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Abstract

Rhodopseudomonas palustris TIE-1 grows photoautotrophically with
Fe(ll) as an electron donor and photoheterotrophically with a variety of
organic substrates. However, it is unclear whether R. palustris TIE-1 con-
ducts Fe(ll) oxidation in conditions where organic substrates and Fe(ll) are
available simultaneously. In addition, the effect of organic co-substrates on
Fe(ll) oxidation rates or the identity of Fe(lll) minerals formed is unknown.
We incubated R. palustris TIE-1 with 2 mM Fe(ll), amended with 0.6 mM
organic co-substrate, and in the presence/absence of CO,. We found that in
the absence of CO,, only the organic co-substrates acetate, lactate and
pyruvate, but not Fe(ll), were consumed. When CO, was present, Fe(ll) and
all organic substrates were consumed. Acetate, butyrate and pyruvate were
consumed before Fe(ll) oxidation commenced, whereas lactate and glucose
were consumed at the same time as Fe(ll) oxidation proceeded. Lactate,
pyruvate and glucose increased the Fe(ll) oxidation rate significantly (by up
to threefold in the case of lactate). °>’Fe Mdssbauer spectroscopy revealed
that short-range ordered Fe(lll) oxyhydroxides were formed under all condi-
tions. This study demonstrates phototrophic Fe(ll) oxidation proceeds even
in the presence of organic compounds, and that the simultaneous oxidation
of organic substrates can stimulate Fe(ll) oxidation.

presence of light, and anoxic conditions (Poulton &
Canfield, 2011). During that time, vast Fe(lll)-rich

Iron (Fe), an important redox-active element in the envi-
ronment, interacts with major nutrient cycles, including
carbon, nitrogen and sulphur, and affects the bioavail-
ability and fate of toxic metals, pollutants and nutrients
(Eickhoff et al., 2014; Kappler et al., 2021; Mu
et al., 2016; Tipping, 1981). Some anoxygenic photo-
trophs can oxidise Fe(ll) (photoferrotrophs) and are
widespread in various environments and throughout
Earth’s history (Ehrenreich & Widdel, 1994; Heising
et al., 1999; Jiao et al.,, 2005; Kappler et al., 2005;
Laufer et al., 2017; Llirés et al., 2015; Straub
et al., 1999). The surface of Earth’s ancient oceans
was an ideal habitat for these bacteria, with high con-
centrations of dissolved Fe(ll) (up to 0.5 mM), the

deposits were formed, known as banded iron forma-
tions (BIFs), and it is thought that photoferrotrophs
could have played a key role in their formation (Kappler
et al, 2005; Konhauser et al., 2002; Thompson
et al., 2019). Although conditions on Earth today are
not as favourable for photoferrotrophs given the ubig-
uity of oxygen, there are still habitats where they can
thrive, in sweet spots where anoxic conditions, light
and dissolved Fe(ll) are present simultaneously, such
as stratified lakes, freshwater and marine sediments
and small iron-rich ponds (Crowe et al., 2017; Heising
et al., 1999; Jiao et al., 2005; Laufer et al., 2017).

A number of strains isolated from the groups of
green sulphur, purple sulphur, and purple non-sulphur
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bacteria have given insights into the metabolism of
photoferrotrophs. These include four green sulphur
bacteria: Chlorobium ferrooxidans KoFox (freshwater
co-culture, Heising et al., 1999), Chlorobium sp. N1
(marine co-culture, Laufer et al.,, 2017), Candidatus
Chlorobium masyuteum (freshwater, co-culture, Lambrecht
et al., 2021) and Chlorobium phaeoferrooxidans KBO1
(first pure isolate, sourced from a stratified lake;
Crowe et al., 2017). For the purple non-sulphur bacte-
ria, Rhodobacter ferrooxidans SW2 and Rhodopseudo-
monas palustris TIE-1 are used as models for
freshwater strains and have been extensively studied
(Bird et al., 2011; Ehrenreich & Widdel, 1994; Jiao
et al., 2005; Kappler & Newman, 2004; Miot
et al., 2009). R. ferrooxidans SW2 was isolated from a
freshwater sediment and R. palustris TIE-1 from
a marsh sediment. Rhodovulum iodosum and Rhodo-
vulum robiginosum are representatives of marine pur-
ple non-sulphur strains and from purple sulphur
bacteria Thiodictyon sp. F4 is used as a model strain
(Croal et al., 2004; Straub et al., 1999).

Although these microbes were mostly studied with
regards to their ability to oxidise Fe(ll), they are meta-
bolically flexible and can grow photoheterotrophically
and photoautotrophically with a variety of substrates as
electron donors (Jiao et al., 2005; Laufer et al., 2017).
When grown photoautotrophically these organisms fix
CO, to build biomass while using different inorganic
substrates (Hp, H,S, S,05°~ or Fe(ll)) as an electron
source (Figure 1). For photoheterotrophic growth, they
can use a wide range of organic substrates like acetate,
lactate and pyruvate, as well as larger molecules like
glucose. These organic compounds can be used as a
carbon source to build biomass or/and as an electron
donor (Figure 1). McKinlay and Harwood (2010) found
that 22% of acetate used by R. palustris was oxidised
to CO, and used to recycle cofactors necessary for
building biomass. Therefore, CO, plays an important
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role for these phototrophs as a carbon source and as a
way to recycle cofactors (McKinlay & Harwood, 2010).
Further studies investigated how these bacteria would
behave when they have multiple substrates present, as
they can grow photoautotrophically and photoheterotro-
phically (Figure 1).

Ehrenreich and Widdel (1994) found that organics
(glucose and acetate) were used before Fe(ll) was oxi-
dised by R. ferrooxidans SW2, but Chromatium L7
used the substrates at the same time. Several years
later, Melton et al. (2014) studied whether R. palustris
TIE-1 can oxidise Fe(ll) in the presence of acetate and
lactate. However, in that study, relatively high sub-
strate concentrations were used (5 mM Fe(ll); 20 mM
acetate and lactate) and different consumption sce-
narios were observed. In the case of acetate and
Fe(ll), acetate was consumed first, followed by
Fe(ll) oxidation, whereas with lactate and Fe(ll), both
substrates were used simultaneously. So far, no study
has explicitly investigated the effect of utilisation of co-
substrates on Fe(ll) oxidation, especially the effect of
organic co-substrates on Fe(ll) oxidation rates and
mineral formation at environmentally relevant sub-
strate concentrations.

As organic compounds are ubiquitous in the envi-
ronment and also play an important role for photoferro-
trophs, we investigated how different organic
substrates and CO, availability influence the oxidation
of Fe(ll) by the photoferrotrophic strain R. palustris
TIE-1, as well as how the presence of organics influ-
ences the identity of the minerals that formed during
Fe(ll) oxidation. A wide range of organic substrates
were tested, including easily accessible organic com-
pounds such as acetate, lactate and pyruvate. Butyrate
was tested as an example of a more reduced carbon
substrate and glucose as a more complex organic sub-
strate. In addition, to assess the importance and role of
CO, in co-substrate utilisation, experiments were

CO; Organics

/

Biomass

“ADP..*
N )

e ) : ) T3
Central \»" Central \*" ™,
NAD+ ¢ 7 e from metabolism) NAD+ Y e from metabolism/ NAD+
",' ’ ~ Fe(ll) ] : /.‘ p Fe(ll) / : .
¥ el 4 ¥ oef S | v
./ NADH - » hv . NADH - ¥ hv hv
p é ‘/1/ NA:DH L ‘/I/ NA:DH - /1/
CO o
£ O S WO O Q% O
CBB o S MH \ CBB D Ll CBB . S o H
cycle / " \ cycle \ cycle ) ",
. ATP | \ . ATP | ATP I
) Y ——H \‘ ) R ' «———H* X 1—H

Photoautotrophic

FIGURE 1
Rhodopseudomonas palustris TIE-1. Created with BioRender.
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Schematics of photoautotrophic (left), mix of photoauto- and heterotrophic (middle), and heterotrophic growth (right) of
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conducted both in the presence and absence of
CO,/HCO3.

EXPERIMENTAL PROCEDURES

Effects of organic substrates on
Fe(ll) oxidation

For substrate preference experiments R. palustris TIE-1,
a well-studied photoferrotrophic strain, was chosen (Jiao
et al., 2005). R. palustris TIE-1 was grown for two trans-
fers on Ho/CO, (80:20; vol:vol) before the experiment to
avoid bias towards any of the experimental substrates.
50 mL of media was added to 100 mL serum vials and
inoculated with 0.5% of the pre-grown R. palustris TIE-1
culture. Media was prepared as stated in Jiao et al.
(2005). The following salts were dissolved in 1 L of ultra-
pure water: 0.5g KH,PO, 03g NH4CI, 05¢g
MgSQO,4-7H,0, 0.1 g CaCl,-2H,0O and autoclaved in a
Widdel flask. After autoclaving, 10 mL/L filter-sterilised
vitamin  solution (altered from Ehrenreich &
Widdel, 1994; containing 50 mg/L riboflavin), 1 mL/L
SL10 trace element solution (Widdel, 1983), 1 mL/L
selenite-tungstate solution (Widdel & Bak, 1992) and
0.1 mg/L vitamin B12 solution were added. The medium
was prepared with a headspace of Ny/CO, (90:10;
vol:vol) and buffered with 22 mM HCO3;™. The pH of the
media was adjusted to pH 7 with anoxic 1 M HCI and
anoxic 0.5 mM H,COs.

For the substrate preference experiments, three dif-
ferent setups were used. In the first setup, only FeCl,
was added. In the second setup, FeCl, and an organic
substrate (0.6 mM) (either acetate [Ac], lactate [Lc],
pyruvate [Py], butyrate [Bu] or glucose [Glu]) were
added. In the third setup, only organic substrates (0.6
mM) were added. For the setups with Fe(ll), 4.5 mM
FeCl, was added to the medium and left for 48 h at 4°C
to allow precipitation of Fe(ll) minerals before the
medium was filtered (0.22 pm) in an anoxic glovebox
(100% N,). This led to a starting concentration of
approximately 2 mM dissolved Fe(ll) in the experimen-
tal setups. The concentrations used are the minimum
required to be able to track substrate consumption by
our analytical methods. Although they are on the higher
side of those found in the environment, they are envi-
ronmentally relevant. For example, they are similar to
those found in some wetlands, for example, by Patzner
et al. (2020). The organic compounds were added after
the filtration step. Four replicate bottles were inoculated
in the setups with Fe(ll), with one used as a sacrificial
bottle for mineral analysis by Fe®’-specific Mdssbauer
spectroscopy - this bottle was sampled only at the end
of the incubation. For abiotic controls, two bottles per
substrate and setup were used without adding any bac-
teria. Abiotic controls were set up to evaluate any
adsorption of Fe(ll) to the glass wall and to ensure the
absence of abiotic reactions between Fe and the
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chosen organic substrate. In the three biotic bottles,
continuous sampling and analysis of Fe, cell numbers
and organics were performed. The abiotic bottles were
sampled and analysed at a subset of these time points
for concentrations of Fe and organics. Samples were
taken anoxically and under sterile conditions at the
bench and samples for mineral analysis were taken in
an anoxic glovebox (100% N,). During the experi-
ments, the vials were placed in a light incubator with
25 + 7 pmol photons/s/m? at 20°C and positioned ran-
domly on the shelf to avoid biases based on position in
the incubator. The Fe(ll)-only setup was repeated with
four bottles and all data show an average of four bot-
tles. In the setup of Fe(ll) plus butyrate, only two bottles
showed Fe(ll) oxidation, and in the glucose-only setup
only two bottles showed glucose consumption.

Fe(ll) oxidation experiments in PIPES-
buffered medium lacking CO,

CO:s, is essential for autotrophic Fe(ll) oxidation. There-
fore, we tested whether Fe(ll) could also be oxidised by
R. palustris TIE-1 in the absence of CO,/HCO3;~ when
R. palustris TIE-1 utilises different organic substrates in
parallel to Fe(ll). This experiment had the same
conditions as the substrate preference experiment
described above except that 20 mM piperazine-N,N'-
bis(2-ethanesulfonic acid) (PIPES) was chosen as a
buffer and the headspace contained only N,. For this
experiment, R. palustris TIE-1 was also pre-grown on
H,/CO, (80:20; vol:vol) for two consecutive transfers in
bicarbonate-buffered media. The pre-culture cells were
washed twice before inoculation to remove any residual
bicarbonate from the inoculum. For this, serum vials
were centrifuged at 5000 rpm for 5 min anoxically. The
supernatant was then exchanged with a syringe to
keep the serum vial anoxic and replaced with 20 mM
PIPES buffer.

Fe quantification

Fe(ll) and Fe(lll) were quantified spectrophotometrically
with a modified ferrozine assay (Hegler et al., 2008).
During sampling, 0.1 mL of sample was added to
0.9 mL of 1 M HCI. Samples were stored at 4°C until
analysis. The ferrozine-Fe(ll) complex was quantified at
562 nm using a microtiter plate reader (Thermo Scien-
tific Multiscan, Thermo Fisher Scientific). Ferrozine
measurements were conducted in triplicates. All rates
were calculated over at least three data points.

Short-chain fatty acid analysis

High-performance liquid chromatography (HPLC) anal-
ysis was performed with a Shimadzu Prominence

85U0| 7 SUOWIWOD BAITE8.D) 8o dde aup Ag peusenob ae sejolie O 8sN Jo Sa|ni 1o Areiq1 8UIUO AB|1M UO (SUONIPUOD-pUe-SLLBI W0 A8 |IM"AReIq )BU[UO//:SdNY) SUORIPUOD Pue SWie | 8Y) 89S *[yZ02/£0/02] Uo Aiqiaulluo 481 ‘ebuigrsel eylolqigs LogisieAlun Ad 80991 0262-29vT/TTTT OT/I0P/WO00 A8 1M Akelq1|Bul|UO'S [euINO[-0J0 IO IAUS//SANY W0l pepeojumod ‘€ ‘%202 ‘0262297T



4 0of 17 e o

AL

HPLC with an LC-20ATsolvent delivery unit, a CTO-
10ASvp column oven, and a RID-20a refractive index
detector. After sampling, samples were centrifuged at
15,000 rpm for 10 min to remove cells and minerals,
and the supernatant was transferred to a new Eppen-
dorf tube and stored at 4°C until analysis.

Cell number quantification

Samples (1.8 mL) were stored at —20°C for DNA
extraction and qPCR of 16S rRNA. DNA was extracted
using the UltraClean R Microbial DNA Isolation Kit
(MO BIO Laboratories, Carlsbad, CA, USA) and the
quantity of the DNA was measured with a NanoDrop
ND-1000 Spectrometer (NanoDrop™ 1000; Thermo
Scientific, Waltham, MA, USA). gPCR was conducted
with the iCycler iQ™Real-Time PCR Detection System
and the Bio-Rad CFX Maestro 1.1 software. 16S rRNA
was quantified with the 341F (CCTACGGGAGGCAG-
CAG) and 797R (GGACTACCAGGGTATCTAATC
CTGTT) primer pair (Nadkarni et al., 2002). A mix of
5 uL SYBR green, 0.15 pL 341F primer, 0.45 puL 797R
primer, 3.4 pL H,O and 1 pL of sample was prepared
for the number of samples, standards and negative
control in triplicates with a reaction volume of 10 pL.
For standards, plasmids with respective genes were
used and quantified with Qubit 2.0 (Invitrogen, Carls-
bad, CA, USA).

Statistical analysis

To evaluate if differences between conditions were statis-
tically significant, we performed Welsh’s t-test to account
for unequal variances between each sample treatment.
We chose a significance threshold of a = 0.05.

Mineral analysis by Mossbauer
spectroscopy

Within an anoxic glovebox (100% N,), 20 mL liquid
sample was collected from each microcosm, filtered
through a 0.45 um pore space syringe filter (area
1 cm?), and covered with Kapton tape, forming a thin
disc. Samples were stored under anoxic conditions at
—18°C to avoid microbial activity and mineral transfor-
mation. Individual samples were transported to the
Mossbauer instrument within airtight bottles, which
were only opened immediately before loading into a
closed-cycle exchange gas cryostat (Janis Cryogenics)
under a backflow of He to minimise exposure to air.
Spectra were collected at 77 K using a constant accel-
eration drive system (WissEL) in transmission mode
with a %’Co/Rh source. All spectra were calibrated
against a 7 pm thick a->"Fe foil that was measured at
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room temperature. Analysis was carried out using
Recoil (University of Ottawa) and the Voigt Based Fit-
ting routine (Rancourt & Ping, 1991). The half-width at
half maximum was constrained to 0.134 mm/s during
fitting.

Scanning electron microscopy

Scanning electron microscopy (SEM) was conducted to
visualise the interactions and associations between the
microbial cells and the minerals. For SEM, cultures of
R. palustris TIE-1 were grown with Fe(ll) only,
Fe(ll) plus acetate, Fe(ll) plus lactate and Fe(ll) plus
glucose. At the end of the incubation, a sample was
fixed by adding glutaraldehyde (2.5%; vol/vol). 30 pL of
fixed samples were placed on a glass slide, which was
coated with 50 pL of poly-L-lysine. The samples were
dehydrated with increasing ethanol solutions starting
from 35% to 100% (5 min per new solution; 35%, 55%,
70%, 90% to 100%). The samples were then placed in
HMDS two times for 30 s and left in the fume hood to
dry. Samples were placed on aluminium stubs and
sputter-coated at a working distance of 35 mm at
20 mA for 70 s to receive a 13 nm coating (BAL-TEC
SCD 005). Microscopy was done with a ZEISS Cross-
beam 550 L using an electron high tension of 2 kV, a
working distance of 1.5 mm, and a secondary electron
secondary ion detector.

RESULTS AND DISCUSSION
R. palustris TIE-1 substrate preferences

To determine the effect of organic substrates on
Fe(ll) oxidation, R. palustris TIE-1 was grown in CO,/
HCO;™~ buffered media with Fe(ll) only, Fe plus an
organic substrate (acetate, lactate, pyruvate, butyrate
or glucose) or organics alone. We found that
R. palustris TIE-1 consumed all of the added organics
completely and oxidised Fe(ll). Both sequential and
simultaneous consumption of organics alongside
Fe(ll) oxidation was observed during the experiment,
depending on the identity of the organic compound. In
the abiotic setup, no changes in organic substrate and
Fe(ll) concentrations were observed (data not shown).
In the setups with Fe(ll) plus acetate (Ac), Fe(ll) plus
pyruvate (Py) and Fe(ll) plus butyrate (Bu), the
organics were consumed first, followed by the oxidation
of Fe(ll) (Figure 2B,D,F). No lag phases in the con-
sumption of these organics were observed and were
consumed within 3.3 days (Ac plus Fe(ll)) to 4 days
(Bu and Py plus Fe(ll)) (Figure 2B,D,F), respectively.
Once the organics were consumed, Fe(ll) was oxidised
to an extent of 84 + 5% (with acetate), 90 + 2% (with
pyruvate) and 84 + 3% (with butyrate). In the setups
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FIGURE 2 Growth of Rhodopseudomonas palustris TIE-1 with different growth substrates. (A) R. palustris TIE-1 grown only with Fe(ll). (B—
F) R. palustris TIE-1 was grown with Fe(ll) plus an organic substrate (either acetate (B-Ac), lactate (C-Lc), pyruvate (D-Py), butyrate (E-Bu) or
glucose (F-Glu)). The standard deviation is based on biological triplicates, in case of A standard deviation is based on four bottles. The pink
background shows simultaneous consumption of an organic substrate and Fe(ll). All media were buffered with CO,/HCO;.

with Fe(ll) plus lactate and Fe(ll) plus glucose,
Fe(ll) oxidation reached 91 + 1% and 98 + 2%, respec-
tively. In the latter two cases, simultaneous consump-
tion of Fe(ll) and organics was observed (Figure 2C,E).
In the case of Fe(ll) only, 89% of Fe(ll) was oxidised
(Figure 2A). Our data expanded our understanding of
different substrate preferences for R. palustris TIE-1
and were determined for the first time for pyruvate,
butyrate, and glucose. We could also show that the
findings of Melton et al. (2014) regarding the substrate
preference of acetate, lactate and Fe(ll) hold true even
at much lower, environmentally relevant substrate
concentrations.

However, in their study, substrate concentrations
were many folds higher (16 mM organic compounds
and 5mM Fe(ll)). Our results, in combination with
theirs, demonstrate that consumption order is indepen-
dent of substrate concentrations. In addition, the sub-
strate preferences of strain R. palustris TIE-1 appear to
differ from those of other photoferrotrophs. Ehrenreich
and Widdel showed that R. ferrooxidans SW2 used
these substrates in a sequential order (acetate and glu-
cose before Fe(ll); Ehrenreich & Widdel, 1994). In the
same study, a second strain, Chromatium L7, was
shown to consume the organics (glucose or acetate)
and Fe(ll) at the same time (Ehrenreich &
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Widdel, 1994). This contrasts with our findings where
R. palustris TIE-1 used glucose and Fe(ll) at the same
time but used acetate before Fe(ll). These studies sug-
gest that substrate preferences are independent of sub-
strate concentrations but are likely unique to individual
strains of phototrophic Fe(ll) oxidisers. These results
regarding the substrate preference of R. palustris TIE-1
help us to understand how different photoferrotrophs
could actively contribute to Fe(ll) oxidation under vari-
ous conditions and show that in the environment,
Fe(ll) will still be oxidised even when these cells have
the option to conduct photoheterotrophy (arguably a
more favourable metabolism).

Effect of multiple substrates on
consumption rates of both organics
and Fe(ll)

Fe(ll) and organics each influenced the consumption
rate of the other substrates. For the setup with
Fe(ll) only, in a bicarbonate-buffered medium,
Fe(ll) oxidation was completed for all four bottles after
10.2 days with an average Fe(ll) oxidation rate of 0.23
+ 0.04 mM/day (Figure 3A). This Fe(ll) oxidation rate
corresponds well to previously published data for the
same strain (0.27 + 0.01 mM/day [Han et al., 2020] and
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0.15 £ 0.03 mM/day [Peng et al., 2019]) which also mea-
sured Fe(ll) oxidation rates in the absence of alternative
substrates. Fe(ll) oxidation rates for setups with
Fe(ll) plus butyrate (0.24 £ 0.01 mM/day) were in the
same range as in the setup with Fe(ll) only. With ace-
tate, the Fe(ll) oxidation rate was slightly lower (0.17
1+ 0.01 mM/day) than with Fe(ll) alone. For the setups
with  Fe(ll) plus pyruvate (0.34 + 0.02 mM/day),
Fe(ll) plus glucose (0.33 + 0.04 mM/day) and Fe(ll) plus
lactate (1.05 £ 0.02 mM/day), Fe(ll) oxidation rates were
significantly increased and in the case of Fe(ll) plus lac-
tate, increased more than threefold (Table A1). We also
observed that Fe(ll) affected the consumption rates of
organic compounds (Figure 3B). For lactate (with
Fe(ll) 0.25+ 0.01 mM/day and without Fe(ll) 0.21
1 0.02 mM/day), butyrate (with Fe(ll) 0.31 £ 0.06 mM/
day and without Fe(ll) 0.17 £ 0.002 mM/day) and glu-
cose (with Fe(ll) 0.27 £ 0.01 mM/day and without
Fe(ll) 0.12 £ 0.03 mM/day), the consumption of the
organics was enhanced when Fe(ll) was present. For
lactate, this increase was statistically significant
(Table A1). For glucose and butyrate consumption, the
addition of Fe(ll) had a large beneficial impact and
increased consumption rates 1.7-fold for butyrate and
2-fold for glucose. In the case of acetate and pyruvate,
consumption rates with and without Fe(ll) were within
the error range (acetate: with Fe(ll) 0.18 £ 0.01 mM/day

(B)

c
2 0.3 +
o T 7 o
5= o
o ¢
c O
©
20 0.1 *
o .

O Rates with Fe

€ Rates w/o Fe

0.0 r r

Ac Lc P'y B'u GII u

(A) The Fe(ll) oxidation rates of Rhodopseudomonas palustris TIE-1 incubated with acetate (Ac), lactate (Lc), pyruvate (Py),

butyrate (Bu) or glucose (Glu). The dark brown point shows the Fe(ll) oxidation rate when only Fe(ll) was added and the light brown background
shows the standard deviation. Significant differences in Fe(ll) oxidation rates were calculated with lactate, pyruvate and glucose (Table A1).

(B) The organic consumption rates when the organics and Fe(ll) were added together (light brown square) or when only the organics were added
(pink diamond). Significant differences with organic consumption rates were calculated with lactate (Table A1). (C) Cell numbers of R. palustris
TIE-1 at the end of the experiment for Fe(ll) only (dark brown), organics plus Fe(ll) (light brown) and only organics (pink with pattern). For Fe plus
butyrate and glucose alone, only duplicates are shown and the range is calculated for Fe-only the average was calculated from four replicates.
For all other setups, averages and rates were calculated from triplicates. All experiments were carried out in CO,/HCOs;-buffered media.
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and without Fe(ll) 0.23 £ 0.05 mM/day; pyruvate: with
Fe(ll) 0.24 £ 0.01 mM/day and without Fe(ll) 0.24
+ 0.05 mM/day).

In general, organic compounds with more carbon
atoms tended to show lower consumption rates without
Fe(ll) than those with fewer carbon atoms but displayed
higher consumption rates when Fe(ll) was present. For
Fe(ll) oxidation the type of organic plays an important
role in our study. Acetate and butyrate, 2 and 4 C
atoms, did not influence Fe(ll) oxidation, whereas 3 and
6 C atom organics (lactate, pyruvate and glucose) lead
to a significant increase in Fe(ll) oxidation rates. We
could also observe that for some substrates, both
consumption rates were increased (for glucose, lactate
and Fe(ll)), but in other cases, only one consumption
rate would increase (Fe(ll) oxidation rate with pyruvate;
butyrate consumption rate with Fe(ll)). This demon-
strates the complexity of these interactions and
shows that co-substrate utilisation can be beneficial for
the consumption of both substrates. With these data,
we expand our understanding of how turnover rates of
both organic and inorganic substrates could be interde-
pendent in the environment.

The observation that lactate stimulated Fe(ll) oxidation
by R. palustris TIE-1 was also made by Heising and
Schink (1998) and by Melton et al. (2014); but was dem-
onstrated at much higher substrate concentrations that
favoured organic consumption. It has not previously
been shown that these other substrates could also simu-
late Fe(ll) oxidation. Heising and Schink showed for a
different strain, Rhodomicrobium vannielii strain BS-1,
that Fe(ll) oxidation was stimulated by the addition of
acetate or succinate, suggesting these benefits of co-
substrate utilisation are likely universal across the Fe(ll)-
oxidising phototrophs. Co-substrate utilisation with non-
organic substrates has been studied previously and,
contrary to our findings with organics, found that
Fe(ll) oxidation rates of R. palustris TIE-1 and
R. ferrooxidans SW2 decreased in the presence of H,
and were generally higher with high (20 mM) compared
to low (1 mM) NaHCO3; concentrations. Our experiments
suggest that contrary to what may be expected, the
availability of organic compounds in the environment
and, thus, the option for this strain to conduct both
photoheterotrophy and photoautotrophy simultaneously
may be beneficial for both metabolisms.

Another advantage of multiple substrate use is that
bacteria can utilise substrates that were not bioavail-
able to them before. Our strain could use all of the
tested substrates, however, in a study by Govindaraju
et al. (2019) R. palustris CGA0Q9 could not use lactate
alone, but when acetate and succinate were also
added, this strain could use lactate. In another study,
Rhodobacter capsulatus SB1003 could not solely grow
with Fe(ll) or citrate alone. When Fe(ll) and citrate were
used together, Fe(ll) and citrate were broken down
photochemically to form acetoacetic acid that

S 7 of 17

he

supported growth (Caiazza et al., 2007). Both sub-
strates could also bind to each other, which makes it
easier for the bacteria to use. For R. capsulatus
SB1003 it has been shown that it could oxidise
Fe(ll) when it was chelated with NTA (nitrilotriacetate)
(Kopf & Newman, 2012). It has also been shown for
this bacteria that the humic substances bind free
Fe(ll) and thus alleviate the toxicity of free Fe(ll) to
R. capsulatus SB1003 (Poulain & Newman, 2009).

In summary, our experiments show that R. palustris
TIE-1 consumes Fe(ll) and different organic substrates
simultaneously or sequentially and that the extent and
rate of Fe(ll) oxidation is influenced by the identity of
the organics present and vice versa. It shows that
under the right conditions, Fe(ll) oxidation could be a
more prominent reaction in the environment than previ-
ously thought.

Effects of different substrates on growth

In setups with acetate, pyruvate and butyrate plus
Fe(ll), rapid cell growth was observed and continued
when Fe(ll) was oxidised. Setups with lactate and glu-
cose showed a slower initial rise in cell numbers. The
second lowest cell numbers were measured in
the setup with Fe(ll) only (2.4 + 1.2 x 107 cells/mL). In
general, cell numbers in setups with Fe(ll) plus
organic compounds increased according to the num-
ber of carbons in the organic compound provided
(i.e., butyrate > lactate > acetate) (Figure 3C). The
highest cell numbers were reached with Fe(ll) plus
butyrate (8.4 + 0.6 x 107 cells/mL) and Fe(ll) plus glu-
cose (6.7 +0.3 x 107 cells/mL). In both cases, cell
numbers with Fe(ll) were higher compared to cell num-
bers with organics alone. This was also true for
Fe(ll) plus acetate (with Fe(ll) 3.1 + 1.0 x 107 cells/mL
and without Fe(ll) 2.1 + 1.0 x 107 cells/mL). In the cases
of lactate and pyruvate, cell numbers were slightly higher
without Fe(ll) (lactate: with Fe(ll) 5.1 + 1.0 x 10 cells/
mL and without Fe(ll) 5.7 + 1.2 x 107 cells/mL; pyru-
vate: with Fe(ll) 4.1+ 0.3 x 107 cells/mL and without
Fe(ll) 4.7 + 1.3 x 107 cells/mL).

We also compared these counted cell numbers to
numbers predicted based on the available carbon in
the organic substrates (Table A2), assuming a cell
weighs 1 pg (dry weight consisting of CH,0). For the
calculations for the Fe(ll) only setup, we assumed all
electrons are used for fixing CO, into biomass (CO, —
CH,O0; four electrons). Based on this calculation, the
cell numbers for the setup with only Fe(ll) should have
been ca. 1.4 x 107 cells/mL, which is close to our mea-
sured number of 2.4 + 1.2 x 10 cells/mL. For setups
with organic substrates, a similar approach was used.
McKinlay and Harwood (2010) found that in an incuba-
tion of R. palustris strain CGA009 and CGA010 with
20 mM of acetate, 93% of the added acetate was
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converted into biomass. For simplicity, we assumed
that 90% of the other organic substrates tested in our
study were also converted into biomass. We would
expect (1) higher cell numbers with organic compounds
with more C atoms and (2) the formation of more cells
when the organic compounds are used together with
Fe(ll) as substrates. The cell number calculations
(Table A2) matched the measured cell numbers when
either Fe(ll) or the organic compounds were used
alone. This was the case for acetate (2 C atoms), lac-
tate/pyruvate (3 C atoms), and butyrate (4 C atoms),
whereas setups with glucose (6 C atoms) showed
lower cell numbers than the setups with butyrate. In the
setups with lactate and pyruvate, the addition of
Fe(ll) did result in higher cell numbers, as expected
from theoretical calculations. This demonstrates that
the addition of Fe(ll) or substances with more C atoms
does not necessarily lead to an increase in cell
number.

Influence of organics on mineral identity
and morphology of cell-mineral aggregates
formed during Fe(ll) oxidation

A consequence of microbial Fe(ll) oxidation is the forma-
tion of Fe(lll) minerals. Therefore, we investigated how
Fe(lll) minerals and their associations with cells are
affected by the presence of organic co-substrates using
Fe®” Mossbauer spectroscopy and SEM. Samples from
the setups containing either Fe(ll) plus acetate,
Fe(ll) plus lactate, Fe(ll) plus butyrate and Fe(ll) plus
pyruvate were collected after 12.3 days and samples
from setups containing Fe(ll) only and Fe(ll) plus glu-
cose were harvested after 15.8 days. Fe®” Mdssbauer
spectroscopy analyses of all samples at 77 K showed
short-range ordered Fe(lll) oxyhydroxide minerals, likely
ferrihydrite, as the dominant mineral phase (Figure A4).
The only difference between the minerals collected from
the different setups was the relative abundance of the
remaining Fe(ll) compared to the formed Fe(lll) mineral.
Setups with Fe(ll) plus lactate showed the lowest abun-
dance of remaining Fe(ll) mineral phases (6%), whereas
94% of all iron mineral phases were present as poorly
crystalline Fe(lll) oxyhydroxides (Table A3). Setups with
either Fe(ll) only, Fe(ll) plus pyruvate or Fe(ll) plus buty-
rate showed similar abundances of remaining
Fe(ll) minerals of around 15% plus 85% ferrihydrite. The
highest abundance of remaining Fe(ll) mineral phases
was detected in samples containing Fe(ll) plus acetate
(32%) and Fe(ll) plus glucose (40%). Our results with
the organics show that R. palustris TIE-1 consistently
forms poorly crystalline Fe(lll) oxyhydroxides when culti-
vated in this media and that the presence of external
organic substrates does not influence the minerals
formed. This mineral phase is consistently found in stud-
ies of Fe(ll) oxidation by R. palustris TIE-1 (e.g., Han
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et al., 2020) when no organics are present. This indi-
cates that, despite the presence of organic compounds
influencing the onset and rates of Fe(ll) oxidation, the
mineral formation is unaffected.

Although the identity of the Fe(lll) minerals formed
was the same for all setups (i.e. ferrihydrite), we were
interested in whether there are differences in mineral
surface morphology depending on the identity of the
organics added as co-substrates. Therefore, SEM
images were collected for the setups containing either
Fe(ll) only, Fe(ll) plus acetate, Fe(ll) plus lactate, and
Fe(ll) plus glucose. We found that samples from setups
containing Fe(ll) only showed spiky plates (Figures 4
and A5). Similar mineral morphologies were also found
in setups where organic substrates were present in
addition to the Fe(ll). We also observed cells embed-
ded in the minerals (Figure 4). With more carbon sub-
strates added, more cells were seen by SEM in the
samples, which is consistent with our data on cell num-
bers. Most of the cells were observed in the setup con-
taining Fe(ll) plus glucose. Here, the surface of the
minerals was covered with cells, and web-like struc-
tures of organic matter were observed (probably EPS)
(Figure 4). EPS structures in previous publications
showed similar features to those we found in our SEM
images (Diaz et al., 2017; Dohnalkova et al., 2011;
Solmaz et al., 2018).

In summary, we observed that the presence of
organic substrates in addition to Fe(ll) did not affect the
composition of the Fe(lll) minerals formed by
photoferrotrophs.

Effect of replacing CO,/HCO; buffer with
PIPES on Fe(ll) oxidation and organic
consumption

COs, is essential for autotrophic Fe(ll) oxidation and for
balancing the internal redox potential of substrates more
negative than biomass (McKinlay & Harwood, 2010). To
investigate the impact of CO, on the patterns of sub-
strate consumption, we exchanged the bicarbonate
buffer for PIPES buffer and repeated the experiments. In
the absence of CO,/HCO3, cells grew on acetate, lactate
and pyruvate, but there was no growth with butyrate and
glucose (Figures 5 and A1). Growth with glucose could,
however, be observed in a separate experiment
(Figure A3). No Fe(ll) oxidation occurred in the setup
when only Fe(ll) was present or when Fe(ll) was present
together with the organic co-substrates. However,
Fe(ll) did stimulate growth on lactate in a PIPES-
buffered medium. Cell numbers of Fe(ll) plus lactate
(3.0 £ 1.6 x 107 cells/mL) were three times higher than
without Fe(ll) (0.9 + 0.7 x 107 cells/mL; Figure 5A). For
pyruvate, no beneficial effect was observed in the PIPES
setups (with Fe(ll) 1.7 + 0.5 x 10" and without Fe(ll) 1.7
+ 0.1 x 107 cells/mL), and in the case of acetate, cell
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FIGURE 4 Scanning electron microscopy images of R. palustris TIE-1 grown with only Fe(ll) (Fe-only), with Fe(ll) plus acetate (Fe + Ac),
with Fe(ll) plus lactate (Fe + Lc) and with Fe(ll) plus glucose (Fe + Glu). Arrow a shows the cells of R. palustris TIE-1, arrow b shows the spiky

minerals and arrow ¢ shows web-like structures.

numbers were lower (with Fe(ll) 1.0+ 0.1 x 10’ and
without Fe(ll) 1.6 + 0.3 x 107 cells/mL). When compar-
ing cell numbers from PIPES-buffered medium setups to
experiments with CO, /HCO3~ buffered medium, we
found that cell numbers were higher when CO, was pre-
sent except for the setups with acetate alone
(Figure 5A).

In the next step, organic consumption rates were
calculated. No difference in the consumption rates for
acetate was observed; these reached 0.16
+ 0.05 mM/d with Fe(ll) and 0.14 £ 0.01 mM/day with-
out Fe(ll) (Figures 5B and A2). The same was also
observed with lactate, although overall consumption
rates were lower compared to acetate (with Fe(ll) 0.10
1 0.03 and without Fe(ll) 0.12 + 0.02 mM/day). For ace-
tate consumption rates, values were not significantly
different (with/without CO,). However, consumption
rates of lactate with CO, were significantly higher than
without CO,. This applied to both lactate alone and with
Fe(ll) (Table A1). Pyruvate concentrations and con-
sumption rates could not be measured during the
experiment due to interference of PIPES and with Pyru-
vate peak in the HPLC, but growth could be confirmed
with colour change and cell growth (Figures 5A and
A3). Therefore, organic consumption rates could only
be calculated for acetate and lactate.

This experiment confirmed, firstly, that when there
is no external CO, provided, we do not see any

Fe(ll) consumption, even when the organics are used.
We believe this demonstrates that this strain cannot
conduct Fe(ll) oxidation with CO, from respired organic
matter under our experimental conditions. Second, our
experiment confirms that growth substrates with a more
negative oxidation state than biomass need to have an
additional substrate that can serve as an electron sink.
In the case of butyrate, this could be CO, or substrates
like DMSO or protons (resulting in H, production)
(McKinlay & Harwood, 2010). Gregoire and Poulain
successfully demonstrated that mercury (Hg") could
also be used as an electron sink in the purple
non-sulphur bacteria R. capsulatus SB1003, R.palastris
TIE-1 and Rhodobacter sphaeroides (Gregoire &
Poulain, 2016). This highlights an as yet overlooked
role for anoxygenic phototrophs in reducing contami-
nants as a core facet of their metabolism. It also dem-
onstrates that although CO, is the most common
electron sink, these bacteria have developed a diversity
of strategies to achieve this goal. The environmental
importance of using alternative redox-active metals as
electron sinks is yet to be widely demonstrated but
would be a fruitful avenue of future research. The
importance of the oxidation state of the organic com-
pounds was also highlighted in a recent study by Haas
et al., 2022, where R. palustris CGA010 was tested
under nitrogen-fixing, CO, absent conditions with
Fe(ll) and acetate or Fe(ll) and malate. Nitrogen fixation
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(A) Cell numbers of Rhodopseudomonas palustris TIE-1 from experiments with CO,/HCO3;™ (grey striped pattern, with CO,) or

with PIPES buffer (pink coloured bar, w/o CO,). For organics, results are shown for acetate (Ac), lactate (Ic), and pyruvate (Py). Significant
changes in cell numbers were calculated for lactate alone and Fe(ll) plus pyruvate (Table A1). (B) Organic consumption rates with CO,/HCO3;™
(grey striped pattern) and with PIPES buffer (pink coloured, w/o CO5). For lactate alone and Fe(ll) plus lactate (Table A1), differences were

significant. The standard deviation is based on triplicate measurements.

was used here as an alternative to CO, fixation for
recycling electron equivalents. No oxidation of
Fe(ll) was observed with acetate, but when malate, a
more oxidised compound, was added, Fe(ll) was oxi-
dised. The authors suggest that malate utilisation
potentially leads to a more oxidised quinone pool as
less flux would go through succinate. This could mean
that R. palustris TIE-1 could also possibly oxidise
Fe(ll) without external CO, in the presence of a more
oxidised substrate like malate.

These results showed that CO, is crucial for
Fe(ll) oxidation and CO, produced by oxidation of
organic compounds could not serve as a substitute.
Fe(ll) did not have a notably beneficial effect on organic
consumption when PIPES was used as buffer, and the
consumption of some organic compounds depend on
the co-utilisation of CO,.

Environmental implications

With these experiments, we demonstrated that
Fe(ll) oxidation, organic consumption, and the pres-
ence of external CO, are interdependent, revealing a
complex interaction between substrates that dictates
growth and Fe(ll) oxidation under environmentally rele-
vant conditions. The type of carbon present in the envi-
ronment can have a marked effect on the contribution
of R. palustris TIE-1 to Fe(ll) oxidation and the contribu-
tion of photoferrotrophy to iron cycling. Since both
organic compounds and Fe are present in almost all
environmental systems in which photoferrotrophs exist,
these interactions likely have significant influences on
the rates and extent of Fe(ll) oxidation, iron mineral for-
mation and organic carbon turnover in the environment.
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FE(Il) OXIDATION BY R. PALUSTRIS

APPENDIX A

TABLE A1 Welsh t-test results.

Fe(ll) oxidation rates with Fe(ll) only and
Fe(ll) plus organics

Organic consumption rates with Fe and
without Fe

Cell numbers with CO, and without CO,»

Organic consumption rates with CO, and
without CO,

Note: Welsh'’s t-test was used to account for unequal variances between each sample treatment. We chose a significance threshold of a = .05.

Setup
Acetate
Lactate
Pyruvate
Butyrate
Glucose
Acetate
Lactate
Pyruvate
Butyrate
Glucose
Acetate

Acetate plus Fe

Lactate

Lactate plus Fe

Pyruvate

Pyruvate plus Fe

Butyrate
Glucose
Acetate

Acetate plus Fe

Lactate

Lactate plus Fe

Pyruvate
Butyrate
Glucose

TABLE A2 Calculated and measured cell number of the

substrate preference experiment with CO..

Calculated cell number
Fe(ll) 1.2 E407
Acetate 3.24 E4+07
Lactate 4.86 E+07
Pyruvate  4.86 E+07
Butyrate 6.48 E407
Glucose 9.72 E4+07

Measured cell number

2.39 E+07 £ 1.2E407
2.10 E+07 £ 8.12E06
5.6 E+07 + 1.02E07
4.64 EO7 + 1.02E07
6.62 EO7 + 3.07E06
3.01 EO7 + 2.14E07

Note: For calculations, assumptions were that 90% of electrons from Fe(ll)

oxidation go into biomass production and 80% of the organics go into biomass.

t

2.86

—32.52

—4.59

No analysis possible
-33

1.24

2.92

0.19

No analysis possible
No analysis possible
0.79

2.91

5.51

2.75

4.01

5.33

No analysis possible
No analysis possible
1.59

0.4

4.61

8.75

No analysis possible
No analysis possible
No analysis possible

df

3.14
4.99
4.99

4.12
2.08
3.58
2.16

2.37
2.06
3.84
2.09
2.07
3.63

2.19
227

3.38

i)
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p Value
.0613
5.30E-07
.0059

.0287
.34
.049
.87

.097
.0059
105
.0518
.0078

24
.73
.01
.002
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FIGURE A1 PIPES experiment, left side with Fe(ll) and organics and on the right side pictures with organics only. Growth can be seen with
Fe(ll) plus acetate (Ac + Fe), Fe(ll) plus lactate (Lc + Fe), Fe(ll) plus pyruvate (Py + Fe), and no growth with butyrate (Bu only and Bu + Fe),
glucose (Glu only and Glu + Fe) and with Fe only.
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FIGURE A2 Organic consumption over time of R. palustris TIE-1 with PIPES buffer. In (A) only organics were added and Ac, Lc and Py
were consumed over time. No consumption of Bu and Glu. The same trend could also be observed when Fe(ll) was added (B).
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FIGURE A3 R. palustris TIE-1 grown in triplicates with glucose
and PIPES only.
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FIGURE A4 Mdssbauer spectra collected at 77 K. All samples showed a narrow doublet (Db1; yellow) that can be attributed to the
presence of a non-magnetically ordered poorly crystalline Fe(lll) mineral phase similar to ferrihydrite. The wide doublet was fitted with two
individual doublet features (Db2 and Db3) that can be indicative of Fe(ll) mineral phases (Db2; blue) and (Db3; pink) in all samples.

The main components in all samples analyzed differ in
their relative abundance. Sample 3f Lactate showed
the lowest abundance of Fe(ll) mineral phases with
<10%. More than 90% of all iron mineral phases
detected can be attributed to the presence of ferrihy-
drite (Table A3). Samples 4f pyruvate and 5f butyrate
showed similar Fe(ll) mineral abundances of around

15%, while ferrihydrite represented approximately 85%
of the abundant iron mineral phases. The highest rela-
tive abundance of Fe(ll) mineral phases was detected
in samples 1f and 2f with about 30%—45% Fe(ll) being
present. Ferrihydrite showed a lower relative abun-
dance in these samples compared to the previous
ones, reaching a relative abundance of 50%—70% only.
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TABLE A3 Overview of Mossbauer spectra fitting parameters.

Sample
TIE-1 Fe(ll) only

TIE-1 Fe(ll) plus acetate

TIE-1 Fe(ll) plus lactate

TIE-1 Fe(ll) plus pyruvate

TIE-1 Fe(ll) plus butyrate

TIE-1 Fe(ll) plus glucose

Temp. (K)
77

77

77

77

77

77

Phase
Db1
Db2
Db3
Db1
Db2
Db3
Db1
Db2
Db3
Db1
Db2
Db3
Db1
Db2
Db3
Db1
Db2
Db3

CS (mml/s)
0.48
1.00
1.24
0.48
1.38
1.10
0.48
1.18
1.13
0.48
1.37
1.20
0.48
1.34
1.21
0.43
1.28
1.27

AEq (mm/s)
0.80
3.21
2.30
0.74
3.05
2.83
0.77
3.16
2.72
0.76
3.16
2.92
0.76
3.21
2.66
0.78
3.01
2.32

Pop (%)
87.5
7.7
4.8
68.3
23.1
8.6
94.4
35
2.1
84.9
6.6
8.5
86.0
7.7
6.3
59.3
28.9
11.8

0.64

0.69

0.69

1.38

0.71

0.73

Mineral phase
Fe(lll)

Note: Temp., temperature during measurement; Phase, fitted compound; Db, doublet, center shift (CS in mm/s); quadrupole splitting (AEq in mm/s); quadrupole shift
(¢ in mm/s); hyperfine field (By in T); Pop, relative abundance (in %), y 2 as goodness of fit and identified iron speciation/mineral phase: Fe(lll) most likely ferrihydrite,
Fe(ll)4 and Fe(ll), as ferrous iron mineral phases.
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FIGURE A5 SEM images of R. palustris TIE-1 grown with only Fe(ll) (Fe only), with Fe(ll) plus acetate (Fe + Ac), with Fe(ll) plus lactate
(Fe + Lc) and with Fe(ll) plus glucose (Fe + Glu). Arrow a shows the cells of R. palustris TIE-1, arrow b shows the spiky minerals and arrow c
shows spider-web-like structures.
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