.07 mM Fe(IT) d"!. Control samples with only OM and ferrihydrite

(without bacteria) did not show any ferrihydrite reduction (Figure S3.3). In addition to

differences in reduction rates depending on the identity of the added organic extract, we also
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found differences in reduction extents. In most cases, the reduction extent was higher in the
presence of OM compared to OM-free experiments (3.87 mM of Fe(Il) after 15 days).
Specifically, experiments amended with FA showed higher microbial Fe(III) reduction extents
than with HA. After 25 days of incubation, experiments with FA extracted chemically from soil
under anoxic conditions reduced 10.87 mmol L' Fe(IIT) to Fe(II), while the maximum Fe(III)
reduction extent in the presence of added HA (chemically isolated from anoxically water-
extracted SOM) was about 7.08 mmol L' Fe(IT) (Figure 3.4(c), (¢)).

Since the used OM extracts contained some Fe(Il) and Fe(Ill), we evaluated the
contribution of these ions to the observed Fe(III) reduction (Table S3.3). First, the Fe(Il) present
in the water-extractable OM, FA and HA ranged from 7.2 (FA isolated from water-extractable
OM, oxic) to 79.2 umol L' (water-extractable OM, anoxic) (Table S3.3) and made up between
1-17.6% of the measured Fe(II) concentration after 30 minutes of incubation. With the increase
of Fe(Il) concentration over time, the percentage of Fe(Il) present in the extracts to the
measured Fe(Il) concentration decreased to less than 0.1% and is therefore negligible. Second,
the influence of Fe(IIl) initially present in the water-extracted SOM, FA and HA (Table S3.3)
can be neglected as well, because the Fe(Ill) concentration of the extracted organic matter
fractions ranged from 8.7-43.9 umol L-! (Table S3.3), but the ferrihydrite concentration used in

the experiments was 15 mmol L.
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Figure 3.4. Microbial reduction of ferrihydrite (15 mmol L) by Shewanella oneidensis MR-1

(107 cells mL™") in the presence of 15 mmol L' lactate as electron donor and 100 umol L!

AQDS (a), 50 mg C L! FA (b, ¢), water-extractable OM (d), and HA (e, f) as electron shuttles,

presented as the formation of total Fe(Il) over time. The inserts in panels a-f show the data

points for the first 2 days of incubation. Control samples were incubated at the same condition

in the absence of electron shuttles. Error bars represent standard deviations of triplicate bottles.

3.4 Discussion

Effects of the presence of oxygen on the amount and properties of SOM extracts

The presence and absence of oxygen impacted the amount of water-extractable OM.

Under anoxic conditions, water at neutral pH extracted about 6.7 times more organic carbon
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than under oxic conditions (Table 3.1). The presence of Fe(Il) at the end of extraction in all
anoxic extracts suggested that the higher amount of extracted OM is probably related to
microbial Fe(Ill)-mineral reduction and the release of mineral-bound OM during mineral
dissolution. A correlation between the dissolved organic carbon (DOC) concentration and the
amount of Fe(II) in pore water was reported before for sediment samples that were incubated
in the dark under anoxic conditions for 14 days (Dadi et al., 2017). In-situ monitoring of the
DOC flux in pore water of marine sediment or freshwater wetland also suggested an increase
in DOC with increasing microbial iron(IIT) mineral reduction (Burdige et al., 1992; Burdige et
al., 1999; Chin et al., 1998). Other studies also suggested an increase in DOC under anoxic
conditions due to the microbial iron(IIT) mineral reduction and dissolution and the concomitant
release of organic carbon (OC) that was co-precipitated with and adsorbed to the iron(III)
minerals (Gu et al., 1994; Riedel et al., 2013; Shimizu et al., 2013).

In addition to differences in the amount of extracted OM, the presence or absence of
oxygen also influenced the aromaticity of the extracted SOM, as shown by the SUV Axs4 values
(Table 3.1) and *C -NMR data (Figure 3.2). Water-extractable OM extracted under anoxic
conditions showed a higher aromaticity, suggesting that the additional organic matter mobilized
by reductive dissolution of iron minerals possesses a higher degree of aromaticity. This is in
line with findings described by other studies (Avneri-Katz et al., 2017; Coward et al., 2019; Gu
et al., 1994; Lv et al., 2016). Kothawala and co-authors (Kothawala et al., 2012) incubated
oxically-extracted soil solution with soils with different mineral composition. SUVA and
fluorescence index analysis of the remaining non-sorbed organic matter showed that regardless

of the soil type, the aromatic functional groups were preferentially adsorbed to the soil minerals.
Effects of extraction pH on the amount and properties of extracted organic matter

The practice of extracting and isolating HA and FA using NaOH and HCI under anoxic

conditions has been the established standard protocol (IHSS, 2017). As early as in 1972, Swift
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and Posner (Swift and Posner, 1972) showed that by incubating a peat HA with 1 M NaOH
under oxic conditions for 30 days, more than half of the HA was degraded to low-molecular-
weight molecules and amino acid N was lost from the HA. Later studies also reported the
hydrolysis of esters in NOM to carboxylic acid groups when exposing NOM to NaOH under
oxic conditions (Ritchie and Perdue, 2008). Consistent with previous studies, our SUVAs4
(Table 3.1), 3C-NMR (Figure 3.2) and EEC (Figure 3.3) results showed that FA and HA
isolated from soil under oxic conditions had lower aromaticity and EEC compared to the FA
and HA isolated from soil under anoxic conditions. This indicates that degradation of aromatic
structures and functional groups in the OM to smaller molecules occurs in the presence of O2
under higher pH conditions.

However, we found that even under anoxic conditions, the chemical extraction extracted
up to 100 times more carbon than the water extraction at neutral pH (Table 3.1), consistent with
previous studies (Aiken, 1985). This higher extraction efficiency at high pH could be due to the
deprotonation of carboxyl and phenol functional groups leading to both higher aqueous
solubility and electrostatic repulsion of OM from negatively charged soil minerals (Kleber et
al., 2015) or due to the hydrolysis of plant material and the formation of smaller oligo- and
monomers (Sparks, 2003). Not only the amount of C extracted but also the properties of the
extracted FA and HA are affected by the chemical extraction under anoxic conditions. Our
results indicate that the HA isolated from soil have higher aromaticity than water-extractable
OM under anoxic extraction conditions. On the one hand, the higher aromaticity in HA isolated
from soil can probably be explained by the extra amount of C extracted from soil by the
chemical extraction method. On the other hand, this cannot be the only explanation, since the
HA isolated from the water-extractable OM also had higher aromaticity than the water-
extractable OM itself. This suggests the formation of aromatic functional groups during the
extraction with NaOH under anoxic conditions by condensation reactions between amino acids,

aldehydes, hydroxyl-and catechol-containing molecules. Such condensation reactions could
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result in larger molecules with a higher degree of aromaticity (Gieseking, 1975; Golchin et al.,
1994; Kappler and Brune, 1999; Kappler and Haderlein, 2003). A recent study comparing OM
extraction from a freshwater sediment using water (acidified to pH 2 with 1 M HCI), with an
extraction using 0.1 M sodium pyrophosphate (pH 10) and 0.5 M NaOH (pH 12) also revealed
a higher aromaticity in the alkali-extracted OM (Fox et al., 2017). Using Fourier-transform
infrared spectroscopy (FTIR) and electrospray ionization Fourier-transform ion cyclotron
resonance spectrometry (ESI-FTICR-MS), these authors showed that OM extracted by sodium

pyrophosphate and NaOH had more condensed aromatic compounds.

Electron exchange capacity (EEC) of soil extracts determines their ability to stimulate

microbial Fe(Ill) reduction

Our data showed that the rates of microbial ferrihydrite reduction differed in the
presence of different OM extracts. The observed differences in Fe(IIl) reduction rates can either
be a result of the differences in OM redox activity (e.g. number and redox potentials of redox-
active functional groups) and the resulting function of the OM as electron shuttle or due to
different secondary mineral phases that can form during ferrihydrite reduction. However, a
previous microbial Fe(Ill) mineral reduction study of ferrihydrite (15 mM Fe(Ill)) in the

presence of 50 mg C L' OM, 0.8 mM phosphate buffer and 2x10° cells mL™! Shewanella

oneidensis MR-1 showed no goethite or magnetite (based on >’Fe-Moessbauer and XRD
analysis) but vivianite as the major mineral phase produced (Amstaetter et al., 2012). The
transformation of ferrihydrite to vivianite instead of goethite or magnetite in presence of
phosphate buffer was also reported in other studies using similar concentration of OM, buffer,
cells and ferrihydrite (Chen et al., 2003; Piepenbrock et al., 2011; Shimizu et al., 2013). The
formation of more crystalline secondary mineral phases such as goethite was only observed
during ferrihydrite reduction in the absence of phosphate (Borch et al., 2007; Hansel et al.,

2003). Abiotic experiments showed that phosphate inhibits the transformation of ferrihydrite to
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magnetite or goethite by blocking of surface sites of ferrihydrite, therefore prevents the sorption
of the produced Fe(II) on the Fe(IIl) mineral, thus lowering the number of surface sites where
conversion of ferrihydrite to magnetite or goethite can take place (Galvez et al., 1999).
Therefore, the transformation of ferrihydrite to magnetite or goethite is not expected to happen
in our experiments and the following discussion will focus on the influence of the redox activity
of the extracted OM on the rate and extent of the microbial Fe(III) reduction.

As measures for the redox activity of the different extracted OM fractions, we
determined their potential for accepting electrons (EAC) and for accepting and donating
electrons (EEC). Correlating the EAC values of our different OM extracts and the maximum
microbial ferrihydrite reduction rates showed that the higher the EAC values of the extracted
OM, FA and HA, the faster the microbial Fe(IIl) reduction rates are (Figure 3.5). As shown
before (Aeschbacher et al., 2012), (hydro)quinone functional groups contribute mainly to the
measured EAC values in OM and these quinone moieties are thought to be the major functional
group responsible for electron transfer between Fe(Ill)-reducing bacteria and Fe(IIl) minerals
during electron shuttling. Scott et al. (1998) reported a direct correlation between OM oxidation
capacity and the stable free-radical content in the OM, stemming from semiquinone radicals
(Lovley et al., 1996; Scott et al., 1998). However, we also found a correlation between EEC
values and the maximum microbial ferrihydrite reduction rates in the presence of water-
extractable OM, HA and FA. Since higher EEC values reflects higher contents of
aromatic/polycondensed aromatic compounds in the OM (Aeschbacher et al., 2012), our results
also indicate that, apart from quinones, also other aromatic functional groups were involved in
the microbial Fe(IIl) reduction with OM as electron shuttles and these functional groups also
influence the electron transfer efficiency between the Fe(Ill)-reducing bacteria, the OM and

the Fe(III) minerals. Support for the participation of non-quinone groups in such OM electron
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transfer studies also comes from previous analyses of redox properties and stable free-radical

concentrations in OM (Chen et al., 2003; Struyk and Sposito, 2001).
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Figure 3.5. Correlation of the electron accepting capacity (EAC) (top) and electron exchange
capacity (EEC) (bottom) and with the fastest microbial ferrihydrite reduction rates in the
presence of oxically and anoxically prepared SOM (a, d), FA (b, €) and HA (c, f). EEC and
EAC are re-plotted from Figure 3.2. Horizontal error bars represent standard deviation of the
measured EAC/EEC; vertical error bars are standadr deviation of the reduction rates calculated

as shown in Figure S3.1.

Faster Fe(Ill) mineral reduction rates in the presence of more aromatic functional
groups (including quinones) was demonstrated previously in experiments with increasing
concentrations of AQDS or HA (Glasser et al., 2017; Jiang and Kappler, 2008; Wolf et al.,
2009). It was suggested that the microbial turnover of substrate (lactate as electron source) is
limited by the availability of the electron acceptor, i.e. either by the Fe(Ill) in the absence of
shuttles or by the OM when OM serves as electron shuttling compound (Jiang and Kappler,

2008; Poggenburg et al., 2018). Thus, with the same concentration of OM electron shuttle, the
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OM with more redox-active functional groups can accept more electrons per time from the
microorganisms, therefore resulting in higher Fe(IIl) reduction rates. Additionally, when more
quinone or other redox-active functional groups are present per shuttle molecule, the distance
between redox-active functional groups is smaller, therefore, electron transfer within the
shuttle molecule and between the shuttle molecules can occur faster, thus further increasing the
electron transfer rate from the microbial cells to the shuttle molecules and further to the Fe(III)
minerals (Boyd et al., 2015; Glasser et al., 2017). The different types and proportions of
functional groups in the different OM extracts may also influence their adsorption onto the
ferrihydrite surface, and therefore also impact the rates of microbial ferrihydrite reduction
amended with different OM. However, due to the high concentration of lactate and HEPES
buffer in our experiment, we could not quantify the amount of adsorbed OM vs. dissolved OM.
It has to be noted, however, that in our extracted OM (Table S3.3) different amounts of redox-
active Fe ions were present and that the redox-active OM-bound Fe can potentially also
influence the rates of Fe(III) mineral reduction. The OM-bound Fe(III) can also be reduced by
the Fe(Ill)-reducing bacteria or by reduced organic functional groups in the OM to Fe(II),
which can then transfer electrons further to the ferrihydrite. The OM-bound Fe is subsequently
reoxidized to Fe(III), and therefore contributes to electron shuttling between Fe(IlI)-reducing
bacteria and ferrihydrite.

In addition to the differences in the reduction rates, we also observed that the extent of
ferrihydrite reduction was influenced by the presence of different OM. Specifically,
amendments with HA lead to lower extents of Fe(IIl) reduction than FA amendments. This
difference could be caused by the higher content of aromatic functional groups in HA than in
FA and the resulting differences in sorption properties. OM with higher aromaticity and larger
molecular weight was shown to have a higher adsorption affinity to ferrihydrite (Coward et al.,

2019; Lv et al., 2016). Since our HA extracted under all conditions were more aromatic than
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the FA, the HA were probably preferentially adsorbed to ferrihydrite. On the one hand, the
sorbed HA can block surface sites on the minerals and restrict the accessibility for bacteria. On
the other hand, HA adsorption changes the net surface charge of ferrihydrite from positive to
(partially) negative and thus leads to repulsion of negatively charged cells (Aeschbacher et al.,

2012).
3.5 Conclusion

In summary, our results clearly show that the extraction method determines the
concentration of redox-active (aromatic) functional groups and the EEC of the soil extracts and
the EEC is a key factor for the electron shuttling capacity of soil extracts in microbial Fe(III)
mineral reduction. Therefore, it has to be carefully decided which SOM extraction method to
apply and which SOM fraction to use in biogeochemical experiments to obtain soil extracts
that can represent natural SOM. Representative SOM is necessary to obtain meaningful results
that will prevent overestimating the reactivity of SOM in redox processes in the environment.
Based on our experimental results we suggest that firstly, the NaOH extraction method should
be avoided in general because it alters the chemical and redox properties of SOM. Additionally,
soil pH values typically range from 3.5-8.5 (Sparks, 2003), therefore the organic matter that is
soluble only at pH>12 will not be dissolved under in-situ soil conditions and might react
differently in biogeochemical processes compared to solid-phase soil OM (Kappler et al., 2014;
Roden et al., 2010). Secondly, when extracting SOM with water at neutral pH, the redox milieu
(oxic or anoxic) during extraction needs to be carefully controlled. When targeting oxic
environmental systems with the goal of obtaining relevant OM matter that participates in
biogeochemical processes under such redox conditions, short extraction times (<24 h), small
batches, aeration, and thorough stirring is recommended for the OM extraction. Thus, anoxic
conditions during the OM extraction should be avoided that would lead to reductive dissolution

of iron minerals with concomitant mobilization of OM that would not be available under oxic
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conditions (in the absence of microbial Fe(Ill) reduction). However, in case the target
environmental systems undergo redox fluctuations or even permanent reducing conditions,
yielding anoxic conditions with microbial Fe(III) mineral reduction during the OM extraction

is appropriate.
3.6 Supporting information

Table S3.1. Two-way ANOVA statistical analysis of the measured specific UV absorbance
values at 254 nm (SUVA»ss) for all NOM extracts. The two-way ANOVA analysis was
conducted using the SPSS software to test whether the extraction condition, the extraction
method, or both of them have significant impact on the SUV Azs4 values of the extracts. P<0.05
indicates the rejection of the null hypotheses, meaning that the corresponding condition has

significant influence on the SUV Azs4.

*Dependent Variable: SUVAazsa

"Degrees of

Conditions Sum of Squares ‘Mean Square dF P
freedom
Extraction condition 11.181
0.002 1 0.002 <0.05
(oxic vs. anoxic) F (1.20) =4.35
Extraction method 166.808
0.125 4 0.031 <0.05
(water vs. chemical) F (4.20) =2.87
Extraction condition and 103.209
0.077 4 0.019 <0.05
extraction method F (4.20) =2.87
Error (within grou 0.000
( Sroup 0.004 20
variances) (0.00018)

"Three null hypotheses of the two-way ANOVA analysis:

Hypothesisni: the extraction condition does not have significant impact on the measured SUVAjs4
values of the extracts

Hypothesisn;: the extraction method does not have significant impact on the measured SUV A,s4 values
of the extracts

Hypothesisns: the extraction condition and the extraction method together do not have any significant

impact on the measured SUV A»s4 values of the extracts
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°Degree of Freedom was calculated based on the number of variables under each condition. For example,
for the extraction condition, there are two variables, i.e., oxic condition or anoxic condition, so the
degree of freedom is 2-1=1. For the extraction method, there are five variables, i.e., water-extracted
SOM, FA isolated from the water-extracted SOM, FA isolated from soil, HA isolated from the water-
extractable SOM, HA isolated from soil. Therefore, the degree of freedom is 5-1=4. The degree of
freedom of both conditions (the third row: extraction condition and extraction method) was calculated
by multiplying the degree of freedom of extraction condition and the degree of freedom of extraction

method, therefore 1x4 =4

‘Mean Square = Sum of Square/Degree of Freedom

9F ratio = variance of the group means (Mean Square)/mean of the within group variances (Mean Square
Error). The calculated F ratio should be compared to the critical F ratio based on the degree of freedom
(as shown in the brackets), and in all cases, the F ratio is higher than the critical F ratio, indicating that

the null hypotheses should be rejected.
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Table S3.2. *C-NMR analysis of SOM, FA and HA. '3*C-NMR was conducted from freeze-dried extracts. The relative intensity of the signals was
obtained by integration of the specific chemical shift range by an integration routine with MESTRE NOVA. Data for water-extracted FA cannot
be presented due to the lack of an adequate amount of sample for analysis.

Percentage distribution of '*C within indicated ppm regions (%)

Sample/ppm range 0-45 55-60 60-90 90-110 110-140  140-160  160-185  185-225 aArO?/Oa)tiCity
AlkylC N-AlkylC O-Alkyl C ((Z’)/ﬁi(glgé C/H-Aryl C O-Aryl C Carbonyl C Al?;giiz &

Water-extracted SOM, oxic 20 10 30 10 12 6 7 4 20
Water-extracted SOM, anoxic 35 10 14 6 13 6 15 1 23
Chem.-extracted FA, oxic 21 9 32 9 9 4 11 3 15
Chem.-extracted FA, anoxic 22 10 19 8 14 8 12 6 27
Water-extracted HA, oxic 31 11 19 7 13 7 7 2 23
Water-extracted HA, anoxic 23 9 17 8 15 9 10 8 30
Chem.-extracted HA, oxic 24 11 22 8 15 8 9 3 20
Chem.-extracted HA, anoxic 27 11 21 8 14 7 8 3 24

*Aromaticity (%)= [Aromatic C peak area (110-160 ppm)] X 100/[Total peak area (0-160 ppm)
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Table S3.3. Total phosphate-leachable Fe, Fe(Il) and Fe(III) in the isolated SOM, FA and HA samples. Iron concentrations were quantified in

the extracts solution after filtration with 0.22 um syringe filter (mixed cellulose ester (MCE), Millipore, Germany). Errors represent the standard

deviation calculated from 3 parallels. The data for FA and HA isolated from soil is missing because the Fe(II) and Fe(IIl) concentrations in these

samples are below the detection limit.

'Contribution of Fe(II) to
electron donating capacity
(EDC) (umol e mmol C")/%

Fe total Fe(II) Fe(III)
(umol L")  (umolL") (umolL™)

2Contribution of Fe(IlI) to
electron accepting capacity
(EAC) (umol e mmol C)/%

3Total contribution of Fe to
electron exchange capacity
(EEC)
(umol e mmol C")/%

SOM
(water-extractable, oxic)
SOM
(water-extractable, anoxic)

32.8+1.8 17.4+1.6  15.4+1.3 2.1+0.19/11.7-14.0

123.1+£0.8  79.240.8  43.9+0.9 9.5+0.10/33.4-33.7

1.940.16/10.9-12.9

5.3+0.11/32.3-33.7

4.0+0.21/11.8-13.0

14.8+0.10/33.0-33.4

FA
(isolated from the water- 18.8+1.3 7.2+0.4 11.6+0.7 0.9+0.05/7.7-8.6
extractable OM, oxic)
FA
(isolated from the water- 22.6x1.0 10.0£1.0 12.6+1.6 1.2+0.12/5.5-6.8
extractable OM, anoxic)

1.4+0.08/59.6-66.8

1.5+0.19/27.5-35.4

2.3+0.16/16.1-18.5

2.7+0.12/10.6-11.6

HA
(isolated from the water- 15.9+2.1 7.2+0.3 8.7+0.5 0.9+0.04/1.6-1.7
extractable OM, oxic)
HA
(isolated from the water- 60.7+£2.6  27.840.4  32.9+0.6 3.3+0.05/38.5-39.7
extractable OM, anoxic)

1.0+0.06/14.1-15.9

3.9+0.07/13.6-14.1

1.940.25/2.0-2.6

7.3+0.31/46.3-50.4

ICalculation of the contribution of Fe(II) to the EDC:

Take water-extractable SOM, oxic as an example, Fe(II) concentration = 17.4 pmol L
The volume of SOM solution used for EDC analysis is 200 pL

Mole quantity of Fe(Il) = 17.4 umol L! X 200 pL = 0.00348 pumol Fe(Il)

1 mol Fe(Il) can donate 1 mol e, so 0.00348 umol Fe(Il) can donate 0.00348 umol e
Mole quantity of C = 100 mg C L' X 200 pL +12 g mol! =0.00167 mmol C
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Therefore, the contribution of Fe(II) to the EDC = 0.00348 pmol ¢+0.00167 mmol C = 2.1 pmol e mmol C"

2Calculation of the contribution of Fe(III) to the EAC:

Take water-extracted SOM, oxic as an example, Fe(Il) concentration = 15.4 pmol L!

The volume of SOM solution used for EAC analysis is 200 pL

Mole quantity of Fe = 15.4 pmol L' X 200 pL. = 0.00308 pmol Fe

1 mol Fe(IlI) can accept 1 mol e, so 0.00308 pumol Fe(IIl) can accept 0.00308 pmol e

Mole quantity of C = 100 mg C L X 200 pL +12 g mol! =0.00167 mmol C

Therefore, the contribution of Fe(IIl) to the EAC = 0.00308 pumol e-0.00167 mmol C =1.9 umol e mmol C!

3Calculation of the contribution of Fe to the EEC:

Take water-extracted SOM, oxic as an example, Fe total concentration = 32.8 pumol L-!
The volume of SOM solution used for EEC analysis is 200 puL

Mole quantity of Fe total = 32.8 pumol L' X 200 pL. = 0.00656 umol Fe(II)

1 mol Fe(Il) can exchange (either donate or accept) 1 mol e, so 0.00656 umol Fe(Il) can donate 0.00656 pmol e

Mole quantity of C = 100 mg C L1103 X 200 pL +12 g mol! =0.00167 mmol C
Therefore, the contribution of Fe(II) to the EDC = 0.00656 pmol ¢+0.00167 mmol C = 4.0 umol e mmol C"*
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Table S3.4. Summary table for the two-way ANOVA of the measured electron exchange
capacity (EEC) of all extracts. The two-way ANOVA analysis was conducted using the SPSS
software to test whether the extraction condition or the extraction method, or both of them have
significant impact on the EEC values of the extracts. P<0.05 indicates the rejection of the null

hypotheses, meaning that the corresponding condition has significant influence on the EEC.

“Dependent Variable: Electron exchange capacity (EEC)

"Degrees of

Condition Sum of Squares “Mean Square dF P
freedom
Extraction condition (oxic vs. 657.912
18073 1 18073.6 <0.05
anoxic) F (1.20)=4.35
Extraction method (water vs. 195
21448 4 5362.1 <0.05
chemical) F (4.20) =2.87
Extraction condition and 88.477
9722 4 2430.8 <0.05
extraction method F (4.20) =2.87
Error (within group variances) 150 20 7.5

“Three null hypotheses of the two-way ANOVA analysis:

Hypothesisni: the extraction condition do not have significant impact on the measured EEC values of
the extracts

Hypothesisn:: the extraction method does not have significant impact on the measured EEC values of
the extracts

Hypothesisns: the extraction condition and the extraction method together do not have any significant

impact on the measured EEC values of the extracts

°Degree of Freedom was calculated based on the number of variables under each condition. For example,
for the extraction condition, there are two variables, i.e., oxic condition or anoxic condition, so the
degree of freedom is 2-1=1. For the extraction method, there are five variables, i.e., water-extracted
SOM, FA isolated from the water-extracted SOM, FA isolated from soil, HA isolated from the water-
extractable SOM, HA isolated from soil. Therefore, the degree of freedom is 5-1=4. The degree of
freedom of both conditions (the third row: extraction condition and extraction method) was calculated
by multiplying the degree of freedom of extraction condition and the degree of freedom of extraction

method, therefore 1x4 =4

‘Mean Square = Sum of Square/Degree of Freedom

9F ratio = variance of the group means (Mean Square)/mean of the within group variances (Mean Square

Error). The calculated F ratio should be compared to the critical F ratio based on the degree of freedom
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(as shown in the brackets), and in all cases, the F ratio is higher than the critical F ratio, indicating that

the null hypotheses should be rejected.

Table S3.5. Metal content analyzed by Microwave Plasma-Atomic Emission Spectrometer

(MP-AES) (4100, Agilent Inc., Santa Clara, CA, USA) in the extracted SOM, HA and FA

samples. The data for FA (chemically-extracted, oxic) and HA (water-extracted, oxic) are

missing due to the lack of enough samples. The unit of all metal concentrations is mg kg™,

blank means the concentration of the corresponding metal is too low to be detected.

B Zn Ca Mg Cu Ag Ba Mn Pb Al Ga
SOM (water-
1.65 0.04 10.09 3.03 0.10 0.02 0.07 382 0.10 099 033
extracted, oxic)
SOM (water-
0.11  0.13 - 897 0.11 0.01 0.68 10.64 0.14 12.64 0.01
extracted, anoxic)
FA (water-extracted,
034 0.01 1402 020 0.08 0.01 003 045 0.07 026 0.03
oxic)
FA (water-extracted,
0.06 0.01 0.84 - 0.05 0.01 0.01 031 0.03 082 0.02
anoxic)
FA (chemically-
0.09 0.11 - 11.13 0.19 0.02 1.05 3.40 0.12 14.87 0.01
extracted, anoxic)
HA (water-extracted,
0.03 003 641 278 0.01 0.01 026 2.07 0.10 19.64 0.02
anoxic)
HA (chemically-
0.08 0.04 0.03 791 392 0.09 002 032 1.6 0.15 064.12
extracted, oxic)
HA (chemically-
0.02 0.02 0.01 646 294 0.05 003 0.09 0.15 0.09 7.14

extracted, anoxic)
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Figure S3.1. Calculation
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of the fastest initial microbial Fe(IlI) reduction rates in setups

amended with AQDS (a), Shewanella oneidensis MR-1 only (control, b), water-extractable OM

(c-d), FA(e-h), HA (i-1). The reduction rate was calculated separately for each of the triplicates.

The standard deviation for the average of the three rates was calculated and indicated in each

panel.
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(a) AQDS+cells+ferrinydrite  (b) Cells+ferrihydrite

Figure S3.2. Addition of ferrozine to incubation bottles at the end of the experiment shows
sorption or precipitation of Fe(Il) at the glass walls of the experiments with Shewanella
oneidensis MR-1 and ferrihydrite, in addition of AQDS (a) or absence of AQDS (b). Before
adding ferrozine solution, original solutions in the bottles were discarded completely in the

anoxic glovebox.

15

(a) 1 ® (c)
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Figure S3.3. Abiotic reductions of ferrihydrite (15 mmol L) in the presence of 50 mg C L-!
water-extractable OM (a), FA (b) and HA (c) and 15 mmol L! lactate, presented as total Fe(II)
formed over time. All experiments were incubated in air-tight 100 mL glass serum bottles

flushed with N> at 30 °C in the dark.
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4.1 Abstract

Redox-active organic molecules such as anthraquinone-2,6-disulfonate (AQDS) and
natural organic matter (NOM) can act as electron shuttles thus facilitating electron transfer from
Fe(III)-reducing bacteria (FeRB) to terminal electron acceptors such as Fe(IIl) minerals. In this
research, we examined the length scale over which this electron shuttling can occur. We present
results from agar-solidified experimental incubations, containing either AQDS or NOM, where
FeRB were physically separated from ferrihydrite or goethite by 2 cm. Iron speciation and
concentration measurements coupled to a diffusion-reaction model highlighted clear Fe(III)
reduction in the presence of electron shuttles, independent of the type of FeRB. Based on our

fitted model, the rate of ferrihydrite reduction increased from 0.07 to 0.19 pmol d”! with a 10-

fold increase in AQDS concentration, highlighting a dependence of the reduction rate on the on
electron-shuttle concentration. To capture the kinetics of Fe(II) production, the effective AQDS
diffusion coefficient had to be increased by a factor of 9.4. Thus, we postulate that the 2 cm
electron transfer was enabled by a combination of AQDS molecular diffusion and an electron
hopping contribution from reduced to oxidized AQDS molecules. Our results demonstrate that
AQDS and NOM can drive microbial Fe(IIl) reduction across 2 cm distances, and shed light

on the electron transfer process in natural anoxic environments.
4.2 Introduction

Fe(IIl) (oxyhydr)oxides are crucial mineral phases involved in major biogeochemical
cycles in sediments and soils. Under anoxic conditions, dissimilatory Fe(Ill)-reducing bacteria
(FeRB) can use Fe(IIl) minerals as terminal electron acceptors for respiration (Fredrickson et
al., 1998; Nealson and Saffarini, 1994). Microbial reduction of Fe(III) minerals such as
ferrihydrite or goethite results in their dissolution and thus in the release of sorbed or
incorporated compounds such as arsenic or phosphate. The dissolved Fe(II) produced can re-

precipitate forming new Fe(II)-bearing minerals such as magnetite, siderite, or vivianite,
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depending on the rate of Fe(Il) formation, pH, temperature and the presence of other species
(Coker et al., 2006; Hansel et al., 2003). These processes can affect the environmental fate of
toxic metals, radionuclides, and organic contaminants (Gadd, 2004; Lloyd et al., 2000;
Newsome et al., 2014; Watts et al., 2015).

Under pH-neutral conditions, Fe(II) minerals exist as poorly soluble phases that cannot
be taken up into cells for microbial respiration. While microbes can reside directly on Fe(III)
mineral surfaces, they have also adapted strategies to access solid-phase electrons when
separated from the mineral phase. FeRB can rely on extracellular electron transfer, rather than
direct cell contact, to reduce Fe(IIl) minerals (Glasser et al., 2017). Different mechanisms for
extracellular electron transfer at nanometer (nm) to micrometer (um) separations have been
reported. Among these are the formation of c-type-cytochrome-containing pili and nanowires
(Gorby et al., 2006; Lovley and Malvankar, 2015; Speers et al., 2016; Subramanian et al., 2018),
the excretion of Fe(Ill) chelators to induce the solubilization of Fe(IlI) minerals to use the
dissolved Fe(IIl) as electron acceptor (Nevin and Lovley, 2002b), electron hopping via redox-
active cofactors that are present in a biofilm (Snider et al., 2012), or the usage of electron
shuttles between FeRB and Fe(III) minerals (Glasser et al., 2017).

Electron transfer by electron shuttles from FeRB to Fe(Ill) minerals involves two
reaction steps. First, FeRB donate electrons to the shuttle, the reduced electron shuttle
subsequently transports the electrons (either by diffusion of the shuttle or by electron-hopping)
toward the Fe(IlI) mineral where it then transfers electrons abiotically, getting oxidized and
transported back to the FeRB thus resetting the sequence (Scott et al., 1998). To be recyclable,
the electron shuttle compound must contain redox-active functional groups, such as a
quinone/hydroquinone moiety. A model quinone compound that has been widely used in
electron-shuttling studies is anthraquinone-2,6-disulfonate (AQDS). Additional shuttling
compounds include flavins (excreted by some FeRB), dissolved and solid-phase humic

substances, biochar particles and natural organic matter (NOM) (Kappler et al., 2014; Lovley
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et al., 1996, Marsili et al., 2008; Roden et al., 2010; von Canstein et al., 2008). Previous studies
demonstrated that electron shuttling can facilitate microbial Fe(III) reduction over um distances
(Lies et al., 2005; Michelson et al., 2019). However, in the environment, the spatial separation
between the FeRB and Fe(Ill) minerals can be out of the pum range, and whether electron
shuttling can happen also over longer distances, e.g., over centimeters (cm), has remained
unknown until now.

In this study, we incubated FeRB (Shewanella oneidensis MR-1 or Geobacter
sulfurreducens) separated from Fe(Ill) minerals (ferrihydrite or goethite) by 2 cm in the
presence of shuttling compounds. We also collected geochemical data and coupled them to
reactive transport modelling to probe separation distance, shuttle type and shuttle concentration
as controls modulating extracellular Fe(IIl) mineral reduction. Our findings shed new light on
the feasibility and mechanisms of extracellular electron transfer, as a driver of Fe(IlI)-mineral

reduction, in natural anoxic environments.

4.3 Materials and methods

Agar-solidified reactors

All preparation steps were performed under sterile conditions. To prepare the shuttling
layer with AQDS or organic matter (OM, including Pahokee Peat humic acid (PPHA) and
Suwannee River Natural Organic Matter (SRNOM)), the AQDS or OM solutions were added
to the warm autoclaved agar solution (for preparation steps see section S1 in the supporting
information (SI)) under vigorous shaking. Eighty mL of the shuttle-agar mix was poured into a
100 mL bottle in ice water (Figure S4.1). The Fe(IIl) mineral agar ball (preparation see section
S1 in SI) was dropped into the agar when ~2 cm of the bottom and the side of the agar in the
bottle were solidified, but the middle part was still liquid, to fix the Fe(IlI) mineral agar ball in

the center of the agar layer. When the agar was completely solidified, the headspace of the

bottle was flushed with N2 gas, closed with a rubber stopper and a screw cap to make it air-
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tight. A suspension of FeRB (1 mL) and 1 mL of growth medium, containing either acetate (for
Geobacter sulfurreducens) or lactate (for Shewanella oneidensis MR-1) as an electron donor,
were added on top of the agar in the bottle. The cultivation of FeRB, preparation of cell

suspensions and AQDS/OM solution, and Fe(II) mineral synthesis are described in the SI

(sections S2-4).

Preparation Sampling
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Figure 4.1. Preparation and sampling of agar-solidified electron shuttling experimental setup.
(a) The Fe(IlI) mineral agar ball was prepared in a silicone mold with 1 cm diameter. (b) The
core was located in the middle of an air-tight 100 mL glass bottle, surrounded by the AQDS-
or NOM-containing shuttling layer. The suspension of Fe(Ill)-reducing bacteria (FeERB) was
added on top of the agar with 2 cm distance from the Fe(IIl) mineral. The headspace of all
setups was flushed with N> and the setups were incubated at 30 °C in dark. (c¢) For sampling, a
1 cm diameter core was taken from the center of the agar containing the Fe(IIl) mineral core.

(d) Four pieces of agar with an approximate thickness of 1 mm were sampled at different

locations in the core.

80



Chapter 4

Sampling and geochemical analyses

Sacrificial sampling was conducted anaerobically by placing triplicate bottles for each
setup into a glovebox (100% N2, with a copper bed for oxygen removal). The overlaying cell

suspensions were removed with a pipette. A scalpel was used to cut the edge of the agar until
it was small enough to be taken out of the bottle (Figure 4.1 (c)). A 10 mL syringe, cut at the
top, was used to collect the solid agar sample (Figure 4.1 (c¢)). A 1-mm thick sample was taken
at four different locations from the bottle (Figure 4.1 (d)), two from the OM-containing
shuttling layer, one that was at the interface with the overlaying cell suspension (agar rim), and
one that was in contact with the Fe(III) mineral agar ball. Two additional samples were taken
from the Fe(IlI) mineral ball, one that was in contact with the AQDS-/OM-containing shuttling
layer (ferrihydrite/goethite rim) and one from the center of the ball (ferrihydrite/goethite). The
four agar samples were incubated in a 1 M HCI (for ferrihydrite) or 6 M HCI (for goethite)
solution for 1 hour. At the end of the extraction, the agar became colorless indicating the
complete dissolution of minerals from the agar to the HCI solution. After 10 min of
centrifugation at 13,000 rpm, the Fe(Il) and Fe(IIl) concentration was quantified using the
spectrophotometric ferrozine assay in a microtiterplate assay (Hegler et al., 2008; Stookey, 1970;

Viollier et al., 2000).

Diffusion-reaction model

We developed a numerical model, simulating reaction coupled to diffusive transport in
radial coordinates, to help interpreting the measured iron dynamics in the AQDS incubations
with ferrihydrite and Shewanella oneidensis MR-1. The experimental setup was approximated
by a spherical domain, which we justify by the spherical shape of the ferrihydrite agar ball. The
model considers that iron geochemistry is driven by abiotic dissimilatory ferrihydrite reduction
via the reduced quinone, AH>QDS, and that AH>QDS is produced via the enzymatically

catalyzed oxidation of lactate to acetate (assumed to only occur at the outer edge of the domain,
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where the cells were situated), coupled to AQDS reduction. The products of ferrihydrite
reduction include aqueous Fe** and solid-bound (adsorbed) Fe(II) and the reduced iron-
phosphate mineral phase vivianite. We included the precipitation of vivianite because an
immobile Fe(Il) phase, measured in the experiment, accumulated at the fringe between the
ferrihydrite ball and the clean agar. Aqueous Fe?" would have otherwise diffused away from
the source. Reactive transport of the dissolved chemical species i within the spherical domain

is described by:

0C, _ 2D, 9C, | 0°C,
ot r or € or2

in which C; [mol L] is the dissolved concentration of compound i, D, [m? h'!'] is the effective
diffusion coefficient, accounting for both molecular diffusion and electron hopping, R; [mol L!
h'] is the sum of all rates of reactions producing the chemical species minus those consuming
it, and r and ¢ are the radial distance and time, respectively. For a detailed description of rate
expressions and coefficients that constitute the term R;, refer to the SI (section S5). Transport
and reaction were solved jointly, in MATLAB, by applying Finite-Volume discretization in
space and integrating the nonlinear system of ordinary differential equations via the ordinary-
differential-equation solver ode15s. The model was fitted to the experimental Fe(Il) data using
DREAMzs, a Markov-chain Monte Carlo-based (MCMC) method (Laloy and Vrugt, 2012;
Vrugt, 2016), generating parameter distributions, conditioned on the measurements, and
subsequent ranges of conditional parameter uncertainty. Model results are presented for the
geometric-mean value of the fitted parameter distributions (see SI, Table S4.2, for calibrated
parameter values and uncertainty ranges). The root mean square error (RMSE) was < 0.67 mM

for all AQDS-treatments.
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4.4 Results and discussion
AQDS-mediated ferrihydrite reduction

Using an agar-solidified experimental setup, Shewanella oneidensis MR-1 was spatially
separated from the ferrihydrite-agar ball by 2 cm, with AQDS in the surrounding agar layer as
the electron shuttle (Figure 4.1). Figure 4.2 presents time series of total Fe(Il) and Fe(III)
concentrations at different sampling locations (as shown in Figure 4.1) in the solid agar matrix
for the 0.1 mM AQDS treatment inoculated with Shewanella oneidensis MR-1. After 5 days of
incubation, the Fe(Ill) concentration at the rim of the ferrihydrite sphere decreased from its
starting value of 15 mM to 4 mM (Figure 4.2 (b)). Concurrently, Fe(II) accumulated directly
outside the ferrihydrite sphere, at sampling location 2 (agar core) until plateauing at 10.26 mM
after 15 days of incubation (Figure 4.2 (a)). No accumulation of Fe(II) was measured in the
ferrihydrite core or agar rim (locations 1 and 4). An increase of up to 3 mM and subsequent
decrease of Fe(II) down to 0 mM, after 15 days, was measured at the ferrihydrite rim (location
3) (Figure 4.2 (a)). We attribute the dynamics in location 3 to sorption of Fe(II) onto ferrihydrite,
which over time dissolved and yielded a re-release of dissolved Fe(Il) with the inward
progression of the dissolution front. The reductive dissolution of the ferrihydrite was observable
from the color change of the agar (Figure 4.2 (c)). The Fe(Il) produced from the reduction of
Fe(IlI), at the ferrihydrite rim, diffused out to the agar core, but did not further diffuse to the
agar rim, instead it accumulated at location 2, the agar core. The available phosphate (from the
phosphate buffer used to prepare the AQDS solution) in the agar likely reacted with the newly
reduced Fe(Il) to precipitate vivianite, thus resulting in an immobile solid Fe(Il) phase. The
transformation of ferrihydrite to vivianite in the presence of phosphate buffer has been
previously reported in studies with similar concentrations of OM, phosphate buffer, cells and

ferrihydrite (Chen et al., 2003; Piepenbrock et al., 2011; Shimizu et al., 2013).
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Figure 4.2. Fe(Il) (a) and Fe(III) (b) concentrations measured at four locations of the agar of
the microbial reduction experiment with ferrihydrite (15 mM) and Shewanella oneidensis MR -
1 (108 cells mL™") in the presence of 15 mM lactate as electron donor and 0.1 mM AQDS as
electron shuttle. Data are means from triplicate bottles + standard deviation. (¢) Gradual
appearance of yellow color in the AQDS layer and the disappearance of the ferrihydrite core in

the middle, indicating the progress of microbial Fe(III) reduction over time.

Figure 4.3 presents a comparison between experimental data and model-predicted
vivianite accumulation, along with the model-computed cumulative Fe(III) reduction. The good
agreement between the simulated and measured Fe(II) concentrations supports the inclusion of
vivianite precipitation in the numerical model, which successfully captured the measured
accumulation of an immobile Fe(II) solid phase. Figure S4.2 presents results of a model version
without vivianite precipitation, which did not lead to Fe(II) accumulation at location 2 (the agar
core), further supporting the inclusion of an immobile Fe(Il) phase to fit the measured Fe(II)
concentrations. Our Fe-concentration measurements suggest a slight spatial separation between
the reductive dissolution front at sampling location 3 (ferrihydrite rim) and the accumulation of
vivianite at location 2 (agar core) (Figure 4.2(a), 4.2(b)), while the model predicts that these
would co-occur in closer proximity (data not shown). We attribute this to be an artifact of our
sampling procedure which was partly driven by visually observing the boundary of the
ferrihydrite-agar ball to the clean agar, and thus subject to slight spatial bias with the

progression of the dissolution front. Fitted parameter values and their uncertainty ranges are
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summarized in the supporting information, Table S4.2. The MCMC-based calibration
considerably reduced the prior-distribution estimates for each parameter. Briefly, the two
parameters controlling the kinetics of ferrihydrite reduction and lactate oxidation, k¢, and k4
with calibrated geometric mean values of 5.4x10* L mmol™! d"'and 0.11 mmol L! d!, exhibited
narrow uncertainty ranges: 3.5-8.4x10* L mmol™! d!and 0.08-0.17 mM d!, respectively. The
range of uncertainty for k;,. lies well within previously reported literature values (Bonneville
et al., 2004; Mellage et al., 2018; Roden, 2003). Calibrated parameters with high uncertainty of
estimation corresponded to half-saturation (Monod) constants (e.g., K;,. ) and the rate
coefficient for the sorption (kg,,,) linear-driving force approximation (equation 5 in the SI, see
Table S4.2). Half-saturation coefficients are difficult to constrain under conditions where their
magnitude is smaller than the concentration range of substrate. Overall, the parameters
governing reaction kinetics and transport exhibit low uncertainty of estimation, and the
agreement between the numerical model and the experimental data of all three treatments
supports our conceptual understanding of the reactive system.

In a recent study, the addition of AQDS enabled the reduction of the Mn(IV) oxide
birnessite over a distance of 40 um, compared to successful reduction of Mn(IV) oxides over
15 um in the absence of AQDS by Geobacter sulfurreducens with conductive nanowires and
cell-excreted Riboflavin as cofactor (Michelson et al., 2017). Our study, with the amendment
of 0.1 mM AQDS, showed microbial reduction of ferrihydrite that was initially 2 cm away from
the microbial cells (Figure 4.2 (a)). Our control experiments in the agar-solidified setup,
amended with only Shewanella oneidensis MR-1 or Geobacter sulfurreducens (in the absence
of electron shuttles), showed no Fe(II) production within up to 50 days of incubation (Figure
S4.3). Thereby, confirming that shuttling via FeRB-produced flavins, cytochromes, or
conductive nanowires cannot shuttle electrons over 2 cm distances, and supporting AQDS-
mediated extracellular reduction. Furthermore, fluorescence microscopy (Figure S4.4) did not

detect the presence of cells in the agar of the AQDS setups throughout the incubation (Note: no
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cells were detected in the agar of the PPHA and SRNOM amended treatments either.) The lack
of cells in the agar confirms previous reports that the pore size of 2% agar (100-200 nm) is too
dense for FeRB to penetrate (Caccavo et al., 1994; Hau and Gralnick, 2007; Narayanan et al.,

2006), and thus well-suited to prevent direct cell contact between the cells and the ferrihydrite.
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Figure 4.3. Comparison between measured and simulated concentrations. (a): simulated
immobile Fe(Il) accumulation, as vivianite, as function of radial distance from the center of the
ferrihydrite core and time (surface plot) compared to measured values at the ferrihydrite-agar
boundary (between sampling locations 2 and 3) (spheres), for the 0.1 mM AQDS treatment. (b-
d): Comparison between 9.4-fold enhanced AQDS diffusion (e-hop) (solid line) and pure-
diffusion (no e-hop) (dashed line) scenarios for Fe(Il) production, at 5 mm from the center of
the ferrihydrite (location 2, agar core), in all AQDS concentration treatments. (e-g): Computed

cumulative Fe(III) reduction is shown for all scenarios.
Potential electron-transfer mechanisms

At the upper boundary, where the cells are in contact with the agar, AQDS is reduced

to AH.QDS by Shewanella oneidensis MR-1, resulting in a localized drop in redox potential
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(En) and thus more reducing conditions. Conversely, at the ferrihydrite boundary, the presence
of the electron acceptor, Fe(Ill), re-oxidizes the AH2QDS to AQDS, thus resulting in a
relatively higher AQDS/AH2QDS ratio, and subsequently a more oxidizing En. Figure 4.4
shows the computed En for the AQDS/AH>QDS couple from the simulated AQDS/AH>QDS

concentration ratios, along with the difference in En between the upper boundary, in contact

with cells, and at the ferrihydrite edge, for the 0.1 mM AQDS concentration treatment. The
redox gradient between the more reduced top boundary, in contact with Shewanella oneidensis
MR-1 cells, and the ferrihydrite yields an electromotive force which drives electrons from the

outer edge of the agar to the ferrihydrite (Figure 4.4).
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Figure 4.4. Redox potential (En) computed by the diffusion-reaction model for the
AQDS/AH>QDS redox couple, at the agar rim that is in contact with the FeRB (red line) and
the agar core, in contact with the ferrihydrite agar ball (green line), for the 0.1 mM AQDS

treatment. The reduction potential difference (AEs, blue line) is computed as the difference in

En between the more reducing agar rim and the more oxidizing agar core, and is the
electromotive force driving electrons from the outer edge of the agar to the ferrihydrite. An

example calculation of the reduction potential is shown section S6 in the SI.

87



Chapter 4

Huskinson et al. (Huskinson et al., 2014) and Liao et al. (Liao et al., 2016) reported an

aqueous diffusion coefficient of AQDS of 4.80x107'° m? s'!. In our 2% agar medium we

measured an effective diffusion coefficient, Df PS5 6f5.76 (+1.46)x10'! m? 57!, via cyclic

voltammetry (for method details see supporting information section S7), one order of
magnitude lower than in water. To capture the timing of Fe(Il) accumulation, at location 2 in

DngDS

our experiment, we had to increase the magnitude of in the reactive-transport model by

a calibrated factor (fp,p) of 9.41 (uncertainty range: 8.92-9.85). The almost 10-fold higher

Df Qeps suggests the presence of a mechanism which increases the transport flux of reduced

quinone, and thus electrons, to the Fe(IIl) mineral. We propose that this contribution arises from
direct electron transfer (electron hopping/self-exchange reaction) between AH,QDS and AQDS
molecules (Rosso et al., 2004). Figures 4.3(b)-(d) show a comparison between model results
with electron hopping (e-hop) and only by molecular diffusion of AQDS (no e-hop).
Considering an electron hopping contribution successfully captured the timing of Fe(Il)
accumulation at location 2 (agar core), as observed in the experiments, without leading to Fe(II)
appearing in the ferrihydrite core (sampling location 4), while the ‘no e-hop’ scenario lagged
behind for all treatments (Figure 4.3(b)-(d)). (Note: faster lactate oxidation kinetics in the model
were unable to capture the timing of Fe(Il) accumulation without leading to significant Fe(II)
accumulation at the ferrihydrite-core). Our parameterization of enhanced effective diffusion,
however, does not account for a dependence on AQDS concentration. An enhancement factor
was chosen as it best fits all three experimental results. Furthermore, it is calibrated for diffusion
in an agar solidified medium and should be interpreted as an approximation of a hopping/self-
exchange contribution. Further research is needed to more mechanistically parameterize
enhanced electron transfer as a function of increasing AQDS concentration.

Considering electron hopping as the dominant electron transfer pathway of AQDS

molecules, the simulated cumulative Fe(II) reduction shows that within the 28-day incubation
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period, 14, 24, and 67% of the Fe(III) was reduced in the 0.05, 0.1 and 1 mM AQDS treatments,
respectively (Figure 4.3(e)-(g)). The higher extent of reduction, with increasing AQDS
concentration, is a direct result of increased shuttle availability to transport electrons to the
ferrihydrite (Michelson et al., 2019). Because of the re-oxidation of AQDS, the model predicts
that, with long enough incubation times, each concentration treatment will yield complete
reduction of the bioavailable ferrihydrite. However, the overall rate of ferrihydrite reduction
(total reduced divided by the incubation time) varies with the AQDS concentration. For an
increasing AQDS concentration from 0.05, 0.1 to 1 mM, the ferrihydrite reduction rate
increased from 0.04, 0.07 to 0.19 umol d*!, respectively. With increasing AQDS concentrations,
the distance between these molecules is reduced, therefore, the time required for electron
hopping is shorter, ultimately resulting in a faster Fe(IIl) reduction rate. We postulate that

electron-carrying AH2QDS molecules diffuse towards the ferrihydrite core, carrying with them

electrons, which in addition, driven by the Ex-gradient, can hop between neighboring AQDS

molecules and enhance the flux of electrons transported to the Fe(III).
Natural organic matter (NOM) as an Fe(lll)-reducing electron shuttle

Figure 4.5 shows Fe(Il) and Fe(Ill) concentration time series for agar-solidified
incubation experiments with PPHA or SRNOM as the electron shuttle. PPHA amendment
resulted in a decrease in Fe(IIl) concentration in the ferrihydrite rim from ~15 mM to 8 mM,
within 20 days of incubation (Figure 4.5(b)). Concurrently, Fe(Il) increased at the agar core
from 0 to ~7 mM, and remained stable until the end of the experiment (Figure 4.5(a)). The
production of Fe(Il), mediated by electron transfer over 2 cm, was also found in the setups of
ferrihydrite reduction with Geobacter sulfurreducens (Figure S4.5(a), (¢), (e), (g)), goethite
reduction with Geobacter sulfurreducens (Figure S4.5(b), (d), (f), (h)) or Shewanella
oneidensis MR-1 (Figure S4.6), with both PPHA and SRNOM as electron shuttles. In general,

goethite was reduced to a much smaller extent compared to ferrihydrite (Figure S4.5, S4.6) due
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to the higher crystallinity of goethite than ferrihydrite. Most likely the formation of vivianite
also occurred in the OM amended setups, evidenced by the accumulation of immobile Fe(II) in
the agar core, and no detection of Fe(Il) at the agar rim in all setups (Figure 4.5(a) and Figures

S4.5, S4.6).
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Figure 4.5. Microbial reduction of 15 mM ferrihydrite by 10% cells mL™' of Shewanella
oneidensis MR-1 in the presence of 15 mM lactate as electron donor, 100 mg L' Pahokee Peat

Humic Acids (PPHA) ((a) and (b)) or Suwanee River Natural Organic Matter (SRNOM) ((c)
and (d)) as electron shuttle. All experiments were conducted with the agar-solidified setup as
shown in Figure 4.1 with 2 cm shuttling distance and incubated at 30 °C in the dark. Data are
means from triplicate bottles & standard deviation, shown as Fe(Il) and Fe(III) concentration at

four different locations of the agar.
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Because of the lower molecular weight of SRNOM, we would expect a larger diffusion
coefficient of SRNOM than PPHA, and thus a larger reduction extent of Fe(IIl) minerals.
However, Figure 4.5, Figure S4.5 and S4.6 all show that, regardless of the identity of FeRB and
Fe(IIT) mineral, PPHA always yields more Fe(Il) for the same incubation time than SNROM.
As discussed above, we postulate that the electron transfer pathway between shuttle molecules
and the Fe(III) mineral is enhanced via electron hopping, therefore, instead of the molecular
size, we expect the amount of quinone functional groups to influence the extent of ferrihydrite
reduction. PPHA, with a higher electron accepting capacity (EAC) (Aeschbacher et al., 2012),
therefore containing more quinone functional groups (Aeschbacher et al., 2012) and more
electron hopping sites (Pirbadian and El-Naggar, 2012), can accept more electrons per unit

molecule compared to SRNOM, and reduce more Fe(III) mineral within the same time.

Additionally, the lower extent of Fe(IlI) mineral reduction with SRNOM could also be
caused by the more positive reduction potential of SRNOM compared to PPHA, as determined
by mediated electrochemical analysis (Aeschbacher et al., 2012). At pH 7, the reduction
potential of the redox couple FeOOH (synthesized ferrihydrite)-Fe?* is +0.768 V, as measured
by mediated potentiometry using a Pt ring combined redox electrode and expressed against the
standard hydrogen electrode (SHE) (Gorski et al., 2016; Orsetti et al., 2013). Therefore, electron

shuttles with reduction potentials negative enough (e.g., En” of AQDSox-AQDSeq is -0.186 V,

pH 7) are able to reduce the ferrihydrite after being reduced by the FeRB. Thus, with a more
positive reduction potential, reduced SRNOM may reduce ferrihydrite to a lesser extent than
reduced PPHA (Bauer and Kappler, 2009).

In addition to its function as an electron shuttle, NOM can interact with both the Fe(III)
minerals and Fe(II) without exchanging electrons. Complexation of Fe(Il) by the NOM could
have increased the thermodynamic driving force for Fe(Il) reduction (Roden and Urrutia, 1999).

However, previous studies have shown that phosphate can outcompete OM for Fe(Il)
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(Poggenburg et al., 2018), and the formation of vivianite in our experiments further supports
that the complexation of Fe(Il) by OM did not seem to exert a noticeable influence on the Fe(I1I)
reduction. Moreover, the adsorption of OM to the Fe(IIl) mineral surfaces could potentially
block surface sites (Kaiser and Guggenberger, 2003) and induce aggregation (Amstaetter et al.,
2012). However, the starting state of the ferrihydrite/goethite agar ball was a
ferrihydrite/goethite-OM aggregated agar ball because the same concentration of OM as in the
shuttling agar was used in the ferrihydrite/goethite ball. Finally, although OM can act as a ligand
promoting Fe(IIl) solubilization (Jones et al., 2009; Nevin and Lovley, 2002a, b), the highest
Fe(III) concentration found outside of the ferrihydrite/goethite agar ball (sampling location 2,
see Figure 4.1) was 0.02 mM, suggesting that the release of Fe(Ill) via chelation by OM was
negligible during our experiment. In summary, we postulate that electron shuttling by OM, i.e.,
OM-facilitated electron transfers between the cells that were physically separated from the

ferrihydrite, and the mineral, was the main mode of action of the added OM in our experiments.
4.5 Implications

Batch experiments have typically been used to study the effects of AQDS and OM as
electron shuttles on microbial Fe(Ill) reduction (Amstaetter et al., 2012; Jiang and Kappler,
2008; Kappler et al., 2004; Lovley et al., 1996; Poggenburg et al., 2018; Roden et al., 2010;
Wolf et al., 2009). However, due to various interactions between OM and Fe(IIl) minerals, it is
challenging to evaluate to what extent OM stimulates microbial Fe(IlI) reduction by acting as
an electron shuttle (Poggenburg et al., 2018). Our study showed that microbial Fe(III) reduction
can occur over 2 cm distance with AQDS or OM only acting as the electron shuttle. Coupling
our experimental data with a diffusion-reaction model shed light on an electron hopping
contribution (in addition to molecular diffusion) as an electron transfer pathway between
AQDS/OM. Although the organic carbon concentration used in our study (100 mg C L") was

much higher than in most natural settings (Sparks, 2003), our experiment with 0.05 mM AQDS
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suggest that even a low concentration of redox-active organic molecules could stimulate
microbial reduction of Fe minerals over cm distances. Furthermore, long enough time-scales,
would result in the complete reduction of Fe(Il) oxides, even at low concentrations of electron
shuttles, due to the reversibility of the oxidation/reduction of quinone groups. Additionally, we
showed that long-distance electron transfer is independent of the crystallinity of the Fe(IlI)

mineral, the identity of the FeRB, and can be facilitated by multiple types of OM.
4.6 Supporting information
S1. Preparation of agar for the electron shuttling experiment

Agar powder (agar powder for bacteriology, VWR Chemicals, CAS: 9002-18-0,
Germany) was washed three times with Milli-Q water before use to remove salts and impurities.
The washed agar was re-suspended in Milli-Q water at a concentration of 2% (w/v),

deoxygenated 3 times (each time 5 min vacuum and 5 min N»-flushing) while stirring and

autoclaved at 120 °C for 20 min. The autoclaved warm agar solution was used immediately
before it cooled down.

The Fe(III) mineral agar core, with 15 mM ferrihydrite or goethite, and the same
concentration of electron shuttle as in the shuttling agar layer was prepared in a sterile silicone
mold with 1 cm diameter (Figure S4.1). To prepare the Fe(I1II) mineral agar core, a suspension
of ferrihydrite or goethite, together with the electron shuttle solution, was added to the
autoclaved warm agar, and it was vigorously shaken. A 0.52 mL volume of the warm agar mix
was added to each hole of the mold. After 10 min of incubation on ice, the solidified Fe(III)
mineral agar core was squeezed out of the hole and was stored in a sterilized bottle for no more

than 2 hours before further use.
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S2. Cultivation of Fe(lll)-reducing bacteria

Shewanella oneidensis MR-1 cells from a frozen stock were streaked on oxic lysogeny
broth (LB) agar plates (Hallberg and Johnson, 2001) (10 g/L peptone, 5 g/L yeast extract, 10
g/L NaCl and 15 g/L agar). Colonies were transferred to liquid LB medium and incubated at

30 °C for 14 h, cells were harvested by centrifugation (10 min, 8000 rpm) and then washed

three times with and re-suspended in anoxic SBM medium (0.225 g/l KoHPOg4, 0.225 g/L

KH2PO4, 0.46 g/L NaCl, 0.225 g/L (NH4)2SO4, 2.18 g/L Na-lactate, 0.117 g/L MgSO4-7H>0,

2.38 g/ HEPES, pH 7.2-7.5). For Geobacter sulfurreducens, 10 mL of a culture were
transferred with a syringe to a sterile, crimp-sealed 200 mL serum bottle with 100 mL anoxic
mineral medium containing 15 mM acetate as the electron donor and 40 mM fumarate as

electron acceptor. The mineral medium contained, per liter doubly-deionized water (<18.2
MQ.cm; Milli-Q, Millipore): 0.6 g KH2PO4, 0.3 g NH4Cl, 0.5 g MgSO4-7H20, 0.1 g
CaCl2-2H20, 2.5 g NaHCO3, 1 mL trace elements solution SL10 (FeCl2-4H20, ZnCly,
MnCl-4H20, H3BO3, CoCl2-6H20, CuCl2-2H20, NiCl2-6H20, NapxMoO4-2H20), 1 mL
vitamin solution and 1 mL selenite solution. Cells were harvested by centrifugation (10 min,
8000 rpm) and re-suspended in the anoxic mineral medium as described above.

S3. Preparation of PPHA and SRNOM solutions

Pahokee Peat Humic Acid (PPHA, 1S103F) and Suwannee River natural organic matter
(SRNOM, 1R101N) were purchased from the International Humic Substances Society. To

prepare solutions for the shuttling experiment, PPHA and SRNOM powders were added to

phosphate buffer (50 mM, pH 7) at a concentration of 1 g L Although the chosen phosphate

concentration is higher than typically observed in nature and can potentially led to the formation
of Fe(Il) phosphate minerals (e.g., vivianite), this phosphate buffer was chosen to allow

comparison of our study to previous studies (Bauer and Kappler, 2009; Jiang and Kappler, 2008;
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Klupfel et al., 2014; Piepenbrock et al., 2014). The solutions were agitated overnight (>14 h) at
room temperature, filtered and sterilized at the mean time by 0.22 um syringe filters (mixed
cellulose ester (MCE), Millipore, Germany) as described before (Jiang and Kappler, 2008). All

solutions were deoxygenated 3 times (each time 3 min vacuum and 3 min N»-flushing) and

stored in dark bottles to avoid photochemical reactions. The dissolved organic matter (DOM)
concentration of all solutions were measured after the preparation (TOC analyzer, model 21008,

Analytik Jena, Germany).

S4. Fe(Ill) mineral synthesis

Ferrihydrite was synthesized by neutralizing 200 mM Fe(NO3)3 with 1 M KOH;

goethite was prepared by aging ferrihydrite at elevated temperature (70 °C) for 60 hours
(Cornell and Schwertmann, 2006). Goethite was identified by p-X-ray diffraction (u-XRD).
The synthesized minerals were washed four times with doubly-deionized water (<18.2 MQ.cm;
Milli-Q, Millipore), re-suspended in Milli-Q-water and stored at 4 °C. The ferrihydrite used in
all experiments was freshly synthesized for each experiment and stored no longer than seven

days before use.
S5. Diffusion-reaction model

Table S4.1 presents a list of the geochemical reactions considered in the diffusion-
reaction model. Shewanella oneidensis MR-1, inoculated on top of the agar-solidified setup,
were implicitly considered in the reaction rates outlined below. In the calculations, pH is kept
constant at 7, that is the pH of the agar medium. Reactive transport of dissolved chemical
species i within the spherical domain is described by:

0C, _ 20,96, 0%,
ot r or € or2

+R; (1)
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in which C; [mol L] is the dissolved concentration of compound i, D, [m s7!'] is the effective

diffusion coefficient in agar, R; [mol L' h'!] is the sum of all rates of reactions producing the

chemical species minus those consuming it, and » and ¢ are the radial distance and time,
respectively.

The effective diffusion coefficient D, summarizes the cumulative effects of molecular
diffusion and electron hopping and is parameterized as the molecular diffusion coefficient

D,‘;‘lQDS measured by cyclic voltammetry (see section S7) multiplied by an enhancement factor

f hop:
AQDS
De = faop * D’ @)
The reaction rate of microbially mediated lactate oxidation, 1;,. [mmol L! d'l], was

simulated with dual-Monod kinetics, implicitly accounting for biomass:

CLac . CAQDS
CLac + KLac CAQDS + KAQDS

Nac = klac '

3)

in which k4, [d'l] is the corresponding maximum reaction rate constant , C;,. [mmol L'l] is
the lactate concentration, C,ops [mmol L] the concentration of AQDS, K, . [mmol L'l] is the

half-saturation constant for lactate uptake, K,ops [mmol L'l] is the half-saturation constant for
AQDS.
The reaction rate of AH2QDS-mediated abiotic reduction of ferrihydrite was simulated
with double-linear kinetics (Shi et al., 2012):
Tenrep = Kpn Cre(tiry * Canyops 4)
where kg, [mrnol'1 L d'l] is the rate constant of ferrihydrite reduction, Cge 7y [mmol L'l] is
the bioavailable concentration of free Fe(Ill) as ferrihydrite, and Cyp,ops [mmol L'l] is the

aqueous concentration of AH>QDS. A fraction ferrihydrite of 0.2 was considered unavailable

for reduction in the model, based on the consistently (across all experiments) remaining 3 mM

96



Chapter 4

of Fe(Ill), of the initial 15 mM concentration. In addition, the model accounts for Fe(II)
adsorption onto ferrihydrite. Sorption is computed via a first-order rate driven by the sorption
disequilibrium, that is, the difference between equilibrium sorbed and actual sorbed Fe(II)

concentrations at each simulation time-step.

C
EQ-sorb _ _ . ~tot . Fe(Il)
Creany = @ Cream Kaas + Creqn ©)
- b
Tsorb = ksorb(CIEeQ(uS)or - Clged(sll) (6)

The equilibrium surface-associated Fe(Il), leeQ(;Is)orb, is computed as a function of

dissolved Fe**, Cre(;1y, assuming Langmuir sorption (equation 4), where the maximum sorption

is the product of the moles of available sorption sites per mole of ferrihydrite, a, and the total

concentration (bioavailable plus the non-available fraction) ferrihydrite, C ,EZ’E,,,) , and K4
[mmol L'l] is the binding constant (Roden, 2018). The first-order kinetic sorption rate is given

by equation 5 (analogous to the approach in Mikutta et al. (Mikutta et al., 2009), where kg.,-p

Cads

[d!] is the kinetic sorption rate constant, and Fe(rr) [mmol L] is the actual ferrihydrite-

surface-associated Fe(II) concentration). Desorption of Fe(Il) caused by ferrihydrite dissolution
is computed as proportional to the rate of ferrihydrite reductive-dissolution:

Tdesorb = B * TFHRED (7)
where B corresponds to the number of moles of surface associated Fe(I) per mole of
ferrihydrite.

The precipitation of vivianite was also simulated in separate equilibrium and kinetic
steps. Phosphate concentrations were computed at each time step based on the acid-base
chemistry of phosphoric acid (Priambodo et al., 2017) and the available total soluble phosphorus.
The equilibrium Fe(IT) concentration was computed from the solubility product (Ks=10735775)

(Alborno and Tomson, 1994). Vivianite precipitation was simulated via a kinetic rate,
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dependent on the difference between actual dissolved Fe?* and the expected concentration in

equilibrium with vivianite, Cre) "

— EQ-viv
Tprecip = kprecip ' (CFe(II) - Cpe(”)

where Kpyecip [d'l] is the first-order kinetic rate constant for vivianite precipitation.

(8)

With the above reaction rate expressions, the diffusion-reaction model yields the

following system of equations governing the concentration changes of chemical species:

aClac — 2De aClac +D azclac —r
ot r or ¢ orz lac

0Cuops 2D, 0Cyqps 0%Caops 1
at r  or +De or2 +§rFHRED

0Can,qps _ 2D, 0Cyp,qps +D 0%Cam,ops _1
at r or ¢ orz?

TFHRED
2

0Crean _ 2De 9Creqn) 4D 0%Cre(n
ot r or ¢ or2

aCP043— 2D€ aCP04_3_ D aZCP043—

at  r  or e grz  precip
tot
dCFe(III) _
—dr —TFHRED
ads
dCFe(II) _
dt = Tsorb — Tdesorb

+ TrHRED — Tsorb T Tdesorb — Tprecip

)

(10)

(11)

(12)

(13)

(14)

(15)
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viv
d Fe(ll) _
dt — Iprecip

(16)

Equation 1 was discretized by the finite volume method, and the spherical domain was
subdivided into n [—] shells of identical thickness. Transport and reaction (equations 8-15) were
solved jointly, in MATLAB, by integrating the resulting nonlinear system of ordinary
differential equations by the ordinary-differential-equation solver odel5s. Lactate oxidation,
driven by ry,., is microbially-catalyzed, and this only occurs at the outer edge of the domain,
where the cells (which cannot penetrate the agar) are situated. Hence, equation 8 only holds
true at the outermost shell of the domain. In all inner shells lactate was assumed to only undergo
transport, that is, no reaction contribution by 7y,..

We fitted the model to the measured data using DREAMzs (Laloy and Vrugt, 2012;
Vrugt, 2016), a Markov-chain Monte Carlo method resulting in a posterior distribution of all
fitted parameters. We fitted the logarithms of the model coefficients rather than the coefficients
themselves which alleviates that the individual coefficients have nominal values differing by
orders of magnitude. As objective function, we considered the sum of squared differences
between the measured and simulated Fe(II) concentrations. We analyzed the posterior
distribution of the delogarithmized parameters to obtain their geometric mean, median and
standard deviations of estimation, &, . Standard deviations were obtained by computing
quantiles, namely, the 16" and 84™ percentiles, which correspond to () one-standard deviation
assuming a normal distribution for each parameter. Table S4.2 summarizes the list of the
median, geometric mean, and best estimates (i.e., yielding the lowest value of the objective
function) for all calibrated parameters. Standard deviations for the posterior parameter
distributions are reported alongside, providing an estimated uncertainty range. The root mean
square error of the fitted Fe(II) concentrations was 0.67, 0.46 and 0.66 mM for the 0.05, 0.1 and

1 mM AQDS concentration treatments, respectively, using the geometric mean parameter-
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values. (Note: all model output in the SI and main manuscript are for forward runs with the
geometric mean values.). Furthermore, an overview of the spatio-temporal model output for
oxidized and reduced iron and quinone species is compared to experimental data, for the 0.1
mM AQDS concentration treatment, in Figure S4.7. Figure S4.8 shows histograms of the
marginal estimated log-parameter distributions and bivariate scatter plots, considering the last

3000 model realizations of the MCMC sampler.
S6. Reduction potential (E;) calculation of AQDS-AH>QDS redox couple
We calculated the redox potential for the AQDS-AH,QDS redox couple using the

Nernst equation at 25 °C:

E, = Ei +
h AQDS/AHZQDS nF

2.3RT AQDS 0.059
IR g (205 ) - 095

AH,QDS 2 (17)

The E %D s at pH 7 and 25 °C was determined to be -184 mV (Cadena et al., 2007).

/aH,QDS
S7. Determination of the diffusion coefficient of AQDS in 2 % agar

The diffusion coefficient of AQDS in 2% agar was determined from the cyclic
voltammetry of 5 mM AQDS in 2% agar. Although much higher than the concentration of
AQDS used for the agar-solidified experiments, 5 mM was used for the cyclic voltammetry
because of the undetectable signal of oxidation and reduction peaks of AQDS at lower
concentrations. As shown in previous studies, the cyclic voltammetry measurement was
performed in a three-electrode configured cell using a Bio-logic model VSP potentiostat
controlled by the EC-lab platform at room temperature. Platinum wire, graphite rod, and
Ag/AgCl saturated with KCl was used as working electrode, counter electrode and reference
electrode, respectively (Sun et al., 2017; Sun et al., 2018). A 0.1 M KCI solution at pH 7

(buffered with phosphate) was used as the supporting electrolyte. At room temperature (25 °C),

the relation between scan rate and the peak current is described by the Randles-Sevcik equation:
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3 1 1
i, = 268,600 n2 AD2 Cv2 (18)

Where i, is the peak current [A], n is the number of electrons transferred in the redox event (n=2
for AQDS to AH,QDS), A is the electrode area (0.314 cm?), D is the diffusion coefficient [m?

s'], C is the concentration [mol cm?] and v is the scan rate [V s']. From equation 18, the

diffusion coefficient of AQDS (D) can be determined from equation 19:

2
A 1
b= <_1 x 3 ) (19)
vz 268600 x nz x AC
in which il; can be obtained from the slope of Figure S4.9(b), which shows the correlation of

vz
peak current and the square root of scan rate [(V s1)°3]. The peak current at different scan rate
was directly measured from the cyclic voltammogram of SmM AQDS, as shown in Figure

S4.9(a). For calculation, we took the average value of the slopes from oxidation and reduction
scan. The calculated (from duplicates) diffusion coefficient of AQDS (Dé4 QDS) in 2% agar is

576£146x10" m?s!.

Table S4.1. Reactions that happen in the experiment of ferrihydrite reduction by Shewanella

oneidensis MR-1, with AQDS as electron shuttle.

Lactate oxidation coupled to C;H¢O; + H,O +2AQDS— CH;COOH
AQDS reduction +CO,+ 2AH,QDS
Fe(IIT) mineral reduction coupled 2Fe(OH)s + 4H*+ AH,QDS—2Fe**+
to AH,QDS oxidation AQDS + 6H,0

3Fe2t + 2HPO4% + 8H,0 —

Vivianite formation
Fe3(PO,)>8H,0 +2H*
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Table S4.2. Reaction parameters for the fitted diffusion reaction model and the corresponding

uncertainty bounds. The median, geometric mean and best estimate calibrated parameter values

are provided alongside the computed 16™ and 84" percentile ranges which correspond to plus

and minus one-standard deviation (+4,,).

fhop

klac

K ads

ksorb

kprecip

Parameter

hopping
factor

lactate
oxidation
max. reaction
rate constant

lactate half-
saturation
coefficient

AQDS half-
saturation
coefficient

ferrihydrite
reduction rate
constant

binding
constant

kinetic
sorption
constant

max. sorption
capacity

kinetic
precipitation
constant

Units

[mmol L]

Median

9.51

0.12

0.12

0.31

6.0x10*

3.3x1073

2.8x10°

19.1

1.5x10°

Geometric
mean

9.41

0.11

0.13

0.32

5.4x10%

4.1x10°

5.4x10°

16.6

1.3x10°

Best
Estimate

8.72

0.26

0.24

0.65

5.7x10*

2.8x1073

1.9x10*

93.6

8.6x10°

Uncertainty
range (£6,,)
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Preparation of Fe(I11) mineral Fe(I1I) mineral Schott bottle with agar
agar core agar core in ice

Final agar-solidified ferrihydrite/AQDS setup Agar solidified on the bottom and
the side of the Schott bottle

Figure S4.1. Preparation of the agar-solidified experimental setup. The Fe(III) mineral agar
core with 15 mM ferrihydrite or goethite and the same concentration of electron shuttle as in
the shuttling layer was prepared in a silicone mold with 1 cm diameter. 100 mL Schott bottles
with the organic matter (OM)-containing agar solution was surrounded by ice water. When
about 2 cm of the bottom and the edge of the agar were solidified, the Fe(Ill)-mineral-agar core
was dropped into the bottle to be fixed in the center. Bottles stayed in ice until complete

solidification of the agar.
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Figure S4.2. Simulated mobile Fe(II) concentration with the omission of vivianite precipitation

in the presence of 0.1 mM AQDS, compared to Fe(II) measurements at location 2 (agar core).
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Figure S4.3. Experiments with 15 mM ferrihydrite ((a), (c), (e), (g)) or goethite ((b), (d), (f),
(h)) by 10% cells mL"! of Shewanella oneidensis MR-1 ((a)-(d)) or Geobacter sulfurreducens
((e)-(h)) in the presence of 15 mM lactate (for S. oneidensis MR-1) or acetate (for G.
sulfurreducens) as electron donor. All experiments were conducted with the agar-solidified
setup with 2 cm shuttling distance and incubated at 30 °C in the dark. Data are mean from

triplicate bottles + standard deviation, shown as Fe(II) and Fe(III) concentration at four different

locations of the agar.
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Figure S4.4. Fluorescence microscopy images of the cell suspension on top of the agar and in
the agar of the experiments with 0.1 mM AQDS (a-f), PPHA (g-1) and SRNOM (m-r) and
Shewanella oneidensis DKN308 cells. Shewanella oneidensis DKN308, on the one hand,
contains the gene encoding the GFP mut3* fluorescent protein (Marin-Spiotta et al., 2014) and
thus can be easily visualized using a 485/20 excitation filter and 528/20 emission filter (Teal et
al., 2007). On the other hand, it has been tested and proven to behave exactly the same as
Shewanella oneidensis MR-1 in biogeochemical reactions (Groh et al., 2005; Myers and Myers,
1997). The Shewanella oneidensis MR-1 cells were not used in the experiments for microscopy
imaging due to the difficulties of successfully staining the cells when they are in agar. When
using Shewanella oneidensis MR-1 cells it was impossible to evaluate whether the absence of
cells in the agar (the absence of fluorescence signal) is due to the poor staining of the cells or
because cells were indeed unable to penetrate into the agar. Instead, when using Shewanella
oneidensis DKN308, green fluorescence indicates Shewanella oneidensis DKN308 cells at the
beginning of the experiment (time 0), after 15 days of incubation and the end of the experiment.
The absence of cell fluorescence signal in the agar shows that the 2% agar is solid enough to
prevent cell penetration therefore the cells must use the provided AQDS, PPHA and SRNOM

to transfer electrons to the Fe(IlI) mineral.
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Figure S4.5. Microbial reduction of 15 mM ferrihydrite ((a), (c), (e), (g)) or goethite ((b), (d),
(), (h)) by 10® cells mL"! of Geobacter sulfurreducens in the presence of 15 mM acetate as
electron donor, 100 mg L' Pahokee Peat Humic Acids (PPHA) ((a)-(d)) or Suwanee River
Natural Organic Matter (SRNOM) ((e)-(h)) as electron shuttle. All experiments were conducted
with the agar-solidified setup with 2 cm shuttling distance and incubated at 30 °C in the dark.
Data are mean from triplicate bottles + standard deviation, shown as Fe(Il) and Fe(III)

concentration at four different locations of the agar.
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Figure S4.6. Microbial reduction of 15 mM goethite by 10® cells mL! of Shewanella oneidensis

MR-1 in the presence of 15 mM lactate as electron donor, 100 mg L' Pahokee Peat Humic

Acids (PPHA) ((a)-(b) or Suwanee River Natural Organic Matter (SRNOM) ((c)-(d)) as

electron shuttle. All experiments were conducted with the agar-solidified setup with 2 cm

shuttling distance and incubated at 30 °C in the dark. Data are mean from triplicate bottles +

standard deviation, shown as Fe(II) and Fe(III) concentration at four different locations of the

agar.
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Figure S4.7. Simulation results for the 0.1 mM AQDS concentration treatment. The spatio-

temporal output of the model is compared to measured (a) Fe(Il) and (b) Fe(III) concentrations

at the center of the domain, the ferrihydrite-agar reactive fringe and the outer edge of the domain,

where the FeRB are in contact with the agar. Simulated AQDS and AH,QDS concentrations

are presented in panels (¢) and (d), respectively, these were not measured during the experiment.
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Figure S4.8. Posterior distribution of fitted log-parameters. Bivariate scatter plots and

histograms of marginal distributions.
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Figure S4.9. Cyclic voltammogram of 5 mM AQDS in 2% agar (a). The correlation of peak

current and the scan rate of 5 mM AQDS in 2% agar (b), plotted from the cyclic voltammogram

(a).
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5.1 Abstract

The mechanism of electron transfer via redox-active particulate natural organic matter
(NOM) is still unclear, especially considering its aggregated nature and the resulting low
diffusivity of its quinone-/hydroquinone-containing molecules. Here we conducted microbial
iron(II)-mineral reduction experiments in which anthraquinone-2,6-disulfonate (AQDS, a
widely used analogue for quinone/hydroquinone moieties in NOM) was immobilized in agar to
limit its diffusion, therefore simulating electron transfer via quinone-/hydroquinone-containing
molecules in particulate NOM. We found that, although the diffusion coefficient of the
immobilized AQDS/AH>QDS was 10 times lower in agar than in water, the iron(IIl) mineral

reduction rate (1.60+0.28 mmol L1 Fe(IT) d"!') was still comparable in both media, indicating

the existence of another mechanism that accelerated the electron transfer under low diffusive
conditions. We found the correlation between the heterogeneous electron transfer rate constant
(102 ¢cm s!) and the diffusion coefficient (107 cm? s!) fitted well with the “diffusion-electron
hopping” model, suggesting that electron transfer via the immobilized AQDS/AH>QDS couple
was accomplished through a combination of diffusion and electron hopping. Electron hopping
increased the diffusion concentration gradient up to 10°-fold, which largely promoted the
overall electron transfer rate during microbial iron(IIT) mineral reduction. Our results are helpful

to explain the electron transfer mechanisms in particulate NOM.
5.2 Introduction

Natural organic matter (NOM) is a complex mixture of organic molecules that are
primarily derived from the decay of plant and microbial residues and it makes up a major
fraction of organic matter in soils and sediments (Stevenson, 1994). Based on the particle size
that is operationally defined by filtering through 0.45 um cut-off filters, NOM is categorized
into dissolved NOM and particulate NOM (Sparks, 2003). Due to the presence of redox-active

moieties such as quinone and hydroquinone, NOM is known to undergo redox cycles thus acting
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as an electron shuttle and transferring electrons between spatially separated Fe(III) minerals
and Fe(Ill)-reducing bacteria (Lan et al., 2019; Lovley et al., 1996; Roden et al., 2010). Such
an electron shuttling process by NOM has been shown to help Fe(Ill)-reducing bacteria to
overcome the respiratory challenge and perform extracellular electron transfer in anoxic soils
and sediments (Sposito, 2011).

Dissolved NOM is usually homogenously distributed in pore waters and possesses a
high diffusivity (Balch and Guéguen, 2015) with a measured diffusion coefficient (Dy) of 106
cm? s, This diffusion coefficient is in the same order of magnitude as the Dy of a variety of
biological electron shuttle molecules (i.e., flavin mononucleotide (Orita et al., 2016) and
pyocyanin (Phalak et al., 2016)) that are known to diffusively transfer electrons up to 100
micrometers (um) distance (Glasser et al., 2017). In contrast to dissolved NOM, particulate
NOM has a much lower physical mobility and commonly accumulates in the solid phase of
soils and sediments due to aggregation and co-precipitation (Six et al., 2000). Similar as for
dissolved NOM, a stimulation of microbial Fe(IIl) reduction through electron transfer
facilitated by NOM redox cycling has also been observed for particulate NOM (Lau et al., 2015;
Roden et al., 2010; Tan et al., 2019). Given the environmental abundance, particulate NOM
was proposed to be able to form a redox-active network for long-distance electron transfer
across centimeter (cm) distances (Roden et al., 2010; Tan et al., 2019). Such a long-distance
electron transfer can bridge energy and matter exchange across liquid and solid interphases in
anoxic soils and sediments. However, the electron transfer mechanisms of particulate NOM
over cm distance remains unclear. Whereas some study emphasized the importance of dissolved
NOM serving as a mediator that diffusively transfers electrons between particulate NOM
molecules (Gao et al., 2019), others proposed the formation of an electron-transfer network by
particulate NOM, as could be formed by bacterial nanowires (Nielsen et al., 2010), to transfer

electrons over cm distance (Piepenbrock and Kappler, 2013).
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To advance our understanding of the electron transfer mechanism of particulate (solid-
phase) NOM, we used anthraquinone-2,6-disulfonate (AQDS) as an analogue for quinone-
containing particulate NOM molecules, and AH>QDS that was generated from the microbial
reduction of AQDS for the hydroquinone-containing molecules in particulate NOM. By
immobilizing AQDS/AH>QDS couple in agar (2%), we mimicked the diffusion-limitation of
quinone-/hydroquinone-containing molecules in particulate NOM. We would like to note that
we are aware of the fact that the AQDS/AH>QDS couple was not fully immobilized but instead,
its diffusivity was reduced to simulate the electron transfer conditions in particulate NOM.
However, for simplicity we termed this reduced diffusion phenomenon as “immobilize”
throughout the manuscript. This AQDS/AH2QDS-agar mixture was placed in an incubation
system that physically separated the Fe(Ill)-reducing bacteria (Shewanella oneidensis MR-1)
and ferrihydrite by 2 cm to inhibit the direct microbial ferrihydrite reduction. We hypothesized
that electron hopping (i.e., electron self-exchange reaction occurring between closely
compacted redox centers (Rosso et al., 2004)) plays a critical role in the electron transfer
between immobilized AQDS and AH>QDS molecules and accelerate microbial Fe(IIl) mineral

reduction.
5.3 Materials and methods
Cell suspension experiment

Microbial ferrihydrite reduction was carried out in a cell suspension incubation system
for which AQDS was immobilized in agar and S. oneidensis MR-1 (10® cells mL') and
ferrihydrite (15 mmol L) were separated by a distance of 2 cm (Figure 5.1a). The
concentrations of AQDS in agar were 5 mmol L, 10 mmol L, 25 mmol L', or 50 mmol L.
The pore size of the agar (2%) was 100-200 nm (Narayanan et al., 2006), which is small enough
to prevent microbes from penetration, and therefore from direct contact to ferrihydrite (Bai et

al., 2020a). Phosphate buffer (5 mmol L', pH 7.0-7.2) was used in the incubation. Although
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phosphate can lead to the formation of Fe(II)-phosphate minerals such as vivianite, this buffer
was chosen to allow comparison of our study to previous studies (Jiang and Kappler, 2008;
Klupfel et al., 2014; Piepenbrock et al., 2014). More detailed information about the setup of the
cell suspension incubation can be found in our previous study (Bai et al., 2020a). For analysis,
agar samples from each treatment were taken in triplicates in an anoxic glovebox (100% N»).
A 10-mL syringe, cut at the top, was used to take a core from the agar for quantifying the Fe
concentration. Agar slices (1-mm thickness for each slice) were taken from location 1, 2, 3, and
4 of the core as designed in Figure 5.1b. After dissolving in 1 M HCI for 1 h, the Fe(Il) and
Fe(Ill) concentrations in each slice were quantified using the spectrophotometric ferrozine

assay (Hegler et al., 2008; Viollier et al., 2000).

(a) (b)

| ' J '
Air-tight bottle J u
Headspace flushed with N, { ~4.9mm
727;;1‘11717
Cell suspension of Shewanella oneidensis
MR-1 Location 1: agar rim (25 mm from the
fernhydrite mineral core)
¢ Location 3: ferrihydrite mineral rim (~4.9 mm

from the ferrihydrite mineral core)
Location 4; ferrthydrte mineral core
(c) (d)

Working electrode
Platinum wire

Reference electrode: /(/

Ag/AgCI (saturated KCI) Counter electrode:
graphite rod |’O
5 \
" R —
AQDS in agar (2%) with 0.1
M KCI (pH7)
AQDS in 2% agar with 0.1 M KCI (pH 7) -

Figure 5.1. Cell suspension incubation system that separates S. oneidensis MR-1 and
ferrihydrite by 2 cm distance with AQDS as electron shuttle (a). At each sampling point, an

agar slice with 1-mm thickness was taken at four locations in an anoxic glovebox (100 % N>)
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(b). The cyclic voltammetry of AQDS was measured in a Bio-logic model VSP potentiostat
controlled by the EC-lab platform at room temperature in a three-electrode configured cell at

pH 7 (c). The two-electrode configured electrochemical cell (LxWxH = 5x3x2 cm) used to

investigate the maximum transfer distance of AH,QDS after electrode reduction of AQDS (d).
Electrochemical analysis

Cyclic voltammetry was performed to investigate the redox cycling of AQDS/AH>QDS
couple that was immobilized in agar. Potassium chloride (KCI, 0.1 mol L") was added as a
supporting electrolyte and potassium phosphate (5 mmol L!) was used to buffer the pH at 7.0-
7.2. Cyclic voltammetry was carried out in a three-electrode configured electrochemical cell for
which platinum wire, graphite rod, and Ag/AgCl (sat. KCI) were used as working, counter, and
reference electrode, respectively (Figure 5.1¢). The AQDS concentration was 5 mmol L, 10
mmol L', 15 mmol L', 25 mmol L', or 50 mmol L to have the same conditions as in the
microbial Fe(IlT) mineral reduction incubations. Potential scan rates ranged from 50 mV s’ to
300 mV s

A two-electrode configured electrochemical cell (LxWxH = 5x3x2 cm, Figure 5.1d)
was used to investigate the maximum transfer distance of AH,QDS after electrode reduction of
AQDS. The initial AQDS concentration was 25 mmol L or 50 mmol L. 0.1 mol L! KCI and
5 mmol L' phosphate were added as a supporting electrolyte and pH buffer (7.0-7.2),
respectively. Carbon paper was used as both working and counter electrode. A constant voltage
(i.e., the potential difference between working and counter electrodes) of 3 V was applied to
the electrochemical cell, which was also the tested lowest voltage that was able to initiate the
reduction of AQDS in this particular cell configuration. During the experiment, we did not
observe any gas bubbles evolving from the electrodes, suggesting that the applied voltage was

high enough to drive AQDS reduction but still below the voltage threshold for water splitting.
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At the end of experiment, we quantified AQDS and AH>QDS concentrations using a
spectrophotometric method. The agar slices (thickness 1 mm) were put into an electroporation
cuvette (BTX, 45-0134), and the absorbance of the agar slices at the wavelength from 200 to
550 nm was measured with a fluorescence spectrophotometer (FluoroMax-4, Jobin Yvon-
SPEX instruments, New Jersey, USA). Pure agar (2%) with 5 mmol L' phosphate buffer and
0.1 mol L' KCI was used as blank. The peak positions of AQDS (320 nm) and AH,QDS (400
nm) are in accordance with previously reported values (Orsetti et al., 2013). We quantified
AQDS concentrations based on the concentration-peak height curve of standard samples and
estimated the concentrations of AH2QDS through the decrease of AQDS by assuming all
decreased AQDS was converted to AH2QDS. For example, in the experiment with an initial
AQDS concentration of 25 mmol L', we found a 7.2 mmol L™! loss of AQDS, which suggests
the formation of 7.2 mmol L' AH>QDS. The same approach was applied to the experiment
with initial AQDS concentrations of 50 mmol L', in which a 33.7 mmol L' AQDS loss, thus,

33.7 mmol L' AH,QDS formation, was detected.
5.4 Results and discussion
Immobilized AQDS enables microbial ferrihydrite reduction across a 2-cm distance

Our incubations showed that after accepting electrons from microbial metabolism,
AQDS was reduced to AH,QDS, which subsequently transferred electrons to ferrihydrite. In
the incubation with 5 mmol L immobilized AQDS in agar, the Fe(Il) concentration at the
ferrihydrite-mineral rim (i.e., location 3 in Figure 5.1b) decreased from 14.92 mmol L! to 3.04
mmol L within the first 2 days of incubation (Figure 5.2a). Inversely, the Fe(Il) concentration
at the same location increased from 0 mmol L' to 3.34 mmol L' (Figure 5.2b). However, after
2 days, the Fe(Il) concentration at the ferrihydrite-mineral rim started to decrease and its final
concentration was stabilized at 0.74 mmol L after 10 days of incubation. This concentration

decrease was likely caused by a faster Fe(Il) diffusion into the agar core (i.e., location 2 in
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Figure 5.1b) than Fe(Ill) reduction at the ferrihydrite-mineral rim. As a result, the Fe(Il)
concentration at the agar core increased from 0.96 mmol L! to 10.02 mmol L' within 10 days
of incubation (Figure 5.2¢). No Fe(Il) was detected at the agar rim (i.e., location 1, Figure 5.1b)
during the entire incubation period (Figure S5.1a). This was probably due to the interaction of
Fe(II) and phosphate by the formation of Fe(II)-phosphate minerals, such as vivianite (Bai et
al., 2020a; Chen et al., 2003; Piepenbrock et al., 2011; Shimizu et al., 2013), that impeded

further diffusion of Fe(Il) in the agar.

I

—6—5mM

Fe(ll) concentration (mM)

—F—5mM
—F—10mM ——10mM
25 mM 25 mM
—$—50mM —8— 50 mM
x cells x cells
0 5 10 15 20 25 30 0 5 10 15 20 25 300 5 10 15 20 25 30
Time (d) Time (d) Time (d)

Figure 5.2. Fe(Ill) (a) and Fe(I) (b) concentrations measured at the ferrihydrite-mineral rim

(location 3) and (c) Fe(Il) concentration over time at the agar core (location 2) of the 15 mM

ferrihydrite reduction by 108 mL™! S. oneidensis MR-1 in the presence of 15 mM lactate as
electron donor amended with either 5 mmol L™! (red), 10 mmol L! (green), 25 mmol L! (yellow)

or 50 mmol L! (blue) anthraquinone-2,6-disulfonate (AQDS) as electron shuttle. All

experiments were conducted in the cell suspension incubation system at 30 °C in the dark. Data

points shown are mean values from triplicate bottles + 1 standard deviation.

Consistent with the 5 mmol L' AQDS experiment, ferrihydrite reduction was initiated
from the ferrihydrite-mineral rim (location 3) and accumulated Fe(Il) in the form of Fe(II)-
phosphate minerals (i.e., vivianite) at the agar core (location 2) in the incubations with 10 mmol
L', 25 mmol L', and 50 mmol L' of immobilized AQDS (Figure 5.2¢). However, it should be

noticed that a diffusion-reaction model developed in our previous study (Bai et al., 2020a)
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showed that the formation of Fe(II)-phosphate mineral should co-occur at the agar core
(location 2) and ferrihydrite-mineral rim (location 3). The observation of the accumulation of
Fe(II)-phosphate minerals only at the agar core might be caused by the difficulties visually
observing the boundary of the ferrihydrite-mineral core to the clean agar during the sampling
procedure.

Although higher concentrations of AQDS lead to higher extents of ferrihydrite reduction,
and therefore more Fe(Il) formation at the ferrihydrite-mineral rim, the ferrihydrite reduction
never reached the ferrihydrite-mineral core (i.e., location 4 in Figure 5.1b), which was shown
by the stable Fe(III) concentration between 14 mmol L' to 16 mmol L! at this location (Figure
S5.2¢). Similar phenomena of incomplete ferrihydrite reduction were also reported in previous
studies (Roden and Urrutia, 2002; Roden and Wetzel, 2002). We attribute the incomplete
reduction in our system to the accumulation of Fe(II)-phosphate minerals at the agar core and
ferrihydrite-mineral rim, thus reducing the thermodynamic driving force of ferrihydrite
reduction (Urrutia et al., 1998) and limiting the acceptance of electrons (Piepenbrock et al.,
2011).

With 5 mmol L', 10 mmol L', 25 mmol L, and 50 mmol L' AQDS immobilized in

agar, the average ferrihydrite reduction rates were 1.25+0.05 mmol L Fe(IT) d!, 1.52+0.16
mmol L' Fe(Il) d!, 1.76+0.07 mmol L' Fe(Il) d!, and 1.88+0.11 mmol L' Fe(Il) d",

respectively (Figure S5.3). During our previous study, we showed that the diffusion coefficient
of AQDS was 1077 cm? s'! in agar (Bai et al., 2020a), which is about ten times lower than that
in water (10°% cm? s7') (Huskinson et al., 2014; Liao et al., 2016). However, the ferrihydrite
reduction rate of the incubations with AQDS immobilized in agar was comparable and in the

same order of magnitude than in water (2.36+1.07 mmol L' Fe(Il) d!) (Bai et al., 2020b).

These results indicated that other electron transfer mechanisms existed in addition to diffusion,

which enhanced the overall AQDS electron transfer rate in agar.
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Electron hopping enhanced AQDS diffusion

Electron hopping between adjacent redox centers has been reported in many materials
and dominate the solid-phase electron transfer when molecular diffusivity is low or absent.
Several theories and models, notably the Dahms-Ruff model (Dahms, 1968; Ruff and Friedrich,
1971; Ruff et al., 1971), Blauch-Saveant model (Blauch and Saveant, 1992), and Marcus-Hush
theory (Bard, 2001; Marcus, 1956), have been established and used to explain the electron
hopping in redox-active polymers (Akhoury et al., 2013) and the electron hopping in microbial
nanowires that are responsible for extracellular electron transfer (Malvankar and Lovley, 2014;
Pirbadian and El-Naggar, 2012). To demonstrate electron hopping in the agar-immobilized
AQDS/AH>QDS couple, we performed cyclic voltammetry and observed two distinct peaks
during the reduction (i.e., AQDS + 2¢"+ 2H" — AH>QDS) and oxidation (i.e., AH,QDS — 2¢’
— 2H" — AQDS) scans (Figure S5.4a-¢). The fact that the peak current ratio of reduction and
oxidation scans was equal to unity and independent of scan rate (Figure 5.3a), indicated that
there were no parallel chemical reactions that were coupled to the electron transfer of either
AQDS or AH>QDS. The formal potential (i.e., the average of peak potentials) was determined
at -0.3 V (vs. SHE, Figure S5.5) in agar, which is close to the previously reported standard
reduction potential (-0.228 V) (Orsetti et al., 2013) and the formal potential (-0.185 V)
(Batchelor-McAuley et al., 2010) of AQDS in aqueous solution (at pH 7). The linear
dependence of peak current on the square root of the applied potential scan rate (Figure 5.3a)

complies with the Randles—Sevcik equation 1,

3 2 1
i, = 269000 X n2 X A X DZ X C X v2 (1)

Slope

Dy = ( )? (2)

3
269000 xnz2x A X C

where i, is the peak current, n (=2) is the number of transferred electrons by the

AQDS/AH,QDS couple, 4 (0.314 cm?) is the electrode surface area, C is the initial AQDS
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concentration in bulk, v indicates the potential scan rate, and Dy is the diffusion coefficient. Our
calculations use the same diffusion coefficient for AQDS and AH>QDS due to their similar
molecular structure and because of the symmetric peak current performance between the
reduction scan of AQDS and the oxidation scan of AH.QDS (Figure S5.4a-e). A similar Dy
relationship was also observed between the 1,4-benzoquinone and 1,4-hydroquinone redox-
couple (Ji et al., 2007). From the slope of the linear plot of i, as a function of v* (equation 2),

we determined Dy at 5.5+3.2 X107 cm? s (average value of different AQDS concentrations,

which is shown in the red dots in Figure 5.3b). We further calculated the heterogeneous electron
transfer rate constant (k”) of AQDS/AH,QDS couple, using equation 3 based on the observed
wide separation of reduction and oxidation peak potentials shown in cyclic voltammograms

(Bard, 2001),

elntercept

T 0227 xnXFXAXC

k° 3)

in which the intercept was obtained from a linear fit of the natural logarithm of the
absolute value of peak current (In|i,|) and overpotential (i.e., difference between peak potential
and formal potential, Figure S5.6) at different potential scan rates (Figure 5.3c). F'is the Faraday

constant, and the rest terms have the same meaning as in eq. 5.1 and 5.2. k£’ was determined at

1.9+0.2x107 cm s (average value for different AQDS concentrations, as shown in blue dots

in Figure 5.3b). Both £’ and Dy remained relatively constant from low to high AQDS

concentrations.
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Figure 5.3. Linear dependency of peak current on square root of potential scan rate for different
AQDS concentrations in agar (a). The calculated diffusion coefficient D, (pink) and
heterogeneous electron transfer rate constant k, (blue) of AQDS in agar (b). The Tefal plot
showing the linear relationship between the natural logarithm of the absolute value of peak
current (Inli,l) and overpotential (i.e., difference between peak potential and formal potential)
at different potential scan rates (c). Original cyclic voltammograms from which Figure 5.3 was

derived can be found in Figure S5 4.

The correlation between £? and Dy well fitted with the diffusion-electron hopping model
that was recently developed to explain the electron transfer in non-conjugated polymer (Sato et
al., 2018). This suggests that the overall electron transfer through immobilized AQDS/AH>QDS
was accomplished by a series of diffusion and electron hopping steps, which is shown between
interfaces 1 and 2 in equation 4. Interfaces 1 and 2 represent microbe-AQDS and AH>QDS-
ferrihydrite interfaces, respectively. Therefore, the overall electron transfer rate constant (koveraur)

can be described by a serial reaction equation based on the classical Noyes expression (equation

5)9

1 2

Kaifr kfmp (4)
Microbe + AQDS—| AH,QDS------ + AH,QDS + AQDS AQDS + AH,QDS-------- AQDS + ferrihydrite

1 1 1

- = 5
koverall khp kdiff ( )
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where, ki, indicates the rate constant of electron hopping between AQDS and AH>QDS
redox centers and ku;z is the diffusion constant. It is well known that the reduction of AQDS to
AH>QDS is a two-electron transfer step process, including the formation of a semiquinone

radical (i.e., AQDS + ¢ — AHQDS" + ¢ — AH,QDS). However, in our system, these two

steps could not be distinguished as only one current peak appeared in either oxidation or
reduction cycle in the cyclic voltammograms (Figure S5.4a-e). Therefore, the electron hopping
rate constants k, reflected the overall kinetics of the two steps. We estimated kay (~10° L mol-
!'s'1) by using the Smoluchowski model: k4;rf = 16mDyaN, (a, radius of the redox centers (in
the magnitude of nm, Figure S5.7), N4, Avogadro constant). kz (~10®8 L mol' s!) was
approximated by the linear fitting of £’ and Dy with the published diffusion-electron hopping
model (Sato et al., 2018). Since Ay is smaller than kip, koveran Was rate controlled by the
diffusion process. This estimation is consistent with the observed linear dependence of the peak
current on the square root of the applied potential scan rate (Figure 5.3a) and AQDS
concentration (Figure S5.4f), which supported the diffusion-limited electron transfer kinetics

and verified the application of diffusion-electron hopping model in our system.

We further performed electrochemical experiments that were combined with
spectrophotometric analysis of thin agar slices (1 mm for each slice, Figure 5.1d) to investigate
how electron hopping enhanced diffusion, and thus the overall electron transfer rate of
diffusion-electron hopping process, in comparison to the case without electron hopping. For an
initial AQDS concentration of 25 mmol L', a total of 3x102 mmol AH,QDS was produced
from electrode reduction of AQDS, which reached a maximum transfer distance of 1.6 cm
(Figure 5.4a). Dividing the amount of produced AH>QDS by the surface area of the electrode
(6 cm?) and the reaction time (3 min to reach the maximum transfer distance), we determined
the average AH.QDS production fluxes (Jproduciion) to be 3.1x10° mmol cm? s!. For the

condition without electron hopping, the concentration gradient for AH.QDS diffusion was
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4.3x10 mmol cm™ by taking the concentration drop of AH,QDS into account of the entire
transfer distance (Figure S5.8). Such a concentration gradient, however, would only generate a

stationary diffusion flux (Juigision) of 2.2x10" mmol cm™ s! (estimated based on Fick’s first law
Jaiffusion = —Do %, Dyp=5.5x10"7 cm? s> as presented in the last section, — % =4.3x10" mmol

cm™, represents the concentration gradient). This was much smaller than Jyroduciion (3.1x107
mmol cm™? s!), and therefore not sufficient to sustain the AH,QDS transfer to the maximum

distance at the given reaction time.
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Figure 5.4. AQDS and AH2QDS concentrations measured spectrophotometrically at each 1

mm in agar (2%) in the experiment with a two-electrode configured electrochemical cell (Lx
WxH = 5x3x2 cm, Figure 5.1d). The initial AQDS concentration was 25 mmol L! (a) and 50

mmol L' (b). A voltage (i.e., the potential difference between working and counter electrodes)

of 3 V was applied to initiate the reduction of AQDS. The produced AH>QDS showed a bright
orange color and it expanded from the working electrode towards the counter electrode over
time (as shown in the pictures above the bar plots). Once the expansion of AH,QDS stopped,

we recorded the time (3 min and 1.8 min for the experiment with the initial AQDS concentration
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of 25 mmol L™ and 50 mmol L', respectively), and measured the AQDS and AH2QDS
concentrations for each slice of agar (thickness 1mm) from the working electrode to the counter
electrode. However, here we only show the concentrations of AQDS and AH2QDS in the first

3 cm of the reacting cell, because no further change of AQDS and AH>,QDS concentration was

observed in the last 2 cm.

The occurrence of electron hopping, on the other hand, divided the diffusion into several
short-distance diffusion segments (i.e., eq. 5.4). In each segment, the diffused AH,QDS was
immediately consumed by electron hopping at the encountered surface of the AQDS layer due
to the fact that electron hopping is faster than diffusion. Assuming the diffusion flux in each

segment (Jaigusion, seg) Was the same and equated to the production flux (i.e., Jproguction =

c . . . .
Jaiffusionseg = —Do Lseg ) for a stationary AH,QDS transfer till the maximum distance, one
seg

. . . . C
could obtain a concentration gradient in each segment (— LS

“9) of 5.0x10> mmol cm™ (— Sseq
eg

s Lseg

]production
Do

s Jproduction =3.1x10° mmol cm? s, Dy =5.5x 107 cm? s). This calculated
concentration gradient was 10° times higher than that without electron hopping (Figure S5.8a,

4.3x10"° mmol cm™). A similar observation was made in the experiment with an initial AQDS

concentration of 50 mmol L' (Figure 5.4b) for which the concentration gradient in each

segment (_ Cseg — ]production

Teee Dy =1.0x10* mmol cm™, [, oquction = 4.6%107 mmol cm™? s™') was

increased 10%-fold by electron hopping in comparison to the concentration gradient (—% =

1.2x102 mmol cm™, Figure S5.8b) for the diffusion without electron hopping. This increasing
extent of concentration gradient was 10-fold higher than that in the experiment with the initial
AQDS concentration of 25 mmol L!, which was probably due to the shorter diffusion distance
in each diffusion segment as a result of the closer contact of AQDS redox centers and thus

higher electron hopping frequency at higher concentrations. The redox-center separation
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decreased from 1.29 nm to 0.49 nm as the AQDS concentration increased from 25 mmol L™ to
50 mmol L' (Figure S5.7). Although simplistic, this calculation highlighted the substantial
impact of electron hopping on accelerating diffusion fluxes and enhancing the overall electron

transfer kinetics via the AQDS/AH>QDS couple.
5.5 Implications for particulate NOM electron transfer

Here we fit our data to a diffusion-electron hopping model to interpret the electron
transfer between immobilized AQDS molecules in agar under diffusion-limited conditions.
Such conditions highly resemble the electron transfer process of particulate NOM for which
solid-phase quinone and hydroquinone groups are present. However, a certain number of
dissolved NOM molecules with redox-active functional groups is also expected to coexist with
the particulate NOM matrix, for example, due to the continuous degradation of particulate
natural organic matter (Lehmann and Kleber, 2015; Sparks, 2003). After accepting electrons
generated from microbial respiration, dissolved quinone groups are transformed to
hydroquinone groups, which subsequently diffuse to the particulate NOM due to their high
diffusive mobility. Electron hopping between the dissolved hydroquinone and solid-phase
quinone groups can largely increase the diffusion concentration gradient and promote the
electron transfer of particulate NOM to a rapid and long-distance level. Electron transfer of
particulate NOM plays a critical role in element cycling (Lau et al., 2015), contaminant
transformation (Zheng et al., 2012), and greenhouse gas emissions (Gao et al., 2019). It is
thermodynamically favorable to transfer electrons to different terminal electron acceptors
including oxygen, iron(IIl) and manganese(IV) minerals, as well as to nitrate and oxidized S-
compounds from high to low reduction potential (Aeschbacher et al., 2012; Roden et al., 2010).
The diffusion-electron hopping model proposed in this study will be relevant for other studies
that address the particulate NOM enhanced electron transfer kinetics as well as its impact on

environmental electron transfer networks.
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5.6 Supporting information
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Figure S5.1. Fe(Il) concentrations measured at the agar rim (location 1, a) and at the

ferrihydrite-mineral core (location 4, b) of the microbial reduction experiment of 15 mmol L'!

ferrihydrite by 108 cells mL™ of S. oneidensis MR-1 in the presence of 15 mmol L' lactate as
electron donor and amended with either 5 mmol L™ (red), 10 mmol L™! (green), 25 mmol L!
(yellow) or 50 mmol L (blue) anthraquinone-2,6-disulfonate (AQDS) as electron shuttle. All

experiments were conducted with the agar-solidified incubation setup at 30°C in the dark. Data

are means from triplicate bottles + standard deviations.
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Figure S5.2. Fe(III) concentrations measured at the agar rim (location 1, a), agar core (location

2, b) and ferrihydrite-mineral core (location 4, ¢) of the microbial reduction experiment of

15 mmol L-! ferrihydrite by 108 cells mL™! of S. oneidensis MR-1 in the presence of 15 mmol

L lactate as electron donor amended with either 5 mmol L™ (red), 10 mmol L™ (green),
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25 mmol L™ (yellow) or 50 mmol L! (blue) anthraquinone-2,6-disulfonate (AQDS) as electron

shuttle. All experiments were conducted with the agar-solidified incubation setup at 30°C in the

dark. Data are means from triplicate bottles + standard deviations.
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Figure S5.3. Average microbial ferrihydrite reduction rates in experiments amended with either
(a) 5 mmol L, (b) 10 mmol L, (¢) 25 mmol L! or (d) 50 mmol L' AQDS calculated from the
Fe(II) concentration measured at the agar core (location 2) in the first 6 days of incubation. The
reduction rates were calculated separately for each of the triplicates; the average values and the

standard deviations of the three rates are shown in each panel.
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Figure S5.5. The formal potential (i.e., the average of peak potentials showing in Figure S5.4)

of different concentrations of AQDS with a potential scan rate from 50 mV s to 300 mV s°!.
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peak potential and formal potential, blue color) as a function of potential scan rate at different

concentrations of AQDS.
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With the example of 5 mM AQDS:

Volume of the agar: 80 mL=80 cm3

AQDS molecules: 5 mmol L' x 80 mL x 6.02*1023 = 2.4*1020

Space of each AQDS: 80 cm?3/2.4 x 1020= 330 nm3

Size of one AQDS molecule : 2.75 nm

13.8 nm

AQDS concentration (mM)

Distance between AQDS

molecules (nm)

5
10
25
50

8.30
2.74
1.29
0.49

Figure S5.7. The estimated distance between two AQDS molecules with either 5 mmol L,

10 mmol L', 25 mmol L or 50 mmol L'! AQDS immobilized in agar.
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Figure S5.8. Concentration gradient of AH>QDS in the electrolysis experiment with an initial

AQDS concentration of 25 mmol L' (a) and 50 mmol L !(b). The concentration unit shown on

-axis was converted from mmol L' to mmol cm™.
y
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6. General conclusions and outlook

In 1996, Lovley and co-authors reported, for the first time, that the addition of humic
substances (HS) (a traditionally used proxy for NOM) significantly enhanced the reduction rate
and extent of Fe(IIl) mineral (ferrihydrite), by Geobacter metallireducens (Lovley et al., 1996).
After excluding the possibility of HS acting as a chelator thus promoting the dissolution of
Fe(IIl) minerals, these authors proposed that HS stimulated Fe(III) reduction in a two-stage
process in which (1) G. metallireducens oxidizes the electron donor (acetate), with HS acting
as the electron acceptor, and (2) reduced HS donate electrons to Fe(IlI) minerals. This electron-
transfer scheme between the microbes and the Fe(III) minerals by NOM was thereafter referred
to as “electron shuttling”. Over the past 24 years, many researches have made efforts to promote
the development of the concept of NOM electron shuttling. Our study presented in this thesis,
further deepened our understanding of this process by providing insights into the possibility of
NOM electron shuttling over cm distance to occur in soil systems and the potential underlying

mechanism of such a long-distance electron transfer.
6.1 Cm-scale microbial Fe(IlI)-mineral reduction with NOM as electron shuttles

The experimental proof of NOM (in many studies represented by HS) has been
exclusively based on the finding that the rate of microbial Fe(IIl)-mineral reduction increased
in presence of NOM/HS in batch setups (Klupfel et al., 2014; Lovley et al., 1996; Lovley et al.,
1998; Stern et al., 2018). However, due to the variety of interactions between NOM/HS and
Fe(III) minerals in a batch setup (i.e., sorption, co-precipitation and aggregation), it is very
difficult to evaluate the extent to which NOM/HS stimulate microbial Fe(III)-mineral reduction
by acting as electron shuttles (Piepenbrock et al., 2011). Moreover, although Fe(IlI)-mineral
reduction facilitated by endogenously produced electron shuttles over micrometers (um)
distance has been shown for different Fe(Ill)-reducing bacteria (Michelson et al., 2019;

Michelson et al., 2017), batch setup does not allow the investigation of whether NOM/HS
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electron shuttling can happen over a um or even longer spatial distance (i.e., centimeter (cm))
between Fe(IIl) minerals and Fe(Ill)-reducing bacteria.

In order to circumvent the problem of direct interaction of NOM and Fe(III) minerals
and investigate the microbial Fe(Ill)-mineral reduction over cm distance with NOM as electron
shuttles, we developed an agar-solidified setup that separates Fe(Ill)-reducing bacteria and
Fe(IIT) minerals by 2 cm distance (Chapter 4, 5). This setup consists of a Fe(Ill)-mineral ball
made from agar (2%) that sits in the middle of the setup, an agar (2%) layer surrounding the
Fe(I1I)-mineral ball that contains homogenously distributed electron shuttles (NOM), and a
suspension of the Fe(Ill)-reducing bacteria on top of the agar layer. Agar (2%) has a pore size
of 100-200 nm (Narayanan et al., 2006), which is too small for Fe(Ill)-reducing bacteria to
penetrate in, therefore, preventing direct contact between the cells and the Fe(IIl) minerals
(Caccavo et al., 1994; Hau and Gralnick, 2007).

We discovered from experiments conducted in the agar-solidified setup that, with the
amendment of 100 mg L' Pahokee Peat Humic Acid (PPHA) or Suwannee River NOM
(SRNOM), around 37% or 48% of ferrihydrite reduction was obtained after 30 days of
incubation, regardless of the identity of Fe(Ill)-reducing bacteria (i.e., Shewanella oneidensis
MR-1 or Geobacter sufurreducens). When replacing ferrihydrite by a more crystalized Fe(III)
mineral-goethite, around 3% and 1% of goethite reduction was detected with PPHA and
SRNOM as electron shuttles after 50 days of incubation, respectively. These results indicated
that these two commonly used electron shuttles (PPHA and SRNOM) can transfer electrons
between Fe(Ill)-reducing bacteria and Fe(IIl) minerals over 2 cm distance (Chapter 4).
Microbial Fe(III)-mineral reduction over 2 cm distance was also observed with anthraquinone-
2,6-disulfonate (AQDS, a widely used analogue of the quinone functional groups in NOM) as
electron shuttles. With AQDS concentration as low as 0.05 mmol L, 60% of ferrihydrite
reduction was observed within 28 days of incubation. Based on the experimental results, our

diffusion-reaction model (Chapter 4) predicted a complete reduction of Fe(IIl) minerals such
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as ferrihydrite with long-enough time scale even at low concentration of electron shuttles,
because of the reversibility of the oxidation/reduction of quinone functional groups.

Quinone functional group has been identified in both solid-phase NOM and dissolved
NOM and has been believed to be responsible for the ability of NOM to undergo redox cycles
and act as electron shuttles between microbes and Fe(Ill) minerals (Aeschbacher et al., 2010;
Lovley et al., 1996; Roden et al., 2010). The agar-solidified setup we used for the microbial
Fe(IIl) reduction experiment exploited agar (2%) to slow down the diffusion of NOM as
electron shuttles by one order of magnitude than in water (Chapter 4, 5). NOM as electron
shuttles with such low diffusion in the agar-solidified system is very similar to in soil systems,
where most NOM are presented in solid-phase with low diffusivity and a small amount in more-
mobile dissolved phase (Sparks, 2003). Therefore, the cm-scale electron transfer between
Fe(I1I)-reducing bacteria and Fe(III) minerals observed in the agar-solidified setup might also

occur in soil systems, with both dissolved- and solid-phase NOM as electron shuttles.

6.2 Electron hopping enables cm-scale microbial Fe(III)-mineral reduction

Microbial Fe(Ill)-mineral reduction over distance with endogenous electron shuttles
such as Flavin and c-type cytochromes has been intensively studied and the underlying
mechanism of this process is believed to be the diffusion of the shuttle molecules (Huang et al.,
2018; Marsili et al., 2008; Michelson et al., 2019). In contrast, the mechanism of NOM electron
shuttling over distance largely remains unknown. In our studies, we used AQDS to represent
the quinone and hydroquinone functional groups in NOM and immobilized AQDS in agar (2%)
to imitate the low-diffusion condition of NOM molecules in soil systems. Several observations
in our studies indicated the cm-scale electron transfer by the immobilized AQDS in agar (2%)
is not likely by diffusion:

(1) Although the diffusion coefficient of AQDS was 10 times lower in agar (2%) than in water

(Chapter 4), we found that, the ferrihydrite reduction rate with AQDS as electron shuttles in
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agar (1.60+0.28 mmol L'1 Fe(Il) d!, Chapter 5) was comparable to the ferrihydrite reduction
rate with AQDS as electron shuttles in water (2.36+1.07 mmol L'! Fe(I) d°1, Chapter 3);

(2) When considering diffusion as the electron-transfer pathway and using the diffusion

coefficient of AQDS in agar (5.76x10!! m? s') in the diffusion-reaction model we developed

in Chapter 4, the resulted ferrihydrite reduction rate was too slow to meet the rate we observed
in the experiment. Moreover, in order to provide sufficient flux of AQDS to capture the
ferrihydrite reduction rate in the experiment, the diffusion coefficient of AQDS used in the
model had to be increased by a factor of at least 9.4;

(3) In the electrochemical experiment we performed in Chapter 5, we observed an AH,QDS
(i.e., the reduced AQDS) production flux of 3.1x10° mmol cm™ s!. However, the calculated
diffusion flux of AH>QDS was only 2.2x10* mmol cm™ s™!, indicating diffusion is not sufficient
to sustain the AH,QDS transfer rate as we observed in the experiment.

Overall, these observations indicated that an electron transfer pathway that is faster than
diffusion was involved in the electron shuttling process over cm distance with AQDS molecules.
Electron hopping is an electron transfer process that was first demonstrated in redox-active
polymers (Akhoury et al., 2013) and has been used to explain the electron transfer in bacterial
nanowires (Pirbadian and El-Naggar, 2012) and extracellular polymeric substances (EPS) (Xiao
et al., 2017). Although electron hopping is known to facilitate fast electron transfer, it requires
a distance less than 2 nanometer (nm) between redox centers (Gray and Winkler, 2009). Based
on our calculation in Chapter 5, a distance less than 2 nm can only be achieved once the quinone
functional group reaches a concentration of 15 mmol L', corresponding to 15 mmol L' AQDS.
However, in our experiments with only 0.05 mmol L' AQDS as electron shuttles, the diffusion
of AQDS molecules was still too slow to count for the observed ferrihydrite reduction rate,
indicating the involvement of electron hopping. Therefore, we postulate that electron transfer

over cm distance by AQDS molecules is achieved by a combination of diffusion and electron
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hopping. The higher the AQDS concentration, the more dominant is electron hopping in the
electron transfer process. This postulation was confirmed by the linear correlation between the

heterogeneous electron transfer constant (k) of AQDS (1.9+0.2x10 ¢cm s!) and the diffusion
coefficient of AQDS (Dy, 5.76x10!! m? s!) that well fitted to the diffusion-electron hopping

model that was developed by Sato and co-authors (Sato et al., 2018) (Chapter 5). Moreover, our
study showed that the involvement of electron hopping can increase the electron transfer rate
up to 10%-fold by AQDS molecules over cm distance (Chapter 5).

Because AQDS was used as the analogue for the quinone and hydroquinone functional
groups in NOM, the proposed diffusion-electron hopping pathway that facilitates the rapid
electron transfer over cm distance in this thesis is of environmental relevance. In 2010, Nielsen
et al. (Nielsen et al., 2010) observed an immediate response of the sulfide profile with depth in
a marine sediment to the presence and absence of O; at the sediment surface over a distance of
more than 1 cm. The authors attributed the long-distance electron transfer to a redox-active
network formed by bacteria nanowires, with c-type cytochromes as diffusive mediator in the
network. Our study presented in this thesis indicated that, such a cm-distance electron transfer
can also happen in soil systems with a network built by solid-phase NOM, and with dissolved
NOM serve as the diffusive mediators within the network. Dissolved NOM can accept electrons
generated form microbial respiration and subsequently diffuse to the solid-phase NOM due to
their high diffusive mobility. Electron hopping then occurs between the dissolved NOM and
the solid-phase NOM molecules and within the redox-active network of solid-phase NOM. This
diffusion-electron hopping pathway promotes the electron transfer by NOM molecules in soil

systems to a rapid and long-distance level.
6.3 Alkali-extracted HS is invalid proxy for NOM

The chemical extraction with sodium hydroxide (NaOH) at pH 12 has been widely used

to extract HS from soils, sediments and aquifers (Gerke, 2018; Uhle et al., 1999; Wershaw,
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1993). The discussion about whether HS is a real fraction of NOM or just a laboratory artefact
started since the inventory of the chemical extraction method and has been getting increasingly
intensive (Kleber and Lehmann, 2019; Olk et al., 2019). Although receiving a lot of criticism,
HS is still used in many studies as the proxy for NOM. In this thesis, we investigated the effects
of the chemical extraction on the redox properties of the extracted HS compared to NOM,
therefore, contributing to the discussion of whether HS can be treated as a proxy for NOM.

The criticism about the alkaline extraction has been focused on the high pH of 12 of the
NaOH solution (Engebretson and Von Wandruszka, 1999; Lehmann and Kleber, 2015; Piccolo,
1988; Sanchez-Monedero et al., 2002). Such high pH is known to hydrolyze esters or cause the
degradation of large molecules in the NOM, resulting in higher concentration of carboxyl
functional groups and lower molecular weight of the extracted HS compared to the original
NOM (Ritchie and Perdue, 2008; Swift and Posner, 1972). Many attempts have been made to
reduce the extent of alteration of HS during the alkaline extraction, and one of the most well-
recognized measures is to conduct the extraction under anoxic conditions. Anoxic alkaline
extraction is also the standard method for the extraction of most HS samples that can be
purchased from the International Humic Substances Society (IHSS). Studies showed that, HS
extracted by 0.1 M NaOH (pH 12) under anoxic conditions exhibited very similar absorbance
values at a wavelength of 254 nm (SUV A»s4), compared to the native dissolved NOM (Sierra
et al., 2004; Swift and Posner, 1972). Since SUVA»s4is an indicator for the molecular weight
and the aromaticity of organic matter samples (Korshin et al., 1997), it has been suggested based
on these results that the degradation of large molecules is significantly limited under anoxic
conditions. Therefore, the extracted HS have a similar chemical structure compared to the
original NOM.

However, similar chemical structure does not represent similar redox activity. In our
study (Chapter 3), we extracted NOM from a forest soil with water at pH 7 (we name this

extracted fraction “water-extractable soil organic matter (SOM)”) and anoxically isolated HS
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with the chemical extraction method (NaOH, pH 12) from the water-extractable SOM. We
found that the HS isolated from the water-extractable SOM by alkali extraction had 3 times
higher electron-exchange capacity (EEC) than the water-extractable SOM itself, suggesting the
formation of redox-active functional groups during the chemical extraction. When participating
in a microbial Fe(Ill)-mineral reduction experiment as electron shuttles, the HS with higher
EEC (i.e. higher redox activity) had a more pronounced impact on the microbial Fe(III)
reduction than the water-extractable SOM, i.e., higher Fe(Ill) reduction rate and greater
reduction extent. These results suggest that the reactivity of native NOM can be overestimated
in many biogeochemical processes if chemically extracted HS is used to represent native NOM
in the laboratory experiments.

Therefore, we suggest that, for future studies, the chemically extracted HS should not
be used as a proxy for NOM anymore. Instead, a mild water extraction at pH 7 at room
temperature as we performed in Chapter 3 can be used to extract environmental-relevant NOM.
Although the extracted material only represented a very small fraction of the total NOM pool
(1%-3%), we believe this extracted fraction of NOM is environmentally relevant due to its high

mobility and thus, high chance of participating in biogeochemical processes in the environment.
6.4 Environmental implications and outlook

Results in this thesis suggested the potential of microbial Fe(IlI)-mineral reduction to
happen over cm distance with NOM as electron shuttles. The electron transfer over such long
distance is likely to be achieved by a redox-active network formed by solid-phase NOM, with
dissolved NOM as diffusive mediators in the network (Figure 6.1). Electron hopping is expected
to happen within the redox-active network of NOM to facilitate the electron transfer rate up to
10°-fold. This NOM electron shuttling can not only stimulate the reduction of poorly-

crystallized mineral such as ferrihydrite, but also highly-crystallized mineral like goethite.
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Figure 6.1. The simplified illustration of NOM electron shuttling between Fe(Ill)-reducing

bacteria and Fe(III) minerals over cm distance.

The rate and extent of microbial Fe(Ill)-mienral reduction is relevant to many
biogeochemical processes and contaminants remediation in the environment. For example,
microbial Fe(IIT) reduction affects the migration and the fate of arsenic (As), chromium (Cr)
and uranium (U) and other inorganic pollutants (Roberts et al., 2017; Sundman et al., 2020).
The Fe(II) produced can be coupled to the degradation of many organic contaminants, including
polyhalogenated compounds, nitroaromatis, and azo dyes (Borch et al., 2010; Hofstetter et al.,
2006; Pecher et al., 2002). In addition, microbial Fe(Ill) reduction process with NOM as
electron shuttles can effectively compete for the transfer of electrons to methanogens, nitrate-
reducing bacteria and sulfate-reducing bacteria under anoxic conditions, thereby inhibiting
greenhouse gas emission (Roden and Wetzel, 1996; Valenzuela et al., 2020; Weber et al., 2006).
Studies of these processes usually only consider microbial Fe(Ill) reduction with dissolved
NOM as electron shuttles over a distance of no more than um, therefore, the influence of NOM
on microbial Fe(IlI)-mineral reduction, thus on these processes tend to be underestimated. For
future studies, the potential of rapid microbial Fe(IlI)-mineral reduction at cm-scales with both

dissolved and solid-phase NOM as electron shuttles should be considered.
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There are also other open questions for future researches, and most of them are related
to the importance and relevance of electron shuttling in the environment. First of all, most
studies on microbial Fe(IlI)-mineral reduction with NOM as electron shuttles were conducted
in batch setups with single microbial strains and synthetic Fe(Ill) minerals, while in
environmental systems, different microbial strains are present, Fe(III) minerals are also often
of biogenic origin (Cornell and Schwertmann, 2006). Furthermore, microbial Fe(III) reduction
over distance with endogenous electron shuttles (i.e., Flavin, c-type cytochromes) has always
been studied separately from exogenous electron shuttles such as NOM. Therefore, it remains
unknown whether the endogenous and exogenous electron shuttles contribute to the long-
distance electron transfer concurrently in the environment. Although we suggested solid-phase
NOM can form a redox-active network and transfer electrons over cm distance, electron shuttles
with high diffusivity such as dissolved NOM is required to transfer electrons initially from
microbes to the solid-phase NOM and in the network between solid-phase NOM molecules.
Therefore, we postulate that, in the environments, in addition to dissolved NOM, endogenous
electron shuttles such as Flavin and c-type cytochromes can also diffusively transfer the
microbial respiratory electrons to the solid-phase NOM and participate in the redox-active
network as diffusive mediators. Future studies should also consider the participation of other
conductive compounds such as magnetite nanoparticles and bacterial nanowires in the
formation of the redox-active network. This redox-active network, with heterogeneous electron
shuttles and conductive compounds, can help the microbes to transfer electrons to the otherwise
unreachable terminal electron acceptors such as Fe(IIl) minerals over long distance, and

increase the overall electron-transfer rate in the environment.
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