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Summary

Coastal marine sediments contain varying concentra-
tions of iron, oxygen, nitrate and organic carbon. It is
unknown how organic carbon content influences the
activity of nitrate-reducing and phototrophic Fe(ll)-
oxidizers and microbial Fe-redox cycling in such
sediments. Therefore, microcosms were prepared
with two coastal marine sediments (Kalg Vig and
Norsminde Fjord at Aarhus Bay, Denmark) varying in
TOC from 0.4 to 3.0 wt%. The microcosms were
incubated under light/dark conditions with/without
addition of nitrate and/or Fe(ll). Although most proba-
ble number (MPN) counts of phototrophic Fe(ll)-
oxidizers were five times lower in the low-TOC sedi-
ment, phototrophic Fe(ll) oxidation rates were higher
compared with the high-TOC sediment. Fe(lll)-
amended microcosms showed that this lower net
Fe(ll) oxidation in the high-TOC sediment is caused
by concurrent bacterial Fe(lll) reduction. In contrast,
MPN counts of nitrate-reducing Fe(ll)-oxidizers and
net rates of nitrate-reducing Fe(ll) oxidation were
comparable in low- and high-TOC sediments. How-
ever, the ratio of nitrate,eqyceq:iron(ll)oxidizeda Was
higher in the high-TOC sediment, suggesting that a
part of the nitrate was reduced by mixotrophic
nitrate-reducing Fe(ll)-oxidizers and chemoorganohe-
terotrophic nitrate-reducers. Our results demonstrate
that dynamic microbial Fe cycling occurs in these
sediments and that the extent of Fe cycling is
dependent on organic carbon content.
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Introduction

Iron is an abundant redox-active element in sediments
(Canfield et al., 1993a) and is important for both biotic and
abiotic redox processes. Fe can occur in a wide range of
redox states from —Il to +VI. The major redox states of Fe
in the environment are Fe(ll) (ferrous iron) and Fe(lll) (fer-
ric iron). In marine sediments, Fe is present mainly in the
form of iron sulfides, as poorly crystalline Fe(lll) (oxyhydr)-
oxides or in silicates (Canfield, 1989; Canfield et al.,
1993a,b; Moeslund et al., 1994; Haese, 2006). Concentra-
tions of dissolved Fe(ll), i.e. Fegq+ , in sediment porewater
usually range from a few to a few hundred uM (Thamdrup
etal., 1994).

Under anoxic conditions at circumneutral pH, the con-
version of Fe(ll) to Fe(lll) and vice versa can be mediated
by different abiotic and biotic processes (Melton et al.,
2014a). Abiotic reactions include Fe(lll) reduction by e.g.
reduced sulfur species or organics such as humic substan-
ces and Fe(ll) oxidation by Mn(lV) oxides or reactive
nitrogen species, for example NO, or NO.

Several microbial processes are involved in Fe redox
cycling under anoxic conditions (Weber et al., 2006a; Mel-
ton et al., 2014a). On the reductive side of the microbial Fe
cycle there are bacteria that reduce Fe(lll) while oxidizing
organic carbon or hydrogen (Lovley, 1991). On the oxida-
tive side, anaerobic microbial Fe(ll) oxidation can be
performed either by nitrate-reducing Fe(ll)-oxidizing bacte-
ria (Straub et al, 1996), or by anoxygenic phototrophic
Fe(ll)-oxidizing bacteria, the so-called photoferrotrophs
(Widdel et al., 1993). Whereas for the photoferrotrophs it
has been unambiguously shown that many strains can live
photolithoautotrophically by Fe(ll) oxidation, there is still
some debate regarding the nitrate-reducing Fe(ll)-oxidiz-
ers. It remains unknown whether some of these organisms
can live chemolithoautotrophically by oxidizing Fe(ll) enzy-
matically coupled to CO, and nitrate reduction (in the
following called autotrophic Fe(ll)-oxidizing nitrate-reduc-
ers). It is also possible that the Fe(ll) oxidation observed
during microbial nitrate reduction is an abiotic side-reaction
caused by reactive N-intermediates such as NO, stem-
ming either from chemoorganoheterotrophic nitrate
reduction (in the following called heterotrophic nitrate



3160 K. Laufer et al.

reduction) or from mixotrophic processes, i.e. using both
organic and inorganic carbon compounds as carbon
source (Klueglein and Kappler, 2012; Carlson et al., 2013;
Chakraborty and Picardal, 2013; Klueglein et al., 2014;
2015). Even if Fe(ll) oxidation is an abiotic reaction initiated
by nitrite produced during denitrification, it is likely to still
be an environmentally relevant process. Chakraborty and
colleagues (2011), Muehe and colleagues (2009), and
Benz and colleagues (1998) showed that the addition of
Fe(ll) stimulates cellular growth yields at both environmen-
tally relevant Fe(ll), acetate, and nitrate concentrations (in
the uM range) and at concentrations commonly used for
laboratory cultivation (in the mM range), suggesting that
bacteria are benefitting and probably even gaining energy
from Fe(ll) oxidation under these conditions.

These different biotic and abiotic Fe redox reactions
cause the precipitation, transformation, and dissolution of
different minerals and the biogeochemical Fe cycle is con-
nected to many other elementary cycles, e.g. the carbon,
nitrogen, sulfur and phosphorous cycle (Canfield, 1989;
Martin et al., 1991; Widdel et al., 1993; Straub et al., 1996;
Emerson and Moyer, 1997; Boyd et al., 2007). In nature
Fe(Il)-oxidizing and Fe(lll)-reducing bacteria can be found
in close proximity to each other, especially when biogeo-
chemical gradients are steep e.g. in lake sediments, river
floodplain sediments, groundwater, soil and in marine
coastal sediments (Coby et al.,, 2011; Melton et al., 2012;
Shelobolina et al., 2012; Benzine et al., 2013; Laufer et al.,
2016). Fe(lll) minerals produced by nitrate-reducing Fe(ll)-
oxidizers are a suitable substrate for microbial Fe(lll)
reduction (Straub et al., 1998; Straub et al., 2004). There
have been several studies of Fe-cycling by nitrate-reducing
Fe(ll)-oxidizers, phototrophic Fe(ll)-oxidizers and Fe(lll)-
reducers in freshwater environments, groundwater habi-
tats, and even in pure-culture experiments where the
redox-active mineral magnetite was used as an electron
donor and acceptor (Straub et al, 2004; Weber et al.,
2006b; Coby et al., 2011; Melton et al., 2012; Shelobolina
etal., 2012; Benzine et al., 2013; Byrne et al., 2015).

Based on measured Fe reduction rates, Canfield and
colleagues (1993b) estimated that in marine sediments an
Fe atom is cycled up to 300 times by an interplay of aero-
bic and anaerobic processes before it is finally buried in
the sediment. In contrast to freshwater sediments, where
Fe(Ill) reduction is often the prevailing pathway for anaero-
bic organic matter degradation, sulfate reduction is usually
more important in marine sediments. However, there are
also marine shelf sediments where Fe(lll) reduction con-
tributes up to 50% to organic matter mineralization
(Thamdrup, 2000), and in deep-sea sediments metal
reduction can even be the most important anaerobic min-
eralization pathway (D’ Hondt et al., 2004). Despite this
existing knowledge about the potential presence of Fe
redox cycling in marine sediments, there is little information

about the rates of microbial Fe(ll) oxidation under varying
geochemical conditions in such environments, especially
where microbial Fe(ll) oxidation could be an important
source of oxidized Fe for Fe(lll)-reducing bacteria.

In a recent study (Laufer et al.,, 2016), we have shown
that nitrate-reducing Fe(ll)-oxidizers, photoferrotrophs and
Fe(lll)-reducers co-exist in the same layers of two geo-
chemically distinct but widely representative marine
sediments. In the present study, we evaluate the potential
activity of anaerobic Fe(ll)-oxidizers in the same two
coastal marine sediments, i.e. in organic-rich estuarine
sediment from Norsminde Fjord (Denmark) and in organic-
poor sediment from a sandy beach in Kalg Vig (Denmark).
The objectives of this study were to determine potential
rates of anaerobic Fe(ll) oxidation by photoferrotrophs and
nitrate-reducing Fe(ll)-oxidizers in microcosms with the two
sediments. By conducting experiments with added Fe(lll),
we aimed to identify concurrent processes of microbial Fe
redox cycling in the organic-rich sediment. Additionally, we
quantified dissolved organic carbon (DOC) and volatile
fatty acid (VFA) concentrations to understand the com-
bined influence of organic carbon on microbial Fe(ll)
oxidation and Fe(lll) reduction.

Results

Geochemical measurements — sediment and porewater
characteristics

The sediments from Norsminde Fjord and Kalg Vig
were distinctly different based on visual observations
and geochemical analyses. The Norsminde Fjord sedi-
ment was fine grained and muddy. In June 2014, the
upper ca. 0.5 cm was oxidized as indicated by a light-
brown colour while below 0.5 cm the sediment was
blackish. In February 2015 the light-brown layer was
1 cm thick. The Kalg Vig sediment had a coarser grain
size. In June 2014, the upper 0—2 mm were light-brown,
below which a 1-2 mm purple layer was observed,
probably containing anoxygenic phototrophic bacteria,
followed by a darker greyish layer. In February 2015,
the Kalg Vig sediment was light-brown in the top O-
1 cm and was greyish below that. The results of the
geochemical analyses for both field sites are presented
in Table 1. The Norsminde Fjord and Kalg Vig sedi-
ments will be referred to as high-TOC and low-TOC
respectively.

Phototrophic iron(ll) oxidation in high-TOC and low-TOC
sediment

In order to evaluate the potential for phototrophic Fe(ll) oxi-
dation, we quantified total Fe(ll) and Fe(lll) in light-
incubated microcosms, (i) without amendments in the
high-TOC sediment and (ii) amended with Fe(ll) in both
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Table 1. Geochemical data of sediment from Norsminde Fjord (high-TOC) and Kalg Vig (low-TOC) that was sampled in June 2014 and

February 2015.
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Parameter High-TOC Low-TOC
June 14 February 15 June 14 February 15
Sediment water content 71% = 3% 69% *+ 4% 19% *= 4% 22% + 2%
(wt. %)
Salinity 17.7 23.6 224 23.3
DOC water column 53+0.1mgl’ 54+0.1mgl’ 42+01mgl’ 44+01mgl’
DOC porewater 2 82+0.1mgl’ 51+02mgl™’ 6.6+0.1mgl" 56+0.1mgl"
TOC sediment ? 3.31% = 0.4% 2.98% = 0.2% 0.38% = 0.05% 0.45% *= 0.32%
VFA in porewater & 17.8 £3.7 uM N.D. 26.6 +2.8 uM N.D.
NO; porewater # 18.3+8.2 uM 20.3 5.3 uM 42+24 M 11.6+2.9 UM
NO, porewater® Bdl Bdl Bdl Bdl
pH water column 7.9 7.9 8.1 7.8
pH anoxic porewater [sedi- 7.1 [4 mm] 7.0 [5 mm] 6.9 [4 mm] 7.2 [7 mm]
ment depth]
O, sat.water column 100% 100% 100% 100%
O, penetr. depth in 1.5 mm 3.5 mm 2 mm 5 mm
sediment
Light penetr. depth in 2.0 mm N.D. 2.9 mm N.D.
sediment
Redox potential at sediment +256 mV +490 mV +284 mV +435 mV
surface
Redox potential in anoxic —85 mV [4 mm] —77 mV [20 mm] —75 mV [4 mm] +263 mV [15 mm]
sediment [sediment
depth]
Sulfide in porewater® 18.5+4.2 uM Bdl 757 =68 uM 47 =23 uM
Fe(ll) in porewater® 104 =64 UM 82 +73 uM 70 £52 uM 23 =53 uM

Fe(ll) in solid phase® (1 M
HCI extract)

89 + 52 ymol g~ dw

Fe(Il)/Fe(Il) ratio in solid® 3.05 3.26

phase (1 M HCI extract)

92 + 36 umol g~ ' dw

8+2umol g~ ' dw 0.4+0.1 umol g~ dw

3.37 2.89

a. Mean value for measurements in the upper 3 cm of the sediment.

b. Maximum concentration that was measured in the upper 2 cm of the sediment.

N.D., not determined; bdl, below detection level.

the high-TOC and low-TOC sediment over time. We found
that Fe(ll) was oxidized in the light in all incubations with
higher rates in the low-TOC sediment (Figs. 1A and 2A;
Table 2). By placing previously light incubated high-TOC
sediment in the dark (Fig. 1B), or by adding Fe(lll) to light
incubated high-TOC sediment (Fig. 3A), we found high
activity of Fe(lll)-reducing bacteria, which explains the
lower net phototrophic Fe(ll) oxidation rates (see data in
Table 2). In the NaNs-treated controls for both sediments,
Fe(ll) or Fe(lll) did not change over time.

When Fe(lll) was added to light incubated high-TOC
sediment, we found that during the first 28 days Fe(lll)
reduction was prevailing, indicated by increasing Fe(ll)
concentrations (Fig. 3A). Subsequently, there was a phase
of 15 days where Fe(ll) concentrations remained constant,
followed by a phase where Fe(ll) was decreasing indicating
Fe(ll) oxidation (Fig. 3A). The calculated rates of Fe(ll) oxi-
dation and Fe(lll) reduction, and the lengths of the different
phases, are shown in Table 2.

To confirm that the observed Fe(ll) oxidation in light was
caused by anoxygenic phototrophic Fe(ll)-oxidizers, and

not by oxidation with O, produced by oxygenic photo-
trophs, we repeated the experiments with both sediments
using infra-red (IR) light-pass filters to exclude wavelengths
used by oxygenic phototrophs. We found similar Fe(ll) oxi-
dation rates with and without filters, suggesting that the
observed Fe(ll) oxidation was caused by anoxygenic pho-
totrophs (Supporting Information Fig. S1; Table 2).

Nitrate-reducing iron(ll) oxidation in high- and low-TOC
sediment

In order to evaluate the potential for nitrate-reducing Fe(ll)
oxidation, we quantified Fe(ll), Fe(lll), NO; and NO, in
experiments amended with (i) NO5 in high-TOC sediment
and (ii) NO5 and Fe(ll) in both high- and low-TOC sediment.
During dark incubation, we found that in both sediments,
Fe(ll) was oxidized at similar rates (Figs. 2 and 4; Table 2),
but with different stoichiometry of nitrate equced:Fe(Il)oxidized
(Table 2) indicating a higher contribution of heterotrophic
nitrate reduction in the high-TOC sediment. In this sediment
type, the activity of Fe(lll)-reducers continued after NOg

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3159-3174
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Fe(ll) [mM]

0 20 40 60 80 100

Time [days]
A: Incubations in the light, amended with:
-o-Fe(ll)

--w/o amendment
-0-Fe(ll) + NaNj; (inhibited control)
-m-NaNj, (inhibited control)

Fe(ll) [mM]

o+
) 89 99
Time [days]
B: Incubations the light, amended with:

-o-Fe(ll)

-0-w/o amendment

B: Incubations in the dark (after 69 days in the light), amended with:
-e-Fe(ll)
-m-w/o amendment

Fig. 1. Fe(ll) concentrations over time in high-TOC sediment (June 2014).

A. Incubation in the light. Vertical dashed lines indicate time points of triplicate analyses.

B. After 69 days in the light (bold black vertical dashed line in A), new triplicate microcosms remained in the light or were transferred to the
dark. The increase in Fe(ll) in the dark shows a concurrent Fe(lll) reduction to Fe(ll). This Fe(lll) reduction counteracts the Fe(ll) oxidation in
the light. Error bars show standard deviation of triplicates (in some cases smaller than symbol size).

was consumed (Figs. 3 and 4). The re-addition of NO5 or
ferrihydrite to the high-TOC sediment after 47 days of incu-
bation stimulated the activity of nitrate-reducing Fe(ll)-
oxidizers and Fe(lll)-reducers, respectively, (Fig. 4).

In order to quantify the effect of the initial addition of
Fe(lll) on Fe-cycling in the high-TOC sediment, micro-
cosms were amended with 4 mM NO;, 2 mM Fe(ll) and
2 mM Fe(lll). Similar to the previous experiments we found
initial Fe(ll) oxidation and simultaneous nitrate reduction
(Fig. 3). When nitrate was completely consumed, Fe(lll)

Fe(ll) [mM]

0 20 40 60 80

Time [days]

A: Incubations in the light, amended with:
—o-Fe(ll)
-e-Fe(ll) + NaN; (inhibited control)

A: Incubations in the dark, amended with:
-Fe(ll) + NOy’
-&Fe(ll) + NO3 + NaNj (inhibited control)

was reduced again to Fe(ll) (Fig. 3). The rates of Fe(ll) oxi-
dation and the stoichiometry of nitrate equced: Fe(ll)oxidized
were lower compared with the previous high TOC micro-
cosms (Table 2).

Activity of Fe(lll)-reducing bacteria in the high-TOC
sediment

Several microcosms that were set up with high-TOC sedi-
ment showed evidence for microbial Fe(lll) reduction.

8] w E-Y

NOz- or NO;- [mM]
[y

o

Time [days]

B: Incubations in the dark, amended with:
- = Fe(ll) + NOy
¢ ¢ Fe(ll) + NO3™+ NaN, (inhibited control)

Fig. 2. Fe(ll) oxidation and NO, reduction over time in low-TOC sediment (June 2014).

A. Fe(ll) concentrations over time.

B. NO3 (black symbols) and NO, (grey symbols) concentrations over time. Error bars show standard deviation of triplicates (in some cases

smaller than symbol size).
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Fe(ll) [mM]

2 T T

NO3" or NOy [mM]

w

IS

w

N

[

B

= i -—

40 60
Time [days]

0 20

A: Incubations in the light, amended with:
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-o-Fe(ll) + Fe(lll) + NaN; (inhibited control)
A:Incubations in the dark, amended with:

-a-Fe(ll) + Fe(lll) + NOy

-&Fe(ll) + Fe(lll) + NO5™ + NaN; (inhibited control)
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40 60 80
Time [days]
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B: Incubationss in the dark, amended with:

= = Fe(ll) + Fe(lll) + NOy
> =< Fe(ll) + Fe(lll) + NO3™+ NaN; (inhibited control)

Fig. 3. Iron-cycling and NO; reduction over time in Fe(lll) + Fe(ll) amended high-TOC sediment (February 2015).

A. Fe(ll) concentrations over time.

B. NO; (black symbols) and NO, (grey symbols) concentrations over time. A+B: After 40 days NO; was re-added to dark incubated
sediment, what led to further Fe(ll) oxidation. Error bars show standard deviation of triplicates (in some cases smaller than symbol size).

Specifically, we found Fe(ll) formation in (i) dark-incubated
microcosms after NO; was used up (Figs. 3 and 4), (ii) in
non-amended or Fe(ll)-amended microcosms that were
shifted from light to dark conditions (Fig. 1B), (iii) in dark
incubated microcosms to which Fe(lll) was added (Figs. 3
and 4C) and (iv) in microcosms that were incubated in the
light where initially Fe(ll) and Fe(lll) were added (Fig. 3).
Fe(lll) reduction rates were highest in the high-TOC sedi-
ment sampled in June 2014 after NO; was consumed
during the first Fe-redox cycle (Table 2). Lowest Fe(lll)
reduction rates were found in the high-TOC sediment
when previously light-incubated microcosms where shifted
into the dark (Table 2).

Development of organic carbon concentrations (VFA and
DOC) in high-TOC sediment

In order to link microbial Fe(ll) oxidation and Fe(lll) reduc-
tion processes to the C-cycle and to the bioavailability of
organic carbon, changes in DOC and VFA concentrations
were followed over time in dark- and light-incubated micro-
cosms with high-TOC sediment. The corresponding Fe(ll)
and NO; concentrations in the respective microcosms are
shown in Figs. 1 and 4. The bulk concentration of all VFAs
(formate, acetate, propionate, butyrate, iso-butyrate, valer-
ate, pyruvate, lactate, iso-valerate) in the microcosms was
31.5+2.5 uM (Fig. 5).

In general, VFA concentrations decreased when Fe(ll)
was oxidized and nitrate was reduced, while they
increased when Fe(lll) was reduced. The lowest concen-
trations (0.8 = 0.7 uM) were found in the microcosms that
were incubated for 5 days in the dark with NO; amend-
ment (Fig. 5). Maximum VFA concentrations of

332.4 = 31.1 uM were reached after 100 days of incuba-
tion in those microcosms that were shifted after 69 days
from light to dark. In non-amended microcosms that were
incubated in the dark, as well as in the NaN; treated con-
trols VFA concentrations increased during incubation.
They accumulated to 414.8 =57.6 uM and 436.8 = 25.2
uM after 100 days, respectively, (Fig. 5; Supporting Infor-
mation Fig. S2). In all cases, the largest variations were
found for acetate where concentrations varied from below
detection limit (0.2 uM) and 435 M throughout the incuba-
tion. In most cases the other VFA concentrations followed
the general trends that can be seen in Fig. 5 but the rela-
tive variations were much smaller than for acetate
(Supporting Information Fig. S2).

In non-amended microcosms incubated for 69 days in
light followed by 31 days in the dark, the concentrations of
DOC increased over time, from 6.3 = 0.4 mg I""t0 25.6 =
1.2 mg I”! (Table 3). In non-amended microcosms that
were only incubated in the dark throughout the 100 days of
incubation, DOC concentrations increased to 20.16 *
1.3 mg |I”' (Table 3). The increase in DOC was more
pronounced when Fe(lll) reduction was active in the micro-
cosms, i.e. when previously light-incubated microcosms
were placed in the dark or in dark-incubated microcosms
when nitrate was depleted (Table 3).

Most probable numbers of Fe-metabolizing
microorganisms

Freshly sampled high-TOC sediment (collected in June
2014) contained 4.4 x 10% cells g~ dry weight (dw) of pho-
toferrotrophs, and 4.0 x 10® and 3.1 x 10° cells g~ ' dw of
nitrate-reducing Fe(ll)-oxidizers in most probable number

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3159-3174
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Table 2. Calculated stoichiometries and rates for the microcosm experiments. A: Changes of the stoichiometry of nitrate equced:iron(I)oxidized in
different microcosms with high-TOC and low-TOC sediment. B: Maximum rates of Fe(ll) oxidation. C: maximum rates of Fe(lll) reduction.
Cycles correspond to oxidation-reduction cycles of Fe in the respective microcosms i.e. the start of the second cycle was when NO; was re-
added after the initially added NO3; was consumed and Fe(lll) was reduced.

A: Microcosm Cycle (days) Nitratereguced:iron(Il)oxidized
High-TOC (June 2014) + NO4 1 (0-15) 4.27
2 (47-58) 1.25
High-TOC (June 2014)+ Fe(ll) + NO3 1 (0-15) 3.04
2 (47-76) 0.93
Low-TOC (June 2014) + Fe(ll) + NO4 1 (8-26) 1.32
High-TOC (Feb. 2015) + Fe(ll) + Fe(lll) + NOg 1(0-18) 3.18
2 (40-88) 1.63

B: Microcosm
High-TOC (June 2014) light
High-TOC (June 2014) light + Fe(ll)
High-TOC (Feb. 2015) light + Fe(ll) + Fe(lll)
High-TOC (Feb. 2015) IR light + Fe(ll)
High-TOC (Feb. 2015) light + Fe(ll)
Low-TOC (June 2014) light + Fe(ll)
Low-TOC (Feb. 2015) light + Fe(ll)
Low-TOC (Feb. 2015) IR light + Fe(ll)
High-TOC (June 2014) + NO4

High-TOC (June 2014) + Fe(ll) + NO4
High-TOC (Feb. 2015) + Fe(ll) + Fe(lll) + NOg
Low-TOC (June 2014) + Fe(ll) + NO4
C: Microcosm

High-TOC (June 2014) + NO4

High-TOC (June 2014) + Fe(ll) + NO5
High-TOC (June 2014) L > D

High-TOC (June 2014) + Fe(ll) L > D

(
(
High-TOC (February 2015) + Fe(ll) + Fe(lll) + NO4
High-TOC (February 2015) light + Fe(ll) + Fe(lll)

Cycle (days)

Fe(ll) oxidation [uM day ™~ ']? (lag phase)

(33-100) 12 (33 days)
(12—100) 19 (12 days)
(47-88) 19 (47 days)
(22-75) 22 (22 days)
(22-75) 15 (22 days)
(8-55) 42 (8 days)
(0-75) 31 (0 days)
(0-75) 29 (0 days)
1 (0-15) 52 (0 days)
2 (47-58) 141 (0 days)
1 (0-15) 124 (0 days)
2 (47-76) 149 (0 days)
1(0-18) 71 (0 days)
2 (40-88) 27 (0 days)
1(8-26) 111 (8 days)
Cycle (days) Fe(lll) reduction [uM day ™~ ']?
1 (15-47) 59

2 (47-100) 48

1 (15-47) 59

2 (47-100) 48

1 (69-100) 23

1 (69-100) 18

1 (18-40) 27

1 (0-28) 53

a. Fastest rate calculated from at least 3 points at the steepest point of the curve.

(MPN) enumerations without acetate (for autotrophs) and
with acetate (for mixotrophs) respectively. MPNs for
Fe(lll)-reducers were 2.2 x 10° cells g~ dw (Fig. 6). In the
high-TOC sediment collected in February 2015, MPN num-
bers for the three different physiological types of Fe-
metabolizers were similar to the June 2014 data (Support-
ing Information Table S1).

Cell numbers in low-TOC sediment were generally lower
compared with the high-TOC sediment except for nitrate-
reducing Fe(ll)-oxidizers which occurred in similar abun-
dances. In June 2014, the viable counts were 9.3 x 10"
cells g~ dw for photoferrotrophs, 4.5 x 10° cells g~ ' dw
for mixotrophic nitrate-reducing Fe(ll)-oxidizers, 4.2 x 10°
cells g~' dw for autotrophic nitrate-reducing Fe(ll)-oxidiz-
ers, and 4.1 x 10 cells g~ ' dw for Fe(lll)-reducing bacteria
(Supporting Information Table S1). Cell numbers of the dif-
ferent Fe-metabolizing bacteria in low-TOC sediment from
February 2015 were comparable to the cell numbers found
in June 2014 (Supporting Information Table S1).

In the high-TOC sediment from June 2014, we also
measured abundances of the different Fe-metabolizers
after 100 days of incubation in microcosms under different
conditions. The corresponding Fe(ll) and NO; concentra-
tions in the respective microcosms can be seen in Figs. 1
and 4. In light incubated microcosms with and without the
addition of Fe(ll), MPNs of photoferrotrophs increased
roughly 100-fold (Fig. 6), while in microcosms that were
incubated in the dark, MPNs for photoferrotrophs
decreased, in some cases even to below the detection limit
(Fig. 6). Cell numbers of autotrophic nitrate-reducing
Fe(ll)-oxidizers remained constant in the different micro-
cosm incubations (Fig. 6). In contrast, MPNs for
mixotrophic nitrate-reducing Fe(ll) oxidizers increased in
all microcosm incubations (Fig. 6). Cell numbers of Fe(lll)-
reducing bacteria remained relatively constant in most of
the microcosms (Fig. 6) except the microcosms that were
incubated in the light without additives where Fe(lll)-reduc-
ers increased approximately 10-fold.

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3159-3174
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Fig. 4. Fe(ll) and NO; concentrations over time in dark incubated high-TOC sediment (June 2014).
A. Fe(ll) concentrations over time. The vertical dashed lines indicate when whole microcosm-triplicates were harvested for analysis.
B. Fe(ll) over time after re-addition of NO5 or Fe(lll) at day 47 (the substrate that was re-added, i.e. ferrihydrite or nitrate, is highlighted in the

figure legend by grey boxes).
C. NO; (black symbols) and NO, (grey symbols) over time.

D. NO; (black symbols) and NO, (grey symbols) concentrations over time after re-addition. Error bars show standard deviation of triplicates

(in some cases smaller than symbol size).

Iron mineralogy in the high-TOC sediment

Mineralogical analysis of the initial high-TOC sediment
(Supporting Information Table S2 and Fig. S3) without
amendments indicated that it was dominated by Fe(ll)/
Fe(lll) mineral phases that did not undergo magnetic
ordering at 5 K. Such behaviour suggests that the iron was
present in phyllosilicates (Murad and Cashion, 2004).

Discussion

Abundances of anaerobic Fe(ll)-oxidizing and Fe(lll)-
reducing bacteria

We have previously shown that photoferrotrophs, nitrate-
reducing Fe(ll)-oxidizers and Fe(lll)-reducers co-exist in
sediments from Norsminde Fjord (high-TOC) and Kalg Vig

(low-TOC) (Laufer et al., 2016). In both the previous and
the present study, particularly the initial cell numbers of
phototrophic Fe(ll)-oxidizers were very low in the sedi-
ments with only 10-100 cells g~' dw. However, the MPN
method likely underestimates the real number of Fe(ll)-oxi-
dizers and Fe(lll)-reducers (because usually not all of the
present organisms grow in the provided medium) and a
quantification based on molecular markers would be nec-
essary to get more accurate cell numbers. Unfortunately,
to date no such specific molecular markers for photoferro-
trophs or nitrate-reducing Fe(ll)-oxidizers are available.
Despite the relatively low initial cell numbers in the studied
sediments, we could measure significant Fe(ll) oxidation
under conditions that favor the activity of photoferrotrophs
and nitrate-reducing Fe(ll)-oxidizers. This clearly demon-
strates that the low cell numbers were sufficient to
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accomplish substantial substrate turnover although we
observed a prolonged initial lag phase of 10-30 days
for phototrophic Fe(ll) oxidation. This time, during which
no net Fe(ll) oxidation was measured, is yet likely

Table 3. Changes in DOC over time in high- and low-TOC sediment (June 2014).

explained by the concurrent activity of Fe(lll)-reducers. No
such lag phase was observed for nitrate-reducing Fe(ll)-
oxidizers indicating that the addition of nitrate prevented
the concurrent activity of Fe(lll)-reducers, probably due to

DOC [mg I "] DOC [mg I”"] DOC [mg I™"] DOC [mg I”"]
Microcosm Start after 26 days after 43 days after 100 days
High-TOC light + Fe(ll) 6.3 (=0.4) N.D. 6.9 (+0.8) L: 9.1 (£0.7)
L->D: 18.9 (+1.5)
High-TOC light w/o add. 6.3 (=0.4) N.D. 7.01 (+0.8) L: 8.5 (x0.8)
L->D: 25.6 (£ 1.2)
High-TOC dark + NO4 + Fe(ll) 6.3 (=0.4) 6.8 (=1.1) 11.8 (x0.9) + NOj: 15.23 (+0.5)
- + FH: 23.1 (=0.3)
High-TOC dark + NOg 6.3 (=0.4) 8.1(x0.7) 9.2 (£0.4) + NOj: 16.30 (+0.6)
+ FH: 21.03 (=1.2)
High-TOC dark w/o add. 6.3 (=0.4) N.D. N.D. 20.16 (=1.3)
Low-TOC dark + NOg + Fe(ll) 5.11 (=0.5) N.D. N.D. 6.78 (=0.3)

Underlined values indicate that Fe(lll) reduction was active in these microcosms before DOC was measured. L->D indicates that these sam-
ples were placed in the dark after 69 days of incubation in the light. +NO; and + FH indicate that, after 47 days of incubation either NO; or

ferrihydrite were re-added.
N.D., not determined.
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thermodynamic reasons (Sgrensen, 1982; Jones et al,
1983; Tugel et al., 1986). By comparison of the MPNs of
Fe-metabolizers in the original sediment with MPNs that
were performed after incubation in the microcosms, we
found that particularly photoferrotrophs, but also mixotrophic
nitrate-reducing Fe(ll)-oxidizers, became enriched during
the incubation. Cell numbers of autotrophic nitrate-reducing
Fe(ll)-oxidizers were not increasing during the 100 days of
incubation. However, it is likely that in the MPNs from the
original sediment we were overestimating the actual
numbers of autotrophic nitrate-reducing Fe(ll)-oxidizers,
because it is likely that mixotrophic nitrate-reducing Fe(ll)-
oxidizers were also growing in these MPNs due to the high
organic carbon content in the sediment. Due to the increas-
ing abundances of phototrophic and nitrate-reducing Fe(ll)-
oxidizers over time (i.e. an enrichment of these organisms)
during microcosm incubation, the Fe(ll) oxidation rates
determined in the microcosms are, likely overestimating in
situ Fe(ll) oxidation rates in the natural sediment.

Organic carbon degradation in marine sediments —
development of DOC and VFA concentrations in
microcosm incubations

Although the high-TOC sediment contained about 10 times
more TOC than the low-TOC sediment, the initial DOC and
VFA concentrations were rather similar. Low sedimentary
concentrations of DOC and VFAs indicate that the microor-
ganisms in these sediments are electron donor limited. As
a result, DOC and in particular VFAs, once they are pro-
duced by hydrolysis and fermentation, are rapidly utilized
(Ansbaek and Blackburn, 1980; Christensen and Black-
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burn, 1982; Parkes et al., 1984; Glombitza et al., 2014;
2015). This suggests a close connection of fermentation
and mineralization of organic matter and explains why the
initial DOC and VFA concentrations in the high-TOC and
the low-TOC sediments were similar. However, the differ-
ence in these two types of sediments is the turnover rate
of the organic matter, which is expected to be higher in the
high-TOC sediment.

In incubations of the microcosms, DOC and VFA concen-
trations, particularly acetate, increased with high-TOC
sediment during Fe(lll) reduction and decreased again dur-
ing nitrate reduction and Fe(ll) oxidation to values even lower
than the initial values. Initial VFA concentrations in the micro-
cosms (31.5 = 2.5 uM) where about 2x higher than the VFA
concentrations in the pore water of undisturbed sediment
cores (17.8 = 3.7 uM). This shows that already the mechani-
cal disturbances during preparation of the microcosms
influenced the system. The increasing VFA concentrations
during Fe(lll) reduction indicate a non-balanced carbon
budget in the system in which either the VFA production was
increased or the VFA consumption was decreased. To evalu-
ate this imbalance, and to roughly estimate the fraction of
VFA production that was not consumed during Fe(lll) reduc-
tion, we did the following calculation. Assuming that Fe(lll)
reduction was solely fueled by acetate oxidation, with a
measured rate of Fe(lll) reduction of 59 uM day~ "' we can
calculate that slightly more than 7 uM day ™' acetate were
oxidized by Fe(lll)-reducers (59 uM day ™' divided by eight
electrons vyielded per molecule acetate oxidized). While
Fe(lll) was reduced at that rate, the concentration of VFAs
increased to ca. 40 uM (within 28 days). During these 28
days the Fe(lll)-reducers would have oxidized about 196 uM
acetate (7 uM day ™' acetate multiplied with 28 days). Thus,
about 17% of the produced VFAs were not oxidized by
Fe(lll)-reducers in that case (100% would be the measured
40 uM increase in VFA concentrations plus the 196 uM that
were oxidized by Fe(lll)-reducers). This is a conservative
estimate and the real fraction of the produced VFAs which
were not oxidized was probably even higher since the Fe(lll)-
reducers probably have oxidized other electron donors such
as H, or other VFAs. Consequently, the high accumulation of
acetate during Fe(lll) reduction in our microcosms was prob-
ably caused by a network of different processes including (i)
VFA production by fermenters that exceeded VFA consump-
tion by the Fe(lll)-reducers and further fermentation of the
VFAs that were not consumed by Fe(lll)-reducers to acetate
(Schink, 1997; Fuchs, 2007), (ii) consumption of organic
electron donors, other than VFAs, by some Fe(lll)-reducers
and (i) incomplete oxidation of organic compounds to ace-
tate, including VFAs other than acetate, by some Fe(lll)-
reducers such as Shewanella spp. or Pelobacter spp. that
are known to oxidize lactate to acetate (Lovley and Phillips,
1989; Caccavo et al, 1992; Lovley et al., 1995; Rossello-
Mora et al., 1995).
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In previous studies, acetate accumulation during inhibi-
tion of sulfate reduction was explained by sulfate-reducers
mainly oxidizing acetate. Therefore, acetate was the main
VFA accumulating when sulfate-reducers were inhibited
(Serensen et al., 1981; Gibson et al., 1989; Parkes et al.,
1989; Fukui et al., 1997; Finke et al., 2007). Similarly, this
could mean that in our microcosms, nitrate-reducing bacte-
ria, including mixotrophic nitrate-reducing Fe(ll)-oxidizers,
mainly use acetate as an electron and carbon source and,
therefore, acetate accumulates when nitrate is depleted.
However, the organic compounds that accumulated after
nitrate was depleted, were not necessarily used by the
nitrate-reducers before nitrate depletion. It could also be
that the organic compounds that would have been used by
nitrate-reducers instead were further metabolized by
Fe(lll)-reducers or fermenters. For example, as long as
nitrate is available, it could be that nitrate-reducers oxidize
lactate to CO,. However, when nitrate is depleted, Fe(lll)-
reducers or fermenters incompletely oxidize the lactate to
acetate. As a consequence, acetate would accumulate
although it was not formerly oxidized by nitrate-reducers.

We also found a high accumulation of VFAs, espe-
cially acetate, in our NaNs-treated controls. NaN3 is an
inhibitor of respiratory processes and is specifically
inhibiting cytochromes (Wilson and Chance, 1967;
Oremland and Capone, 1988), which are not necessary
for fermentation. Therefore, fermentation was probably
not inhibited in our NaNs-treated control incubations and
fermentation products were accumulating. The maxi-
mum accumulation rate of VFAs in the NaNj inhibited
controls was comparable to the highest values found in
the non-NaNs-treated microcosms. The observation that
the accumulation of VFAs was not higher in the NaNs-
treated controls than in the microcosms under Fe(lll)-
reducing conditions or in the non-amended microcosms
that were incubated in the dark could be due to inhibitory
effects of the fermentation products (especially H,) on
the activity of the fermenting bacteria preventing a fur-
ther increase of VFAs (Harper et al., 1986; Fuchs, 2007;
Schink and Stams, 2013).

Effect of sediment organic carbon content on
photoferrotrophs — why does higher TOC content lead to
decreased Fe(ll) oxidation by photoferrotrophs?

In microcosms incubated under conditions that favor the
activity of photoferrotrophs, we observed Fe(ll) oxidation in
both sediments but with 1.4—2.2 times higher rates for the
low-TOC sediment than for the high-TOC sediment. This
was surprising, since the MPN cell numbers for photoferro-
trophs were about five times lower in the low-TOC
sediment. The higher Fe(ll) oxidation rates in the low-TOC
sediment could have several explanations: (i) Photoferro-
trophs can also live photoheterotrophically and if they prefer

organics over Fe(ll) (Ehrenreich and Widdel, 1994; Melton
et al., 2014c), this explains lower Fe(ll) oxidation rates in the
high-TOC sediment. (ii) More light reaches the photoferro-
trophs in the low-TOC sediment due to the relatively bright
quartz sand and large sand particles leading to better light
penetration compared with the black mud from the high-
TOC sediment. Light penetration depths measured for the
high-TOC and the low-TOC sediment were 2 and 2.9 mm,
respectively, (Laufer et al., 2016). The total thickness of the
sediment layer in the microcosms (at the bottom of the bot-
tles) with high-TOC sediment was about 5 mm and as
microcosms were only illuminated from above, only about
40% of the sediment in the high-TOC microcosms was illu-
minated. In contrast, in the low-TOC sediment the thickness
of the sediment layer was only 2-3 mm (due to the lower
water content, the 5 g of this sediment had a lower volume
than the high-TOC sediment) and consequently almost all
of the sediment was illuminated. (iii) In the high-TOC sedi-
ment Fe(lll) reduction is happening simultaneously with
phototrophic Fe(ll) oxidation leading to lower net Fe(ll) oxi-
dation rates (Fig. 7). Together with the lower light-availability
in the high-TOC sediment, the simultaneous activity of
Fe(lll)-reducers most likely had the largest effect on the
measured net Fe(ll) oxidation rates. Consequently, we
observed substantial Fe(lll) reduction occurring in the high-
TOC sediment, either when previously light incubated
microcosms were shifted to the dark (Fig. 1B, Fe(lll) reduc-
tion of up to 18-23 uM day ') or when Fe(lll) was added to
microcosms even when these microcosms were incubated
in the light (Fig. 3A, Fe(lll) reduction of up to 53 uM day ).
However, since we observed net Fe(ll) oxidation, phototro-
phic Fe(ll) oxidation must have been larger than the
occurring Fe(lll) reduction. Therefore, the absolute Fe(ll)
oxidation rates in the high-TOC microcosms must have
been considerably higher than the measured net Fe(ll) oxi-
dation rates of 12-21 uM day ', and were probably even
higher than the measured rates for the low-TOC sediment
(29-41 uM day "), where Fe(lll) reduction is expected to
play a minor role due to the lower TOC.

In summary, these results indicate (i) that we only meas-
ured net rates of Fe(ll) oxidation and therefore probably
underestimate Fe(ll) oxidation rates by photoferrotrophs,
especially in the high-TOC sediment, (ii) that there is the
potential for microbial Fe-cycling in the anoxic part of the
photic zone of the sediment and (iii) that microbial Fe
cycling is probably more important in sediments that con-
tain more organic carbon.

Effect of sediment organic carbon content on rates of
nitrate-reducing Fe(ll) oxidation and the stoichiometry of
nitra tereduced-'F e(l I) oxidized

In microcosms with high- and low-TOC sediment, we
found that under conditions that favor the activity of
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preferring Fe(ll) or organic carbon in our microcosm incubations.

nitrate-reducing Fe(ll)-oxidizers, Fe(ll) was oxidized
while nitrate was reduced and some nitrite accumulated
(Figs. 2—4). Unexpectedly, we did not observe significant
differences in rates of Fe(ll) oxidation when comparing
nitrate-reducing Fe(ll) oxidation in high- and low-TOC
sediments. This was surprising, because most known
nitrate-reducing Fe(ll)-oxidizers are mixotrophic (Muehe
et al., 2009; Melton et al., 2014a) and we expected that
the Fe(ll) oxidation rates would be higher in the sediment
with the higher organic carbon content. The similarity of
the Fe(ll) oxidation rates at different TOC contents sug-
gests that organic carbon availability does not limit the
nitrate-reducing Fe(ll) oxidation and could indicate the

presence of autotrophic nitrate-reducing Fe(ll)-oxidizers
in these sediments.

Instead of different Fe(ll) oxidation rates, we found that
the stoichiometry of nitrate,equced:Fe€(Il)oxidized  Varied
between the sediment types and the various experimental
set-ups with different Fe(ll) and nitrate amendments. If
nitrate-reducing Fe(ll)-oxidizers produce N, as an end
product, the stoichiometry of nitrate,equced:Fe(ll)oxidized
would result in a ratio of 0.2 for autotrophic nitrate-reducing
Fe(ll) oxidation. However, the measured ratios of nitrate,..
duced:Fe(I)oxigizea Were all considerably higher than 0.2 with
much higher values in the high-TOC compared with the
low-TOC sediment. Values higher than 0.2 indicate that
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more nitrate was reduced than necessary to oxidize only
Fe(ll), providing evidence for the occurrence of heterotro-
phic nitrate reduction or mixotrophic nitrate-reducing Fe(ll)
oxidation fueled by organic carbon present in the sediment.
In the second Fe-redox cycle (following the re-addition of
nitrate after the depletion of initially added nitrate and the
reduction of Fe(lll)), the nitrateequced:Fe(Il)oxidized ratios for
the high-TOC sediments were 0.9-1.6 and, thus, similar to
the value of the low-TOC sediment (1.3) in the first Fe-
redox cycle (Table 2). The lower nitrate equced: Fe(Il)oxidized
ratio in the second Fe redox cycle in the high-TOC sedi-
ment compared with the first redox cycle could be due to a
decrease (consumption) of bioavailable carbon and, thus,
a decreasing contribution of mixotrophic nitrate-reducing
Fe(Il)-oxidizers and heterotrophic nitrate-reducers.

In order to determine accurate rates of Fe(ll) oxidation
and the stoichiometry of nitrate eqyced:Fe(l)oxidizeq, it iS NEC-
essary to know whether Fe(lll) reduction is occurring
simultaneously with Fe(ll) oxidation. Based on our current
data, we cannot fully evaluate whether and/or to which
extent the determined Fe(ll) oxidation rates were net rates
of nitrate-reducing Fe(ll) oxidation or whether they were
overprinted by concurrent Fe(lll) reduction. From our
results we conclude that microbial Fe-cycling is more
active in the high TOC sediment (as indicated in Fig. 7),
which shows a conceptual model of how TOC, light, and
nitrate influence microbial Fe-cycling.

Conclusion

Our previous study revealed the co-existence of the differ-
ent types of Fe(ll)-oxidizing bacteria together with Fe(lll)-
reducers in sediments from Norsminde Fjord (high-TOC)
and Kalg Vig (low-TOC) (Laufer et al., 2016). Here we
demonstrate that microbial Fe cycling occurs in these
marine sediments. A conceptual model for the influences
of TOC, light, and nitrate on Fe-cycling is presented in
Fig. 7. The measured net phototrophic and nitrate-
reducing Fe(ll) oxidation rates are influenced by the con-
centration of bioavailable organic carbon and the resulting
activities of Fe(lll)-reducers. While we demonstrated that
under conditions where light but no nitrate is available,
Fe(ll) oxidation and Fe(lll) reduction can happen simulta-
neously, it is not clear whether Fe(ll) oxidation and Fe(lll)
reduction are also co-occurring when nitrate is present
(Fig. 7). In order to fully evaluate the importance of these
processes in redox-zoned sediments in future studies, it is
necessary to (i) include the contribution of microaerophilic
Fe(ll)-oxidizers, (ii) to consider the spatial distribution of
the microorganisms involved and (iii) to take into account
the gradients of electron donors, electron acceptors and
light together with seasonal or daily fluctuations.

Experimental procedures

Study sites

Sediment was sampled in June 2014 and February 2015 by
push-cores at two sites in the Aarhus Bay area (Denmark).
Samples of organic-rich black mud were taken at 0.5 m water
depth from a shallow brackish estuary, Norsminde Fjord, near
its narrow entrance from Aarhus Bay (N 56° 01.171’; E 010°
15.390'). In the following, the sediment from this field site will
be called high-TOC sediment. Samples of organic-poor silty-
sandy sediment were taken at 0.5-1 m water depth from a
beach, Kalg Vig, (N 56° 16.811’; E 010° 28.056'). In the follow-
ing the sediment from this field site will be called low-TOC.
The sites have mean tidal amplitude of <20 cm.

Geochemical measurements

Sediment and pore water characteristics were measured in
the field (pH, temperature, salinity and oxygen concentration
of the water column, or in the laboratory (microsensor profiles
of oxygen concentration, redox potential, sulfide concentra-
tion, and pH; sediment water content and TOC; pore water
DOC; nitrate and nitrite). Iron speciation and concentration in
the sediment and the porewater were measured as described
in Laufer and colleagues (2016).

Sampling of sediment and preparation of microcosms

Sediment for microcosm incubations was sampled in core-
liners with 2.5 cm inner diameter (cut-off 50 ml syringes). The
uppermost 3 cm of several sediment cores was pooled and
homogenized. Microcosm incubations were set up in 100 ml
serum vials that were wrapped twice with aluminum foil for the
dark incubations. 5 g of homogenized sediment and 50 ml
seawater medium were used for each microcosm. The head-
space of the microcosms was N,/CO, (90:10). All preparation
steps for the microcosms were undertaken in an anoxic glove-
box (100% N, atmosphere). For preparation of the seawater
medium, seawater retrieved at each site was made anoxic by
flushing with N5 for 1 h per liter, filtering it through a 0.22 um
filter (EMD Millipore Steritop™), replacing the headspace by
No/CO, (90:10), adding 20 mM NaHCO;3; as pH buffer, and
adding 1 ml I”" vitamin solution (Widdel and Pfennig, 1981),
1 ml I~ trace element solution (Tschech and Pfennig, 1984),
and 1 ml I" selenite/tungstate solution (Widdel, 1980). To
inhibit the activity of sulfate-reducing bacteria, an anoxic and
sterile 1 mM NayMoO, solution was added to a final concen-
tration of 20 mM (Serensen, 1982; Parkes et al., 1989). The
pH of the medium was adjusted to 7.1 and regularly checked
during the incubation. For microcosm incubations different fur-
ther additives (all sterile and anoxic) were added to the
seawater medium in the following concentrations and varying
combinations: 2 mM Fe(ll) (FeCl;), 4 mM NO; (NaNOj),
160 mM NaNs, 2 mM Fe(lll) [ferrihydrite prepared according
to Cornell and Schwertmann (2003)]. Microcosms were incu-
bated in the dark, in visible light (40 W halogen light bulb), or
in IR light (wavelength > 730 nm). For the IR light incubations,
an IR bandpass filter (Lee infra-red filter 87, UK) was placed
between the microcosms and a 40 W halogen light bulb. This
was done to avoid oxygen production by oxygenic
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photosynthesis in the microcosms (Trouwborst et al., 2007;
Wilbanks et al., 2014). All incubations were at 20°C.

In June 2014, the following microcosms were prepared in
triplicates: With high-TOC sediment microcosms (i) without
additives in the light, (ii) with Fe(ll) in the light, (i) with NO5 in
the dark, (iv) with Fe(ll) and NO; in the dark and (5) controls
of all these setups to which additionally NaN; was added to
inhibit microbial respiration. The efficiency of the NaN3 inhibi-
tion was evaluated with several enrichment/pure cultures of
nitrate-reducing Fe(ll)-oxidizers, photoferrotrophs and Fe(lll)
reducers at different concentrations of NaN3 (1-160 mM). No
Fe(ll) oxidation or Fe(lll) reduction was detected in these
tests (data not shown). The parameters measured in these
microcosms were: (a) cell numbers of Fe-metabolizing micro-
organisms by the MPN method in the beginning and the end
of the incubation, (b) changes of Fe(ll) and Fe(lll) concentra-
tions in bulk (extraction with 40 mM sulfamic acid) and in the
dissolved phase, (c) concentrations of NO; and NO,, (d)
DOC, and (e) VFA) concentrations, all measured over time of
incubation. All measurements were performed for each of the
triplicate microcosms. Because a large volume of sample was
needed for all analyses, several sets of triplicates were pre-
pared (in total 21 microcosms of each incubation condition).
Measurements of Fe(ll), Fe(lll), NO; and NO, were always
carried out in the same triplicate set until the whole content of
the microcosms was sampled for DOC and VFA measure-
ments. A second set of triplicates, that had been incubated
under the same conditions as the first set, was used for con-
tinued measurements. After 47 days, NO; or ferrihydrite was
added again to some of the microcosms that were incubated
in the dark with NO5 or with NO; and Fe(ll). After 69 days,
some of the previously light incubated microcosms were
placed in the dark.

With the low-TOC sediment from June 2014, the following
microcosms were prepared in triplicates: (i) medium contain-
ing Fe(ll) incubated in light, (ii) medium containing Fe(ll) and
NO; incubated in the dark and (iii) controls of all these setups
to which additionally NaN; was added. The parameters meas-
ured in these microcosms were: (a) changes of Fe(ll) and
Fe(lll) concentrations in total and dissolved phase over time of
incubation, (b) concentrations of NO; and NO, over time of
incubation, and (c) DOC in the beginning and the end of
incubation.

In February 2015 the following microcosms were prepared
in triplicates: With the high-TOC sediment (i) microcosms with
Fe(ll) and Fe(lll) incubated in light, (ii) with Fe(ll), Fe(lll), and
NO; and (iii) controls of all these setups to which additionally
NaN3; was added. The parameters measured in these micro-
cosms were: (a) changes of concentrations of Fe(ll) and
Fe(lll) in the total and dissolved phase over time of incubation,
(b) concentrations of NO; and NO, over time of incubation.
All parameters were measured in triplicate microcosms. Addi-
tionally, microcosms with high-TOC and low-TOC sediment
were set up to test for oxygenic photosynthesis. Therefore,
Fe(ll) was added to two sets of triplicate microcosms from
each site and one set of triplicates was incubated in normal
light, and one in IR light. Additionally, inhibited controls were
prepared by adding NaNs. In these set-ups only the concen-
trations of Fe(ll) and Fe(lll) in total and dissolved phase were
measured over the time of the incubation.
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Analytical methods for microcosm experiments

Iron, nitrate and nitrite concentrations in microcosms. For
measuring Fe(ll) and total Fe, 1 ml of slurry from each micro-
cosm was sampled with a syringe and a thick needle (1.2 x
40 mm) inside an anoxic glovebox (100% N, atmosphere).
Hundred microlitre of this slurry sample was added to 900 pl
sulfamic acid (40 mM) and placed on a shaker (150 rpm) for
1 h. The samples were then centrifuged (5 min, 7000 g,
Eppendorf 5430R) and the supernatant was used for Fe(ll)
and total Fe determination with the spectrophotometric ferro-
zine assay (Stookey, 1970), adapted according to Klueglein
and Kappler (2012). The Fe-extraction with sulfamic acid
(40 mM) was developed by Klueglein and Kappler (2012) and
avoids the abiotic oxidation of Fe(ll) by NO, during the acidic
Fe-extraction. The remaining part of the initial 1 ml sample of
the slurry was centrifuged (5 min, 7000 g, Eppendorf 5430R)
and the supernatant was used for measurements of the dis-
solved phases. For dissolved Fe(ll) and total Fe, 100 pl of the
supernatant was added to 40 mM sulfamic acid. For NO; and
NO,, 100 ul of the supernatant was added to 900 pl Milli-Q
H>O and stored anoxically at 4°C until analysis. Fe(ll) and total
Fe concentrations were determined by ferrozine assay. Con-
centrations of NO; and NO, were measured by flow injection
analysis (FIA), as described by Laufer and colleagues (2016).

Calculation of maximum rates and stoichiometries of
nitraté equceq:iron(ll)oxigi-ea- Rates of Fe(ll) oxidation, Fe(lll)
reduction, and NO; reduction were calculated by applying a
linear regression to the measured concentrations of the
respective compound over time of incubation at the steepest
part of increasing or decreasing concentrations. At least three
time points were used for each rate calculation. The stoichio-
metries of nitrate equced:iroN(I)oxidized at different time intervals
were calculated by dividing the amount of nitrate (in umol) that
was reduced during that time interval (calculated from the
decrease in nitrate concentrations) by the amount of Fe(ll) (in
umol) that was oxidized during that time interval (calculated
from the decrease in Fe(ll) concentrations).

Analysis of DOC. For analysis of DOC in microcosm incuba-
tions, 20 ml of sample was necessary. Therefore, the whole
microcosm content was sampled and centrifuged (15 min at
5000 g, Hermle 7300, Germany). Afterwards, the supernatant
was filtered through a 0.45 pm filter (MF-Millipore MCE mem-
brane) and the DOC concentration was measured with a
carbon analyser (high TOC, Elementar, Germany).

Analysis of VFAs by 2D-IC-MS. For the measurement of
VFAs, the same samples were used as for DOC measure-
ments. After centrifugation, 3 ml of the unfiltered supernatant
was sampled and placed in organic-free GC vials (burned for
5 h at 450°C), closed with screw-caps with a PTFE inlet and
frozen at —80°C. Prior to the analysis, the samples were
thawed and filtered through disposable syringe filters
(Acrodisc® IC grade, 0.2 um pore size, 13 mm diameter). The
syringe filters were cleaned by rinsing with 10 ml of Milli-Q®
water (Ultrapure, Type 1) directly before use. The first 0.5 ml of
filtered sample was discarded and the next 0.5 ml was used
for VFA analysis. All samples were measured undiluted. Sam-
ples with high acetate concentrations (above 100 puM) were
additionally measured after 1:10 dilution with Milli-Q water.
VFAs were measured by 2-dimensional ion chromatography-
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mass spectrometry (2D IC-MS), as described in detail in
Glombitza and colleagues (2014) using a dual Dionex
ICS3000 ion chromatograph coupled to an MSQ Plus mass
spectrometer (Thermo Scientific). By this method the first IC
dimension is used to separate the bulk VFAs from the inor-
ganic ions of the sample matrix (i.e. the incubation medium).
The VFAs are trapped on a concentrator column (Dionex lon-
Pac™ UTAC-ULP1, Thermo Scientific) and subsequently
separated in the second IC dimension. The column for the first
dimension was a Dionex lonPac™ AS24, and for the second
dimension a Dionex lonPac™ AS11HC (both, Thermo Scien-
tific). Detection limits for the individual VFAs were between 0.1
and 0.5 uM. For a detailed discussion of analytical and statisti-
cal parameters (detection limits, sensitivity, accuracy and
precision) see Glombitza and colleagues 2014. Iso-butyrate
was not described in Glombitza and colleagues 2014, but the
statistical analytical parameters (limit of detection, sensitivity,
accuracy and precision) were determined in the present study
by measurements of 15 replicates of a low concentration iso-
butyrate standard (100 ppb =1.15 pM) and found to be the
same as for butyrate.

Analysis of mineralogy by Mossbauer spectroscopy

Samples for Mossbauer measurements were taken from a
sediment slurry without any amendments (just containing the
homogenized sediment and the anoxic seawater medium). In
an anoxic glovebox (100% N, atmosphere) samples were
passed through filters (0.45 pum, cellulose acetate, Millipore)
which were then sealed between two layers of air-tight Kapton
tape and frozen under anoxic conditions at —20°C until each
measurement could be carried out. Samples were measured
at low temperature in a He atmosphere to prevent abiotic oxi-
dation. They were individually loaded into the cryostat and
measured at 77 K and at 5 K. The spectrometer (WissEL) was
operated in transmission mode, with a 3’ Co/Rh source driven
in constant acceleration mode and calibrated with a 7 um thick
a %”Fe foil measured at room temperature. Spectra were fitted
using the Voigt based fitting method using the Recoil software
(Rancourt and Ping, 1991), with the half width at half maxi-
mum set to ~0.138 mm s~ ' during fitting. Each sample took
between 2 and 3 days to measure.

Determination of cell numbers of the different
iron-metabolizers by MPNs

Enumeration of Fe-metabolizing microorganisms in June 2014
and February 2015 was done for the original sediment used
for inoculation of the microcosms (homogenized sediment
from sediment cores, 0-3 cm sediment depth) and from micro-
cosms with high-TOC sediment from June 2014 after 100
days of incubation. Viable cell numbers of autotrophic nitrate-
reducing Fe(ll)-oxidizers, mixotrophic nitrate-reducing Fe(ll)-
oxidizers, photoferrotrophs (in IR light), and Fe(lll)-reducing
bacteria were determined according to the MPN method and
with artificial seawater medium (ASW) as described in Laufer
and colleagues (2016).
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Fig. S1. Fe data of microcosms for determination of photo-
ferrotrophic Fe(ll)-oxidation rates incubated in “normal” light
(NL) and in infra-red light (IR). Controls were treated with
NaNs. Error bars indicate standard deviation.

Fig. S2. Data of VFA measurements from microcosms with
the high-TOC sediment from June 2014. A: in microcosms
that were incubated in the light w/o further additives. B:
microcosms that were incubated in the light to which 2 mM
Fe(ll) were added. C: microcosms that were incubated in
the light w/o further additives and were shifted from light to
dark incubation after 69 days. D: microcosms that were
incubated in the light to which 2 mM of Fe(ll) were added
and were shifted from light to dark incubation after 69 days.
E: microcosms that were incubated in the dark to which
only nitrate was added. F: microcosms that were incubated
in the dark to which nitrate and Fe(ll) were added. G:
microcosms that were incubated in the dark to which initially
only nitrate was added and after 49 days Fe(lll) was added.
H: microcosms that were incubated in the dark to which ini-
tially nitrate and Fe(ll) were added and after 49 days Fe(lll)
was added. I: microcosms that were incubated in the dark
w/o any additives. J: mean of all microcosms that were
treated with NaNs.

Fig. S3. Mossbauer spectra of starting Norsminde Fjord
sediments without any amendments collected at (a) 77 K
and (b) 5 K.

Table S1. MPN numbers of original sediment from the high
(Norsminde Fjord)- and low-TOC (Kalg Vig) sediment.
Table S2. Fitting parameters of Norsminde Fjord starting
recorded at 5 K and 77 K.
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