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Abstract 

Iron cycling including phototrophic Fe(II) oxidation has been observed in multiple permanently stratified meromictic lakes, yet less 
focus has been on dimictic lakes, which seasonall y ov erturn and are vastly more common. Here , w e investigated iron cycling in a 
dimictic lake, Großes Heiliges Meer in northwest Germany, using 16S rRNA amplicon sequencing, as well as in-situ and lab-based 

experiments. Bacterial community composition in the lake follows geoc hemical gr adients and differs markedly between oxic and 

anoxic conditions. Potential ir on-meta bolizing bacteria wer e found mostl y in anoxic conditions at 7 and 8 m depth and were comprised 

of taxa from the genera Chlorobium , Thiodictyon , Sideroxydans , Geobacter , and Rhodoferrax . We wer e a b le to r ecr eate acti v e ir on cycling (1) 
with an ex-situ micr obial comm unity fr om 8 m de pth and (2) with a successful microbial enrichment culture from 7 m de pth. Var ying 
the light and organic carbon av aila bility in lab-based experiments showed that Fe(III) r eduction ov ershadows Fe(II) oxidation leading 
to a cr yptic ir on cycle. Ov erall, we could demonstrate that microbial iron cycling can be a key biogeochemical process in dimictic lakes 
despite re gular disturbance , and that complex environmental factors such as organic substrates control the balance between Fe(II) 
oxidation and Fe(III) reduction. 

Ke yw ords: phototrophic Fe(II) oxidation; photoferrotrophs; Fe(III) reduction; dimictic lake 
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Introduction 

Iron cycling, consisting of Fe(II) oxidation and Fe(III) reduction, is a 
widespr ead pr ocess in str atified lakes and fr eshwater sediments,
and plays a critical role in shaping the biogeochemistry of lacus- 
trine envir onments (Ber g et al. 2016 , Otte et al. 2018 , Kappler et al.
2021 ). During Fe cycling and subsequent formation and dissolu- 
tion of Fe minerals, nutrients (e.g. phosphorus), carbon, and pol- 
lutants can be bound and sequestered or released back into the 
envir onment (Tipping 1981 , Eic khoff et al. 2014 , Mu et al. 2016 ,
Kappler et al. 2021 ). Furthermore, various microbial metabolisms 
link iron redox transformations with those of other k e y element 
cycles including carbon, sulfur, and nitrogen (Kappler et al. 2021 ).
Both o xidati v e and r eductiv e parts of the iron cycle can be facil- 
itated abiotically and biotically. Ho w ever, microbial iron cycling 
plays a particularly important role under microoxic and anoxic 
conditions where rapid abiotic oxidation by O 2 is inhibited (Bryce 
et al. 2018 , Kappler et al. 2021 ). 

Fe(II) o xidation in o xic environments is either abioticall y driv en 

by reaction with atmospheric O 2 or is micr obiall y mediated at low 

pH (Kappler et al. 2021 ). In the interface of oxic to anoxic envi- 
ronments , F e(II) can be directly oxidized by microaerophilic Fe(II)- 
oxidizing bacteria (Kucera and Wolfe 1957 , Maisch et al. 2019 ). In 

contrast, in anoxic, (sunlit) envir onments, nitr ate-r educing and 

phototrophic bacteria like Chlorobium spp ., Thiodictyon spp ., and 
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cidovorax spp. can oxidize Fe(II) (Heising et al. 1999 , Croal et al.
004 , Kappler et al. 2005 , Laufer et al. 2017 , Bryce et al. 2018 ). Di-
 ect micr obial Fe(III) r eduction occurs in anoxic envir onments and
s performed by v arious gener a of bacteria i.e. Geobacter spp., She-
anella spp., and Geothrix spp. (Myers and Nealson 1990 , Lovley
t al. 1993 , Coates et al. 1999 ), whereas indirect microbial Fe(III)
eduction occurs in sulfur-rich environments where bacteria re- 
uce oxidized sulfur-species to form sulfides whic h r eact abioti-
ally with Fe(III) to form FeS or/and FeS 2 (Canfield 1989 ). 

Both Fe(III)-reducers and Fe(II)-oxidizers have been found to be 
bundant and active in freshwater sediments and stratified lakes 
Berg et al. 2016 , Laufer et al. 2016 , Otte et al. 2018 ). Ho w e v er,
 uc h of the pr e vious work on anaerobic iron cycling in freshwater

nvironments has focused on permanently stratified meromictic 
akes due to their r ele v ance as an analogue to Archean ocean bio-
eoc hemistry (r e vie wed in Bryce et al. 2018 , Ka ppler et al. 2021 ).
eromictic lakes do not mix completely and typically develop an

noxic bottom water body (monimolimion) that is not mixed and
hus creates stable geochemical gradients (Stewart et al. 2009 ). For
xample, an active iron cycle with potential for rapid FeS recycling
as been found in meromictic Lake Cadagno (Switzerland) which 

as low iron content (Berg et al. 2016 ); as well as in Lake Matano
Indonesia) and Lake La Cruz (Spain) which contain hundreds of

icr omolar dissolv ed Fe(II) in the anoxic bottom w aters (Cro w e
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t al. 2008 , Walter et al. 2014 ). A number of these lakes contain
ctiv e phototr ophic Fe(II)-oxidizers (Cr o w e et al. 2008 , Walter et
l. 2014 ). True meromictic lakes are relatively rare as their exis-
ence r equir es specific physical and geochemical conditions e.g.
he basin is particularly deep and steep-sided; or ther e ar e par-
icularly steep salinity differences between layers that inhibit full
ater-column overturn even when temperatures are fa vourable .

n contrast, most lakes are holomictic (uniform from top to bot-
om) where the salinity is constant throughout the depth. Vari-
tions in thermal str atification driv e water density fluctuations,
ausing holomictic lakes to mix r egularl y. T hese ma y be classed
s pol ymictic, wher e the lake mixes m ultiple times a year, mo-
omictic (mixes once) or dimictic, which mixes twice per year usu-
lly in spring and autumn. These seasonally stratified lakes have
een gaining increasing attention as hot-spots for microbial iron
ycling due to their r elativ e abundance and a ppar ent suitability
or supporting a diversity of iron-based metabolisms (Schiff et al.
017 , Tsuji et al. 2020 , Liu et al. 2022 ). 

Carbon also plays a k e y role in Fe(II) oxidation and Fe(III)-
 eduction. Phototr ophic Fe(II)-oxidizers can use inorganic carbon
CO 2 ) and different organic carbon molecules like acetate, lactate
nd others as a carbon source (Ehr enr eic h and Widdel 1994 , Heis-
ng et al. 1999 , Jiao et al. 2005 ). Ad ditionally, the y can use organic

olecules such as acetate as an electron donor (McKinlay and
arwood 2010 ). During their gr owth, phototr ophic Fe(II)-oxidizers
an use multiple electron donors like Fe(II) and organics simul-
aneously or in sequential order depending on the different elec-
ron donors and different Fe(II)-oxidizers (Ehrenreich and Widdel
994 , Melton et al. 2014 , Nikeleit et al. 2024 ). The same organic
olecules are also used by Fe(III)-reducers and are necessary for

heir growth (Lovley et al. 1993 , Pinchuk et al. 2009 ). T hus , organic
arbon plays an important role in both sides of iron cycling. Recent
 esearc h of the impacts of organics on iron cycling and minerals
as been r e vie w ed b y Dong et al ( 2023 ), and a study b y P eng et
l ( 2019 ) that demonstrated influences of organic carbon on iron
ycling with a phototrophic Fe(II)-oxidizer and abiotic Fe(III) re-
uction. Yet the impact carbon has on microbial iron cycling in
omplex environments such as lakes is largely unknown. 

In this study, we inv estigated ir on cycling in a dynamic lake
nd assessed the role of carbon in dictating the r elativ e contri-
ution of microbial Fe(II) oxidation and Fe(III) reduction in shap-

ng biogeochemical c ycling. Specifically, w e present insights on
e cycling fr om Gr oßes Heiliges Meer in northwest Germany, a
imictic lake that de v elops anoxic bottom layers containing iron
nd sulfur during the summer months (mid-April to October).
t is surrounded by valley sand containing Fe-bearing minerals
ike garnet and epidote underlain by gypsum-containing Münder-

ergel formation (Dölling and Stritzke 2009 ). Using a suite of in-
itu and ex-situ experiments we investigated the relative impor-
ance of Fe(II)-oxidizing and Fe(III)-reducing processes through-
ut the depth profile at summer stratification; and assessed how
hanges in carbon input alter microbial iron cycling. 

aterials and methods 

ield site 

roßes Heiliges Meer is a dimictic lake in northwest Germany
ear Hopsten at 52 ◦21 ′ 06.73 ′ ′ N and 7 ◦38 ′ 03.22 ′ ′ E. It is part of a
ell-established field station in a protected area of the Land-

c haftsv erband Westfalen-Lippe Museum für Naturkunde Mün-
ter (Museum of Natural History Münster). The lake has a maxi-
um depth of 10.8 m and an av er a ge depth of 4.4 m. It is always
tratified in winter and between mid-April to late October (Pott
009 , Swanner et al. 2022 ). Sampling took place September 9th
021. 

eochemical data 

emper atur e and oxygen content were measured with an in-
itu electrode (ThermoScientific Orion Star) at the desired depths
n September 9th 2021. Water samples for dissolved F e , sul-
ate (SO 4 

2 −) and dissolv ed inor ganic carbon (DIC) anal yses wer e
umped from the desired depths and prepared on board for later
easur ements. Water samples wer e filter ed (0.45 μm) into pre-

leaned 50-ml tubes and 5 drops of 65% HNO 3 
− added to keep

e dissolved. Total dissolved Fe and Mn were measured in the
ab with ICP-OES (SpectroFlame-EOP, SPECTRO Analytical Instru-

ents). Another 12 ml of filtered water samples were measured
ith ion c hr omatogr a phy (761 compact IC, Firma Methrom AG) to
etermine SO 4 

2 − concentrations and DIC was determined by titra-
ion of 0.1 M HCl with 100 ml filtered water sample to pH 4.3. DOC
as analysed by combustion at 750 ◦C (Elemental anal yser, m ulti
/C 2100S, Analytik Jena GmbH, Germany). 

ommunity analysis 

o assess changes in microbial community composition over the
epth of the lake 16S rRNA amplicon sequencing was conducted
t 4 different depths. Selected water depths were at 3, 5, 7, and
 m. On September 9th, 2021, water was pumped up from the de-
ired depth and collected in a sterile 5 L canister, filled to the top
o avoid air bubbles. Eight samples (duplicate per depth) were pre-
ar ed for DNA extr action, 16S rRNA (gene) amplicon sequencing
nd analysis as described below as soon as possible and always
n the same day as collection. 

N A extr action 

amples were filtered through SterivexTM-GP sterile filter
0.22 μm, Merck KGaA, Darmstadt, Germany) until the filter was
loc ked. Two differ ent filters wer e used for eac h depth (for com-
 unity anal ysis) and for each setup of the in-situ experiment at
 m depth so that duplicate samples for sequencing were ob-
ained. The filters were stored in sterile bags at −20 ◦C until DNA
xtraction w as performed. Afterw ar ds, the filter paper w as re-
ov ed fr om the filter and DN A w as extracted using the Ultra-

lean R Microbial DNA Isolation Kit (MO BIO Laboratories, Carls-
ad, CS, USA). The quantity of the DN A w as measured with a Nan-
dr op ND-1000 Spectr ometer (Nanodr op™ 1000, Thermo Scien-
ific, Waltham, MA, USA). 

6S rRNA gene amplicon sequencing and 

nalysis 

N A w as amplified using forw ar d primer 16S-515F and r e v erse
rimer 16S-806R (Ca por aso et al. 2011 ) targeting the V4 region
f the 16S ribosomal RNA gene. Libr ary pr epar ation steps (Nex-
era, Illumina) and 250 bp paired-end sequencing with MiSeq (Illu-

ina, San Diego, CA, USA) using v2 c hemistry wer e performed by
icr osynth AG (Balgac h, Switzerland). Between 9925 and 118 334

 ead pairs wer e obtained for eac h of the samples (in total 5 124 544
ead pairs). One replicate of an in-situ sample originating from
 m—“8 m a” had the lo w est number of reads (9925), all other sam-
les had more than 39 000. Sequencing data were analyzed with
f-cor e/ampliseq v2.3.1, whic h encompasses all necessary anal-
sis steps and software . T he pipeline is publicly available (Ewels
t al. 2020 , Straub et al. 2020 ), and was executed with Nextflow
21.10.3 (Di Tommaso et al. 2017 ) and singularity v3.8.7 (Kurtzer et
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al. 2017 ). Primers were trimmed, and untrimmed sequences were 
discarded ( < 36% per sample) with Cutadapt version 3.4 (Martin 

2011 ). Adapter and primer-free sequences were processed with 

D AD A2 v1.22.0 (Callahan et al. 2016 ) to eliminate PhiX contami- 
nation, trim reads (before median quality drops below 35; forward 

r eads wer e trimmed at 230 bp and r e v erse r eads at 207 bp), cor- 
r ect err ors, mer ge r ead pairs, and r emov e pol ymer ase c hain r e-
action c himer as; ultimatel y, 5218 amplicon sequencing v ariants 
(ASVs) were obtained across all samples. Taxonomic classifica- 
tion was performed with D AD A2 and the SILVA v138 database 
(Quast et al. 2012 ). Intermediate results were imported into QI- 
IME2 version 2021.8.0 (Bolyen et al. 2019 ). Four hundred fifty- 
eight ASVs classified as c hlor oplasts or mitoc hondria wer e r e- 
moved, totaling 0% to 50.2% (av er a ge 12.7%) r elativ e abundance 
per sample, and retaining 4760 ASVs across all samples . T he fi- 
nal abundance table had 4375 to 81 690 read counts per sample 
(total 3 110 373 read counts). The lo w est r ead counts had one r epli- 
cate of an in-situ sample originating from 8 m—“8 m a”, all other 
samples had > 19 000. Alpha r ar efaction curv es wer e pr oduced 

with the QIIME2 diversity alpha-rarefaction plugin, which indi- 
cated that the richness of the samples had been fully observed.
Raw sequencing data has been deposited at NCBI in the Sequence 
Read Arc hiv e under BioPr oject accession number PRJNA1157215 
( https:// www.ncbi.nlm.nih.gov/ bioproject/ PRJNA1157215 ). 

In-situ community responses to Fe(II) and 

organic input at 7 m depth 

To investigate potential for in-situ Fe(II) oxidation, we conducted 

an incubation experiment in the lake itself. Water was pumped 

from a depth of 7 m into a sterile plastic cannister until the bot- 
tle was full and closed to avoid oxygen exposure on September 
9th 2021. Water was then filled into 1 l acid-cleaned and sterile 
Schott bottles and the headspace (100 ml) was degassed with N 2 

for 5-10 min. Four different experimental setups were conducted 

in duplicates each. The experimental conditions tested were: (1) 
no addition of substrates (as a control), (2) with the addition of 
2 mM Fe(II), (3) the addition of Fe(II) and an organic carbon mix 
(0.6 mM of acetate and lactate each), and (4) with the addition 

of the organic mix only. All four conditions were conducted both 

with and without 10 μM of DCMU (3-(3,4-dic hlor ophen yl)-1,1- 
dimethylurea; C 9 H 10 Cl 2 N 2 O) added to inhibit c y anobacteria and 

thereby abiotic oxidation of F e(II). T he bottles were then placed 

back into the lake at 7 m depth, to be r emov ed at eac h sacrificial 
sampling point. In total, three sampling time points were chosen.
For time zero, water from 7 m depth was collected. For time point 
2 and 3, the pr epar ed 1 l bottles were placed back into the lake at 
depth 7 m for 3 (time point 1) and 23 days (time point 2). At each 

time point, the water in the bottles was analysed for F e(II)/F e(III) 
ratios, acetate and lactate concentrations, and DN A w as extracted 

for microbial community analysis. 

Iron cycling experiment with the ex-situ 

community from 8 m depth 

Water for incubation experiments was collected from water depth 

of 8 m on September 9th 2021. Water was pumped into a sterile 
plastic cannister and filled to the top to avoid air bubbles and,
thus , oxygen exposure . In the laboratory, 50 ml of the w ater w as 
filled into sterile 100 ml serum vials and pr epar ed for three differ- 
ent setups. Setup 1 was amended with 2 mM Fe(II); setup 2 with 

2 mM Fe(II) and 1 mM organic mix (0.5 mM acetate and 0.5 mM 

lactate); and setup 3 with 2 mM organic mix (1 mM acetate and 

1 mM lactate). For e v ery setup, thr ee biological bottles were pre- 
ared and one abiotic control (addition of 15 mM formaldehyde).
ottles were placed for the first part of the experiment into an

ncubator with 14 h light and 10 h dark at 8 ◦C to mimic field con-
itions. After 33 days, conditions wer e c hanged to 24 h dark to
a vour F e(III) r eduction and suppr ess phototr ophic Fe(II) oxidation
nd after 44 days c hanged bac k to 24 h illumination to promote
hototrophic Fe(II) oxidation. Samples were collected in a glove- 
ox with 100% N 2 atmosphere for Fe analysis and quantification. 

e(II) oxidation and Fe(III) reduction r a tes of 
nrichment culture from 7 m depth 

n enric hment cultur e was later obtained from the in-situ exper-
ment from 7 m depth in the setup where only Fe(II) was added.
he enrichment was grown over several transfers in constant light
ith Fe(II) and bicarbonate buffer with low phosphate media at
0 ◦C and N 2 /CO 2 (90%/10%) (Ehr enr eic h and Widdel 1994 ). The
nrichment was subsequently maintained in continuous culture 
or multiple transfers under these conditions . T hree experimen- 
al conditions were tested in triplicates with all bottles r andoml y
laced in a 20 ◦C light incubator. The experimental setups con-
ained either (1) 2 mM Fe(II) to study Fe(II) oxidation rates, (2)
 mM synthesized ferrihydrite (Fe-Red-Fh) with 1 mM of lactate 
nd acetate each, or (3) biogenic Fe(III) o xyhydro xides (2 mM) (Fe-
ed-Bios) with 1 mM of lactate and acetate to study Fe(III) reduc-
ion rates. Biogenic Fe(III) o xyhydro xides for setup 2 were obtained
r om pr e-incubated bottles with the enrichment first doing Fe(II)
xidation and after full Fe(II) oxidation were prepared to enhance
e(III) reduction by adding organics and wrapping the bottle in
luminium. Biotic Fe-o xyhydro xides were used to simulate the Fe-
xides found in the environment. Bottles for setup 1 and 2 were
r a pped in aluminium foil. Samples for Fe and high performance

iquid c hr omatogr a phy (HPLC) wer e tak en ano xicall y and stor ed
t 5 ◦C for quantification. 

ron cycling experiment with enrichment culture 

rom 7 m depth 

he enric hment cultur e was tr ansferr ed to low phosphate me-
ia with 2 mM Fe(II) and placed r andoml y in a light incubator
t 20 ◦C for six transfers and sequencing was done after four
r ansfers (Ehr enr eic h and Widdel 1994 ). Once all Fe(II) was oxi-
ized the bottles were wrapped in aluminium foil to inhibit pho-
otrophs and 2 mM lactate was added. After all Fe(III) was reduced,
he bottles were unwrapped again and light illuminated. Sam- 
les for Fe and HPLC were taken anoxically and stored at 5 ◦C for
uantification. 

e quantification 

amples measuring 0.1 ml for Fe quantification were taken anox- 
cally and directly aliquoted into 0.9 ml 1 M HCl. Samples were
tored at 4 ◦C until measurements and Fe(II) and total Fe were
uantified with the Ferrozine assay after Hegler (Hegler et al.
008 ). 

atty acid analysis 

fter sampling, samples were centrifuged at 15 000 rpm for
0 min to r emov e cells and minerals, and the supernatant
as tr ansferr ed to a ne w Eppendorf tube and stor ed at
 

◦C until analysis. HPLC analysis was performed with a Shi-
adzu Prominence HPLC with a LC-20ATsolvent delivery unit,

T O-10ASvp column o v en and a RID-20a r efr activ e index
etector. 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1157215
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Figure 1. Geochemical data of temperature, O 2 , Fe, Mn, SO 4 
2 −, DIC, DOC, and pH from the water column of Heiliges Meer. Grey background indicates 

depth where samples for community analysis were taken. 
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hylogenetic tree 

he 16S rRNA gene sequences of Thiodictyon from Großes Heiliges
eer wer e compar ed to r efer ence Thiodictyon 16S rRNA gene se-

uences and model Fe(II)-oxidizer strains downloaded from Gen-
ank. Alignment of the isolate and r efer ence gene sequences was
erformed using ClustalW (Thompson et al. 1994 ) . A phyloge-
etic tree was then constructed in MEGA11 using the Maximum-
ikelihood method based on the Tam ur a-Nei model and 1000
ootstr a p r eplicates wer e used to v alidate the topological struc-
ur e (Tam ur a et al. 2021 ). 

esults 

eochemical profile of Großes Heiliges Meer 
he temper atur e at the surface was 20.9 ◦C and decr eased con-
inuously to 7.2 ◦C at 10 m depth. pH was 7.1 at the surface and
ncreased at 3-4 m depth to 7.6 before decreasing down to 7.0
gain at 6 m depth (Fig. 1 ). Oxygen content started to decrease
t 3 m depth from 9.68 mg/l to under 0.3 mg/l at 7 m depth. At
 m, 7.5 mg/l (0.13 mM) dissolved total Fe was detected for the
rst time and increased to 38 mg/l (0.7 mM) Fe at 10 m depth. Dis-
olved Mn could be quantified at 6 m (1.4 mg/l) and increased to
.0 mg/l at 10 m depth. In the same depth as, dissolved Mn started
o increase (5 m), SO 4 

2 − concentration decreased by 40% at 10 m
ompared to 6 m, from 53 mg/l at 6 m to 20.6 mg/l at 10 m depth.
dditionall y, an incr ease in DIC was detected fr om 63 mg/l at 5 m

o 200 mg/l at 10 m depth. DOC values range from 30 ± 6 mg/l at
 m to 32 ± 4 mg/l at 7 m and 36 ± 5 mg/l at 8 m. 

icrobial community composition in Großes 

eiliges Meer 
N A w as extr acted fr om 3, 5, 7, and 8 m depth and analysed

n duplicate. Differences in the microbial community were ob-
erved between 3/5 and 7/8 m depth (Fig. 2 ). In 3 m and 5 m
epth, aerobic and facultativ el y anaer obic micr oor ganisms ( hgcI
lade, Flavobacterium ), and heter otr ophs ( Clade III ) wer e found
longside c y anobacteria ( Snowella ). Once o xygen is de pleted, the
acterial community shifted at 7 and 8 m depth to be dom-

nated by strict anaerobes like sulfur-reducers ( Desulfomonile ),
ulfur-o xidizers ( Sulfuricurvum ), methane-o xidizers ( Methylomon-
daceae, Methylotenera ), fermenters ( Terrimicrobium ), and poten-
ial Fe(II)-oxidizers and Fe(III)-reducers. The potentially Fe(II)-
xidizing community members are species of Chlorobium and
hiodictyon (phototrophic Fe(II)-oxidizers), and Sideroxydans (mi-
r oaer ophilic F e(II)-oxidizer). P otential F e(III)-reducers identified
ncluded r epr esentativ es of Rhodoferax, Geobacter and Geothrix . A
lear difference in relative abundance was observed for potential
ron-metabolizing bacteria between oxic and anoxic conditions in
he lake. At 3 and 5 m depth (oxic conditions), iron-metabolizing
acteria were 0.4 to 0.8% of the bacterial comm unity, wher eas
t 7 and 8 m depth (anoxic conditions) they comprised 25.5 and
2% of the total bacterial community. In general, in anoxic condi-
ions at Großes Heiliges Meer, bacteria associated with iron, sulfur,

ethane, and carbon metabolism have been found in the anoxic
 aters and sho w a div erse comm unity linked to man y envir on-
entall y r ele v ant cycles. 

n-situ community responses to Fe(II) and 

rganic input at 7 m depth 

e conducted in-situ experiments to (1) establish whether the ob-
erved Fe(II)-oxidizing microorganisms are active in the lake and
2) to test whether the presence of DOC inhibits Fe(II) oxidation
n-situ given the observed phototrophic Fe(II)-oxidizers are known
o be metabolically flexible (Heising et al. 1999 , Melton et al. 2014 ,
ryce et al. 2018 , Nikeleit et al. 2024 ). One litr e Sc hott bottles with
ater from 7 m depth were spiked with r ele v ant substr ates and
laced back at 7 m depth for 3 and 23 da ys . After 3 da ys , no
hange in F e(II)/F e(tot) w as measured, as w ell as no change in ac-
tate and lactate concentrations (Fig. 3 ). The bacterial community
as also similar to the initial time point. Gener all y, an incr ease
f Chlorobium (from 11% to 31%) and Geobacter (from 3% to 12%)
nd a decrease in Thiodictyon, Rhodoferax, Geothrix, and methane-
xidizers (from 12% to 3%) was observed. Highest abundance of
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F igure 2. In-situ 16S rRN A sequencing of four depths fr om Gr oßes Heiliges Meer. P anel A shows bacterial comm unity for 3, 5, 7, and 8 m water depth in 
duplicates. Taxa are shown individually if relative abundance was 1% or higher. Panel B shows abundances of potential iron metabolizing genera 
(family for Clade III, BSV 40, Meth ylomonadaceae, Sporichth yaceae, Bacter oidetes v adinHA17 and order for WCHB1-41, Verrucomicr obiae, if no genera 
wer e av ailable for 3, 5, 7, and 8 m water depth). 

Figure 3. Bacteria community of in-situ experiment from initial community ( in-situ ), 3 and 23 days are shown in duplicates. Bacteria genera are shown 
individually if relative abundance was 1% or higher. (family for Clade III, BSV 40, Meth ylomonadaceae, Sporichth yaceae, Bacter oidetes v adinHA17, and 
order for WCHB1-41, Verrucomicrobia). Table underneath indicates different substrate addition (Fe(II), organic or/and DCMU). 
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potential Fe-metabolizing bacteria was found in the control, or- 
ganic and organic + DCMU setups. For the samples collected at 23 
da ys , no control data are presented as the control bottles were,
unfortunatel y, tr a pped on the buoy and could not be r etrie v ed 

from the lake. No change in F e(II)/F e(tot) could be observed in 

all setups . Lactate , wher e pr esent, was completel y used up and 

acetate increased to 0.7 mM. Generally, a decrease of Chlorobium 

(from 31% to 18%), methane oxidizers (from 3% to 0.7–1.8%) and 
iderooxidans ( < 1%) were observed compared to day 3. In the se-
ups with DCMU and/or or ganics, an incr ease of Sulfurospirillum up
o 45% (in Fe(II) + or ganic + DCMU) was observ ed. In the setup with
e(II) + or ganic + DCMU, or ganic and organic + DCMU an increase in
eothrix (up to 3%) was also observ ed. Additionall y, in the setups
mended with acetate/lactate an increase of Thiodictyon (up to 3%)
as observed. 
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F igure 4. Iron c ycling experiment fr om 8 m depth of Heiliges Meer with differ ent setups. Br own squar e shows Fe(II) onl y setup, pur ple triangle shows 
Fe(II) plus organic setup and pink diamond shows organic only setup. For the first 34 days all setups were exposed to a 14/10 h light/dark cycle. 
Afterw ar ds the bottles were placed for 10 days in the dark (grey background) and then 10 days into the light (y ello w background). Standar d variations 
were calculated from 

triplicates. 
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ron cycling experiment with ex-situ microbial 
ommunity from 8 m depth 

oth the microbial community analysis and the geochemical pro-
le of the water column suggest that phototrophic Fe(II) oxida-
ion and Fe(III) reduction could be taken place in parallel at the
epth of the chemocline at 8 m. To further investigate the effect of
he day-night exposure experienced by the in-situ microbial com-

unity, as well as to investigate the effect of organics we setup
xperiments under laboratory conditions. We set up three differ-
nt tr eatments wher e water fr om 8 m was amended with only
 e(II), F e(II) + or ganic or or ganic and incubated under anoxic con-
itions in triplicates. All three setups started with Fe(II)/Fe(tot)
 atios of ar ound 0.83 and wer e exposed to a 14/10 h light/dark
ycle at 8 ◦C to mimic in-situ conditions at the time of sampling.
oth the Fe(II) + organics and organic setup sho w ed Fe(III) reduc-
ion and r eac hed a F e(II)/F e(tot) ratio of 0.99 ±0.03 and 0.99 ±0.04
 espectiv el y after 34 days (Fig. 4 ). In the setup amended with Fe(II),
light Fe(II) oxidation occurred and reached a F e(II)/F e(tot) ratio of
.75 ±0.1 after 34 da ys . To further study the individual parts of
he ir on cycle, namel y to pr omote onl y Fe(III) r eduction or Fe(II)
xidation, the setups were placed in darkness for 10 days and af-
erw ar ds for 10 days in the light. In the Fe(II) + organics and or-
anic setup, no change in F e(II)/F e(tot) was measured during this
eriod, wher eas Fe(III) r eduction was observ ed in the Fe(II) onl y
etup and F e(II)/F e(tot) increased to 0.90 ±0.04. After 44 days all
hree setups were placed in a light incubator with constant il-
umination and no change in F e(II)/F e(tot) was observed in the
rganic setup. In the Fe(II) + organic and F e(II) setup, F e(II) oxi-
ation could be observed in both cases and r eac hed 0.90 ±0.04

Fe(II) + organic) and 0.63 ±0.09 (Fe(II) only) Fe(II)/Fe(tot) after 54
a ys . 
e cycling with an enrichment culture from 7 m 

e successfully maintained an enrichment culture from the in-
itu experiment at 7 m in the setup with Fe(II) only addition. The
nric hment gr e w under autotr ophic conditions with 2 mM Fe(II)
s electron donor and continuous light illumination. 16S rRNA
ene amplicon sequencing sho w ed that one single Thiodictyon ASV
as the dominant bacteria (32%) (Fig. 5 A). This potential Fe(II)-
xidizer was also found in the in-situ comm unity fr om 7 m. The
ulture also contained potential Fe(III)-reducers; (1) a sequence
rom the genus Rhodoferrax which represents 2% and (2) two dif-
erent sequences annotated as Geobacter that, combined, repre-
ent 9% of the community (Fig. 4 ). Other bacteria were strictly
 hemotr ophic anaer obes fr om the gener a Anaerolineaceae, Lentimi-
robiaceae , and Williamw hitmania . Giv en the abundance of poten-
ial Fe(II)-oxidizers and Fe(III)-reducers we set up experiments
r omoting phototr ophic F e(II) oxidation and F e(III) reduction. In
he setup promoting phototrophic Fe(II) oxidation with 2 mM Fe(II)
nd no organics present, a lag phase of 9 days was observed and
he experiment ended after 19 days with 90% of Fe(II) oxidized
Fig. 5 B). It should be noted that one triplicate bottle had a longer
ag phase and its Fe(II) oxidation rate was lower than the other
wo. T he a v er a ge Fe(II) oxidation r ate r eac hed 0.12 ±0.05 mM/d.
xperiments to promote Fe(III) reduction were set up with two dif-
erent initial Fe(III) minerals: (1) with biogenic Fe(III) o xyhydro x-
des and (2) with synthetic ferrihydrite . F e(III) r eduction r ates in
oth setups were similar reaching 0.33 ±0.07 (biogenic Fe(III) oxy-
ydroxides) and 0.34 ±0.05 mM/d (synthetic ferrihydrite) and the
olour c hanged fr om or ange to blac k in both cases (Fig. 5 B). Com-
ared to the Fe(II) oxidation rates , F e(III) reduction rates were al-
ost three times higher. To simulate iron cycling the enrichment
as placed first into constant light and all Fe(II) was oxidized af-
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F igure 5. 16S rRN A sequencing and iron c ycling of phototr ophic Fe(II)-oxidizing enric hment fr om Gr oßes Heiliges Meer. P anel A shows bacterial 
community of a phototrophic enrichment culture originated from 7 m depth of Großes Heiliges Meer (gener a shown, famil y for Lentimicr obiaceae and 
Anaer olineaceae). P anel B shows Fe(II) oxidation and Fe(III) reduction rates . F e-Red Bios indicate Fe(III) reduction rate with biotic Fe(III)o xyhydro xides 
and Fe-Red-Fh indicate Fe(III) reduction rates with synthesized ferrihydrite. Rates were calculated from triplicates. Panel C shows cycling experiment 
with phototrophic enrichment whereas brown rectangle shows F e(II)/F e(tot), light pink triangle lactate concentration and dark pink diamond acetate 
concentr ation. Standard de viation was calculated fr om triplicates. 
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ter 34 da ys , then the enric hment was wr a pped in aluminium foil 
and 2 mM lactate were added (Fig. 5 C). While Fe(III) was reduced 

completely at day 39, lactate was completely consumed and ac- 
etate was produced up to 1.7 mM. The enrichment was placed into 
constant light again but no Fe(II) was oxidized until day 60. Instead 

consumption of acetate was observed and once consumed at 60 
da ys , F e(II) o xidation contin ued and was completely oxidized after 
82 da ys . Ho w e v er, lar ge v ariations in Fe(II) oxidation rates between 

the triplicates were observed. 

Discussion 

Key phototrophic Fe(II)-oxidizer in Großes 

Heiliges Meer 
In Großes Heiliges Meer, the only taxa attributed to potential pho- 
totrophic Fe(II) oxidation were Chlorobium, a green sulfur bacteria 
(12% at 7 m), and Thiodictyon, a purple sulfur bacteria (1% at 7 m).
Few isolated Chlorobium from stratified lakes have the ability to 
oxidize Fe(II). From Lake la Cruz, a Chlorobium -dominated enrich- 
ment culture was obtained (Walter et al. 2014 ), from Lake Kivu 

the first pelagic strain C. phaeoferrooxidans KB01 isolated (Cro w e 
et al. 2017 ) and a co-culture dominated by Ca.C. masyuteum was 
enric hed fr om Br ownie lake in Minnesota (Lambr ec ht et al. 2021 ).
Although the in-situ community of potential photoferrotrophs was 
dominated by a Chlorobium with 12% in Großes Heiliges Meer, the 
phototr ophic enric hment was obtained with a Thiodictyon (1% in- 
situ community). This is the first time that an enrichment capa- 
ble of Fe(II) oxidation was successful for a dimictic lake with a 
ominant Fe(II)-oxidizer being a Thiodictyon (31% of enrichment) 
nd not a Chlorobium . Thiodictyon belongs to the Chromatiaceae
amily of the Gammaproteobacteria class. In a phylogenic tree we
ested how close the Thiodictyon in our study is to other Thiodic-
yon and other Fe(II)-oxidizing model strains like Acidithiobacillus 
errooxidans B20 and Rhodobacter ferrooxidans SW2. We could de- 
ermine that the Thiodictyon ASV from the lake is the same Thio-
ictyon ASV that was enriched in the phototrophic Fe(II) oxida-
ion enrichment (Fig. 6 ). The Thiodictyon in our study is closely
elated (98.43%) to another Thiodictyon Thd2 associated to pho- 
otrophic Fe(II) oxidation (Ehrenreich and Widdel 1994 ). Lamprocys- 
is purpurea A12.3, Candidatus Thiodictyon syntrophicum Cad16 and 

hiorhodococcus sp. Mog2 are other purple sulfur bacteria found in
tratified lakes (Lunina et al. 2005 , Peduzzi et al. 2012 ). Lamprocys-
is purpurea A12.3 and Candidatus Thiodictyon syntrophicum Cad16 
ere found in Lake Cadagno, where Berg et al ( 2016 ) studied FeS
 ecycling. FeS r ecycling was tested in a lab incubation of an in-
itu community from Lake Cadagno where FeS was added as the
ole electron donor and after 6 months the enrichment was dom-
nated by bacteria mor phologicall y similar to Thiodictyon (Berg et
l. 2016 ). Thiodictyon has also been associated with acetate assim-
lation (Kappler and Newman 2004 ). Acetate could potentially be
ssimilated by Thiodictyon in the setups with organics in the in-situ
xperiment (Fig. 3 ). After day 23 an increase of Thiodictyon could
e observed in comparison to the in-situ community in the setup
her e onl y or ganics wer e added . In the experiment with the pho-

otr ophic Fe(II)-oxidizing enric hment, we could demonstr ate that
hototrophic Fe(II) oxidation was performed by a phototrophic en- 
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Figure 6. A maximum-likelihood tree based on 16S rRNA gene sequences indicating the phylogenetic position of Thiodictyon from this study among 
r efer ence Thiodictyon sequences and model Fe(II)-oxidizers. Scale bar for br anc h length indicates the number of substitutions per site. Accession 
numbers are included in brackets. 

r  

b  

F  

t  

N  

i  

c

P
o
D  

u  

t  

e  

F  

t  

a  

r  

i  

F  

F  

r
 

F  

d  

q  

g  

o  

t  

b  

F  

c  

m  

o  

i  

i  

F  

t
 

r  

t  

R  

t  

R  

f  

a  

d  

a  

t  

l  

R  

t  

a  

F  

r  

m
 

i  

8  

a  

o  

u  

F  

p  

b  

(  

t  

F  

p  

t  
ichment dominated by Thiodictyon (Fig. 5 ). Thiodictyon is the only
acteria in the enrichment associated to both phototrophy and
 e(II) oxidation. T hus , we suggest Thiodictyon has strong potential
o conduct phototrophic Fe(II) oxidation in Großes Heiliges Meer.
e v ertheless we cannot rule out the participation of Chlorobium

n iron cycling or its association with other cycles like the sulfur
ycle (Thompson et al. 2017 ). 

otential for a cryptic iron cycle and effect of 
rganics 

espite the clear potential for microbial Fe(II) oxidation, partic-
larly the abundance of anoxygenic phototrophs, it is surprising
hat no changes in Fe speciation were observed during the in-situ
xperiment. Furthermor e, all measur ed ir on was in the reduced
 e(II) form. T his could ha ve two plausible explanations . Either (1)
her e ar e no activ e bacteria pr esent that can oxidize ir on or (2)
ll oxidized iron is immediately reduced soon after it is oxidized
esulting in no net change in Fe speciation. We favour the latter
nter pr etation, whic h would also align with the calculated rates of
e(III) reduction and Fe(II) oxidation from our enrichments where
e(III) r eduction r ates wer e ∼3 times higher than Fe(II) oxidation
ates (0.33 and 0.12 mM/d, respectively). 

Additionally, we found both potential Fe(II)-oxidizers and
e(III)-r educers in Gr oßes Heiliges Meer at 7 and 8 m depth (Fig. 2 )
emonstrating clear potential for a complete iron cycle . T he se-
uencing data suggest that anoxygenic photoferr otr ophs fr om the
enera Chlorobium and Thiodictyon could play a crucial part in Fe(II)
xidation below the metalimnion. Howe v er, our enric hment cul-
ur e onl y contained Thiodictyon , thus whether or not the Chloro-
ium contribute to Fe(II) oxidation is unclear. Micr oaer ophilic
e(II)-o xidizers lik e Sideroxydans are also present at 7 and 8 m and
ould contribute to Fe(II) oxidation. We did not sample the com-
unity during the night, but it is likely that microaerophilic Fe(II)-

xidizers would play a r elativ el y mor e important role in Fe(II) ox-
dation in the dark given that photoferrotrophy would be inhib-
ted during the night (Nikeleit et al. 2024 ). Above the metalimnion,
e(II) is likely oxidized abiotically by O 2 produced by the cyanobac-
eria present ( Snowella, Fig. 2 ). 

On the Fe(III) reduction side four different potential Fe(III)-
 educers wer e found. Geobacter can couple the oxidation of acetate
o Fe(III) reduction (Lovley et al. 1993 , Caccavo et al. 1994 ), whereas
hodoferax and Geothrix can couple Fe(III) reduction to the oxida-
ion of lactate and acetate (Coates et al. 1999 , Finneran et al. 2003 ,
isso et al. 2009 ). Another potential Fe(III)-reducer could be Sul-

urospirillum which couples Fe(III) reduction to oxidation of sulfur
nd thiosulfate (Straub and Schink 2004 ). From the geochemical
ata alone we cannot draw conclusions as to which Fe(III)-reducer
nd which Fe(II)-oxidizers activ el y contribute to F e turno ver and
o which extent. In the enrichment culture, ho w ever, w e measured
actate consumption during Fe(III) reduction (Fig. 6 ) and identified
hodoferax . The coupled consumption of lactate with the produc-
ion of acetate has been observed in Fe(III)-reducer and could be
n indication for micr obial Fe(III) r eduction (Pinc huk et al. 2009 ).
e(III) reduction could also be indirectly taken place by sulfate-
educing bacteria and abiotic Fe(III) reduction of sulfide to FeS

iner als (blac k miner als observ ed in enric hment experiment). 
This potential for a cryptic iron c ycle w as further demonstrated

n our iron cycling experiments with the ex-situ community from
 m depth. We observed that Fe(II) oxidation and Fe(III) reduction
re stable in a day/night cycle with no added organics (Fig. 4 , Fe(II)-
nly setup). When organics were added Fe(III) reduction was stim-
lated and became the dominating process and thereby masking
e(II) oxidation (Fig. 4 ). It could also be that Thiodictyon , like other
hototrophic Fe(II)-oxidizer, is able to use organics and could use
oth organics and Fe(II) at the same time or in sequential order
Nikeleit et al. 2024 ). Once the organics are used up Fe(II) oxida-
ion becomes the dominating process (Fig. 4 , Fe(II) + organic and
e(II) only setup and Fig. 5 ). It is hard to distinguish and exclude
rocesses and it could be that all are taking place at the same
ime . T he results in our study demonstrate that photoferrotrophs
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are abundant and active at Großes Heiliges Meer, yet their con- 
tribution is masked by a faster Fe(III)-reducing community which 

can thrive on the organics present and rapidly recycle Fe(III). 

Limitations of studying in-situ microbial iron 

cycling 

In our experimental design, we intended to eliminate the poten- 
tial contribution of c y anobacteria to Fe(II) oxidation in the light by 
adding the inhibitor DCMU. In all of these setups, bacteria from 

the genus Sulfurospirillum bloomed, r eac hing up to 45% of the bac- 
terial community. It is possible that DCMU provided an additional 
source of carbon and nitrogen which could be accessed by these 
bacteria. This drastic shift was not observed when we added Fe(II),
acetate and lactate, suggesting that these substrates play an ac- 
tiv e r ole and did not trigger a fundamental c hange in the micr obial 
community composition. In future, alternative methods should be 
used to assess the impact of microbial iron oxidation in the ab- 
sence of c y anobacteria. 

Dimictic lakes as potential iron cycling habitats 

So far, studies on phototrophic Fe(II) oxidation, iron cycling and 

Archean ocean analogues have focused on permanently stratified 

mer omictic lakes suc h as Lak e Ki vu (Llirós et al. 2015 ), Brownie 
Lake (Lambr ec ht et al. 2021 ), Lake Cada gno (Ber g et al. 2016 ), Lake 
de la Cruz (Walter et al. 2014 ), Lake Pavin (Busigny et al. 2014 ) 
and Lake Matano (Cro w e et al. 2008 , 2017 ). Of all lakes on earth,
only a few are characterized as meromictic whilst most lakes 
are holomictic and mix periodically. Dimictic lakes like Großes 
Heiliges Meer, mix once in spring and once in fall. During the 
summer stratification anoxic bottom water can be formed. Geo- 
c hemical gr adients of o xygen de pletion and ir on ric h bottom wa- 
ters have been observed in Großes Heiliges Meer, as they are ob- 
served in some other dimictic lakes such as Lake 227 and 442 
(K enor a, Canada). These conditions make them suitable refu- 
gia for phototrophic Fe(II)-oxidizers which once dominated the 
Earth’s oceans and are now resigned to more isolated anoxic yet 
sunlit niches (Liu et al. 2022 , Schiff et al. 2017 , Swanner et al. 2022 ).
Geochemical data from Großes Heiliges Meer from 2014, 2015, and 

2018 are comparable to the observations in this study with oxy- 
gen depletion at 6 to 7 m (Swanner et al. 2022 ). 16S rRNA ampli- 
con sequencing data of Großes Heiliges Meer sho w ed that poten- 
tial Fe(II)-oxidizing and Fe(III)-reducing bacteria represented up to 
25% of the microbial community in the anoxic bottom waters . T his 
implies that despite regular turnover a diverse iron-cycling micro- 
bial community can rapidly re-form when geochemical conditions 
ar e favour able. The combination of in-situ experiments, and iron 

cycling experiments with the ex-situ community and the enrich- 
ment culture could confirm that iron cycling takes place in Großes 
Heiliges Meer; both Fe(III) reduction and phototrophic Fe(II) oxida- 
tion. This study shows that complete iron cycling can take place in 

dimictic lakes but is likely dominated by Fe(III)-reduction, creating 
a cryptic cycle in which Fe(II) oxidation can be easily overlooked. 

Conclusions 

In this study, we could show that dimictic lak es lik e Großes 
Heiliges Meer are habitats for microbial iron cycling, despite the 
regular disruption of their geochemistry during seasonal turnover. 
This further expands the refugia in which photoferrotrophs in par- 
ticular can surviv e, demonstr ating they can form active commu- 
nities in holomictic lakes as well as in the r ar er mer omictic lakes.
Ho w e v er, we also demonstrated that the contribution of microor- 
anisms to Fe(II) oxidation is likely masked by a cryptic iron cycle
riven by fast and efficient Fe(III)-reducing bacteria. The availabil- 

ty and quality of DOC is thus a critical control on the balance of
e(II) oxidation and Fe(III) reduction in dimictic lakes; controlling 
hether Fe(III) (o xyhydr)o xides are stable and thus able to interact
ith carbon, nutrients and pollutants. Alongside enhancing our 

undamental understanding of such important iron cycling habi- 
ats, w e w ere able to enrich an iron-metabolizing culture domi-
ated by the phototrophic F e(II)-oxidizer Thiodictyon . T his is the
rst time that iron cycling could be simulated in a dimictic lake
sing the ex-situ community and an enrichment culture. 
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