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Abstract 

Dissolved inorganic carbon has been hypothesized to stimulate microbial chemoautotrophic activity as a biological sink in the carbon 

cycle of deep subsurface environments. Here , w e tested this hypothesis using quantitative DNA stable isotope probing of metagenome- 
assembled genomes (MAGs) at multiple 13 C-labeled bicarbonate concentrations in hydrothermal fluids from a 750-m deep subsurface 
aquifer in the Biga Peninsula (Turkey). The di v ersity of microbial populations assimilating 13 C-labeled bicarbonate was significantly 
different at higher bicarbonate concentrations, and could be linked to four separate carbon-fixation pathways encoded within 

13 C- 
la beled MAGs. Micr obial populations encoding the Calvin–Benson–Bassham cycle had the highest contribution to carbon fixation 

across all bicarbonate concentrations tested, spanning 1–10 mM. However, out of all the active carbon-fixation pathways detected, 
MAGs affiliated with the phylum Aquificae encoding the r ev erse tricarboxylic acid (rTCA) pathway were the only microbial populations 
that exhibited an increased 

13 C-bicarbonate assimilation under increasing bicarbonate concentrations. Our study provides the first 
experimental data supporting predictions that increased bicarbonate concentrations may promote chemoautotrophy via the rTCA 

cycle and its biological sink for deep subsurface inorganic carbon. 

Ke yw ords: deep biosphere; DNA stable isotope probing; microbial carbon fixation; qSIP 
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Introduction 

Deep subsurface hydrothermal environments house enigmatic 
micr obial comm unities in the absence of sunlight, whic h ar e 
understood to be lar gel y sustained by c hemolithoautotr ophic 
metabolism (Ste v ens 1997 , Ma gnabosco et al. 2016 , Po w er et al.
2018 ). Since photosyntheticall y deriv ed or ganic carbon is often a 
limiting carbon source for microbial communities in the deep sub- 
surface (Pedersen 2000 ), in situ production of dissolved organic car- 
bon (DOC) by c hemolithoautotr ophs helps to sustain subsurface 
microbial life subsisting under extreme energy limitation (Lau et 
al. 2016 , Magnabosco et al. 2016 , Momper et al. 2017 , Probst et 
al. 2020 ). Subsurface environments are the largest ecosystems for 
prokaryotes with a biomass estimated to be 2–6 × 10 29 cells, ac- 
counting for 23–31 peta gr ams of carbon (PgC) (Ma gnabosco et al.
2018 ), and act as a subsurface biological sink for deep sources of 
inorganic carbon and CO 2 (Magnabosco et al. 2018 , Merino et al.
2019 , Fullerton et al. 2021 ). 

CO 2 deri ving from dee p geological sour ces is a carbon sour ce 
for c hemolithoautotr ophs that assimilate a fr action of r eleased 

dissolv ed inor ganic carbon (DIC) into biomass (Barry et al. 2019 ,
Fullerton et al. 2021 ). Different microbial carbon-fixation path- 
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ays might be present in deep subsurface environments depend- 
ng on the energy sources and chemical composition of the fluids
Lau et al. 2016 , Momper et al. 2017 , Probst et al. 2017 , Fullerton et
l. 2021 ). Pr edictions fr om a meta genomic study indicated that the
 e v erse tricarboxylic acid (rTCA) cycle encoding chemolithoau-
otr ophic micr obes act as a sink for inorganic carbon in deep sub-
urface hydrothermal fluids and abundances of rTCA encoding 
enes positiv el y corr elate with incr easing DIC and DOC concen-
rations (Fullerton et al. 2021 ), suggesting that higher DIC con-
entr ations stim ulate c hemolithoautotr ophicall y deriv ed in situ
OC pr oduction. In pur e cultur es of sulfate r educing bacteria, au-

otr ophic gr owth conditions (Mall et al. 2018 , Nunour a et al. 2018 )
nd high partial pr essur e of CO 2 (Steffens et al. 2021 ) have been
ound to stimulate carbon fixation via the r ecentl y discov er ed r e-
erse o xidati ve tricarbo xylic acid (roTCA) c ycle pathw ay, indicat-
ng the potential for DIC concentrations to increase carbon fixa-
ion at low pH. 

In neutral and slightly alkaline hydrothermal fluids with pH 7–
, the majority of the DIC is not in the form of CO 2 but rather
icarbonate (HCO 3 

−) (Amend and Shock 2001 ). In many deep sub-
urface settings, the fluids are neutral-alkaline and, therefore the 
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IC available to carbon fixing microbes is in the form of bicar-
onate, not CO 2 (Amend and Shock 2001 ). Ho w ever, experimental
tudies investigating the relationship between DIC concentrations
nd microbial carbon fixation in alkaline subsurface hydrother-
al fluids are lacking. 
In order to provide insights into whether higher DIC concen-

r ations could stim ulate primary pr oducers in alkaline hydr other-
al subsurface fluids, we investigated the effect of DIC concen-

r ation on micr obial carbon fixation in alkaline hydrothermal flu-
ds from a 750-m deep borehole. A positive or negative effect
f DIC concentrations on biological carbon fixation could influ-
nce the role of microbial communities to act as a subsurface
iological carbon sink: the microbial conversion of DIC into or-
anic carbon (either particulate organic carbon or DOC, or both)
ia carbon-fixation pathwa ys . To this end, we used 

13 C-labeled
icarbonate in quantitative stable isotope probing (qSIP) exper-

ments . T he results sho w ed that microbial taxa encoding the
alvin–Benson–Bassham (CBB) cycle contributed most to carbon
xation across bicarbonate concentrations spanning 1–10 mM,
ith slightly reduced carbon fixation at higher DIC concentra-

ions. In contr ast, c hemolithoautotr ophic bacteria affiliated with
he Aquificae encoding the rTCA cycle exhibited increased carbon
xation at higher bicarbonate concentr ations, wher eas all other
icrobes encoding different carbon-fixation pathways had either

 educed, or no c hange, in carbon fixation at higher bicarbonate
oncentrations . T hese experimental results from 750 m deep al-
aline hydrothermal fluids support predictions (Barry et al. 2019 ,
ullerton et al. 2021 ) of increased carbon fixation by rTCA encod-
ng c hemolithoautotr ophic bacteria at high inor ganic carbon con-
entrations in the deep subsurface. 

aterials and methods 

tudy site information and fieldwork sampling 

or microbial biomass and geochemical analyses 

he Biga Peninsula is in the northwest of Turk e y and is sur-
ounded by the sea of Marmara in the north and Aegean Sea
n the west and south ( Fig. S1 , Supporting Information ) (Okay
t al. 1991 ). Samples were obtained from the Kazdagi Thermal
esort and SPA hotel, which is located in Bardakçılar village in
he Kaz Mountain, Biga Peninsula, Turk e y (Mount Ida) ( Fig. S1 ,
upporting Information ). The hotel facility sits on the Middle
iocene İlyasba ̧s ı formation ( Fig. S1 , Supporting Information ).
he reservoir bedrock of the Bardakçılar geothermal field consists
f carbonate r oc k fr om the Permo-Triassic Kazda g massif. The flu-
ds rise through Upper Oligocene–Lo w er Miocene Hallaçlar vol-
anic r oc ks (Toh), whic h consists of andesite , volcanic tuff, dacite ,
hyodacite, and anglomerate (Akku ̧s et al. 2005 ). Granodioritic
ntrusions due to Oligocene–Miocene volcanic activity are out-
ropped in the studied area (Sarp et al. 1998 ). North–east–south–
est-trended faults in Bardakçılar geothermal field as well as in
earby geothermal fields in Can and Etili are the main source of
he heat transfer ( Fig. S1 , Supporting Information ). The geological
nits in this area of drilling consist of andesite and volcanic tuffs

Sarp et al. 1998 ). 
Alkaline hydrothermal fluids were collected from a 750-m well

 Fig. S1 , Supporting Information ). The hotel uses two different
umps located 75 m below the ground and the temper atur e of
he deeply sourced fluids was measured at the time of sampling
o be 62 ◦C. Electrical conductivity (Ec) (WTW, Cond 3110 Set 1,

eilheim, Germany), temperature, salinity (WTW, Cond 3110 Set
), pH (WTW, pH 3110 Set 2), and dissolved oxygen (WTW Oxi
310) wer e measur ed in the field using handheld probes, in fluids
lled into glass bottles. A volume of 10–20 l of water dir ectl y fr om
or ehole wer e filter ed thr ough 0.22 μm hydr ophilic pol yethersul-
one (PES) filters (Millipore Express, Merck, Darmstadt, Germany)
or 20 min at a medium speed using a peristaltic pump (Master-
ex E/S 07571–05, Cole Parmer, USA). Prior to sampling, the flu-

ds from the 750-m w ell w ere flushed for 20 min until the fluid
emper atur e r eac hed a steady temper atur e of 62 ◦C. This effort
as made since according to the United States Geological Survey

USGS) standards, it is recommended to flush the well before sam-
ling. Four replicates of PES filters were collected for the microbial
nal yses. Filters wer e stor ed in 15 ml sterile falcon tubes and im-
ediately placed on dry ice, shipped back to Germany, and stored

t −80 ◦C until DNA extractions were performed at the Geomi-
robiology Lab at the University of Munich (LMU Munich). Geo-
 hemical anal ysis of the fluids was performed as described pre-
iously (Einsiedl et al. 2020 , Coskun et al. 2023 ). Briefly, samples
or labor atory-based measur ements of major anions and cations
oncentrations and water isotopes ( δ2 H and δ18 O) were collected
n 1.5 ml glass flasks after filtering with 0.2 μm PES filters . T he
H of the samples collected for the major anions was adjusted
o pH 10 while samples collected for the major cations were ad-
usted to pH 2. These samples were k e pt at 4 ◦C. Samples for anal-
sis of DOC concentrations were collected in 50 ml glass bottles
fter filtering through 0.45 μm pol yvin ylidene difluoride (PVDF)
lters. Samples for DOC analysis were immediately acidified (pH
 2) to avoid changes in organic matter due to biological activity
nd to r emov e the inor ganic carbon. Samples wer e stor ed at 4 ◦C.
amples for the concentrations and isotope analysis of methane
 δ13 C) were transferred into 200 ml glass vials without headspace
nd sealed with crimped butyl stoppers and stored at 4 ◦C. Labo-
 atory measur ements wer e done in the hydr ogeology department
f the Tec hnical Univ ersity of Munich (TUM) and the General Di-
 ector ate of Mineral Research and Exploration of Turk e y (MTA). 

xperimental setup for SIP incubations and DNA 

xtraction 

or incubation experiments, 5 l borosilicate bottles (VWR, Ger-
an y) wer e filled with 62 ◦C geothermal water and sealed gas-

ight with rubber stoppers to pr e v ent intrusions of atmospheric
xygen (O 2 ). Three 5 l bottles containing hydrothermal fluid were
mended with either 13 C-labeled 1, 5, or 10 mM sodium bicarbon-
te (99% 

13 C-content, Sigma-Aldrich, Darmstadt, Germany). As a
ontr ols, thr ee additional 5 l bottles were filled with hydrothermal
uid and amended with unlabeled bicarbonate at the same con-
entrations (six 5 l bottles in total). The large (5 l) volumes were
ecessary in order to be able to collect enough microbial biomass
or DNA extraction and qSIP, considering the ultra-low biomass
n the starting fluids (Fig. 1 B). Attempts at qSIP using smaller vol-
mes failed due to insufficient microbial biomass being collected
n the filters . T he larger volumes (5 l), ho w e v er r equir ed r ela-
iv el y lar ge bottles that resulted in insufficient space in the hy-
rothermal heating pool for replicate bottle incubations (biologi-
al replicates). For this reason, three technical replicates of den-
ity gradient centrifugation and fractionation were performed for
NA extr acted fr om eac h bottle (see belo w). While w e ackno wl-
dge that biological replicates are ideal for any experiment, we
lso note that technical variation in 

13 C-EAF from ultracentrifu-
ation/density fractionation is often similar to, or greater than,
iological 13 C-EAF variation between incubations in replicate bot-
les (Coskun et al. 2018 , 2019 ). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
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Figure 1. Organic and inorganic carbon concentrations and 16S rRNA gene concentrations (A) A positive correlation between DOC and DIC in 
hydrothermal fluids at multiple sites in Biga Peninsula (see Fig. S1 , Supporting Information , for map). The 750-m deep borehold (Bardakçılar 
geothermal field) chosen for the qSIP experiment is indicated. (B) Concentration of 16S rRNA genes at the beginning and end of the qSIP incubations, 
using hydrothermal fluids obtained from the 750-m deep borehole at Bardakçılar geothermal field. 
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The bottles containing the fluids (and added 

13 C-bicarbonate) 
were incubated in a hot water tank that was constantly filled with 

hydr othermal fluids (62 ◦C) fr om the bor ehole to maintain a con- 
sistent temper atur e, whic h was measur ed thr oughout the incuba- 
tion and determined to be steady at 59 ◦C. The gas and water tight 
sealed bottles were completely submerged under the geothermal 
water, and had no contact with the atmosphere over the entire 
course of the incubation. The experiments were terminated after 
135 h (5 days and 15 h). 

T he pH, Ec , salinity, and dissolv ed O 2 measur ements wer e con- 
ducted before and after the incubation ( Supplemental Data S1 ).
The initial O 2 concentration of the hydrothermal fluids was in the 
low d yso xic range ( < 60 μM) ( Supplemental Data S1 ). We measured 

dissolved O 2 and redox at the end of incubation and determined 

the conditions to be slightly reducing ( + 4 mV) and in the d yso xic 
to suboxic range (33.9 + / − 2.6 μM O 2 , Supplemental Data S1 ), con- 
ditions that promote anaerobic respiration of nitrate as terminal 
electron acceptor (Wright et al. 2012 ). Sulfide could be smelled in 

the fluids, a further indication of reducing conditions. 
No acidification treatment was done to convert the initially ex- 

isting bicarbonate (1.5 mM) to CO 2. Ther efor e, considering the di- 
lution from the naturally existing (unlabeled) 1.5 mM bicarbon- 
ate concentration in the hydrothermal fluids, the final percentage 
of 13 C-bicarbonate concentrations should have been roughly 40%, 
77%, and 87% in the 1 mM, 5 mM, and 10 mM incubations, re- 
spectiv el y. No additional terminal electron acceptors or electron 

donors were added to the incubations . T herefore , the only energy 
yielding substrates available to the carbon fixing microbes were 
those natur all y occurring in the fluids. At the end of the incuba- 
tion, the fluids were immediately filtered onto 0.22 μm filters using 
a peristaltic pump (Masterflex E/S 07571–05) and frozen immedi- 
ately after filtering using dry ice in the field. 

DN A w as extr acted fr om ( t 0 ) and SIP experiments as described 

pr e viousl y (Orsi et al. 2022 ). In brief, for each 15 ml falcon tube 
holding the filters, the contents of four 2 ml Lysing Matrix E 
tubes (MP Biomedicals, Solon, OH, USA) w ere added. A v olume 
of 4 ml of a sterile-filter ed sucr ose ethylene–diaminetetr aacetic 
lysis buffer (0.75 M sucrose, 0.05 M Tris-Base, 0.02 M ethylenedi- 
aminetetraacetic, 0.4 M NaCl, 4 ml 10% sodium dodecyl and pH 

9.0) was added to the tubes and then, beat beating was performed 
or 40 s using a Fast-Prep 5 G homogenizer (MP Biomedicals) at a
peed of 4 m/s. Samples were subsequently heated for 2 min at
9 ◦C. After heating, 25 ml of 20 mg/ml proteinase K was added,
nd tubes were incubated at 55 ◦C overnight. DNA was extracted
nd purified from the lysate using the DNeasy Blood and Tissue Kit
Qiagen). DN A w as suspended with 200 μl diethyl pyrocarbonate
DEPC)-tr eated (sterile, nuclease fr ee) water. Extr acted DN A w as
uantified fluor ometricall y using Qubit 3.0 fluorometer (Invitro- 
en, Eugene, OR, USA). 

ensity-gr adient centrifuga tion and gr adient 
r actiona tion 

N A samples w er e pr epar ed for density-gr adient centrifugation
ccording to pr e viousl y defined protocols for qSIP (Hungate et al.
015 , Coskun et al. 2018 ) with minor modifications. In brief, den-
ity gradient centrifugations were carried out in a TLN-100 Op-
ima MAX-TL ultracentrifuge (Beckman Coulter, Brea, CA, USA) 
ear-v ertical r otor at 18 ◦C for 72 h at 165 000 × g . A volume of
0 μl of DN A w as added to a solution of cesium chloride (CsCl)
nd gradient buffer (0.1 M Tris, 0.1 M KCl and 1 mM EDTA) in or-
er to ac hie v e a starting density of 1.705–1.715 g/ml in a 3.3-ml
olyallomer OptiSeal tubes (Beckman Coulter). For each SIP incu- 
ation, we performed three separate ultracentrifuge runs as tech- 
ical SIP replicates to account for the variation in density gradient
r actionation. These thr ee tec hnical SIP r eplicates wer e performed
sing three separate 50 μl aloquots of extracted DNA from each
IP incubation. The variation between the density gradient repli- 
ates (controls and experiments, at each bicarbonate concentra- 
ion) can be observed in Fig. 2 . We focused our replication efforts
n the technical associated with density gradient fractionation,
ecause the technical variation introduced at this step tends to
e comparable with, or greater than biological variation between 

eplicate SIP incubations (Coskun et al. 2018 , 2019 ). 
After ultracentrifugation, the density gradients were fraction- 

ted into 20 equal fractions of 165 μl from the bottom of polyal-
omer OptiSeal tubes by using a syringe pump and fraction re-
overy system (Beckman Coulter). The density of these fractions 
as measured with an AR200 digital refractometer (Reichert Ana- 

 ytical Instruments, Depe w, NY, USA). DN A w as pr ecipitated fr om

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
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F igure 2. Increased DN A buo y ant density of 16S rRN A genes in 13 C-bicarbonate incubations r elativ e to unlabeled contr ols, at 1 mM (A), 5 mM (B), and 
10 mM (C) bicarbonate concentrations . T hree separate ultracentrifugation and density-gradient fractionation replicates were performed for DNA 

extr acted fr om eac h 13 C (solid lines, filled symbols) and contr ol (dashed lines, open symbols) bottle incubation at the thr ee bicarbonate 
concentrations . T he plots show the normalized relative abundance of 16S rRNA genes measured by qPCR ( y -axis) as a function of density ( x -axis) in 
thr ee r eplicate ultr acentrifugation tubes . T he distribution of 16S rRNA gene densities in eac h r eplicate tube pr o vided an estimate of the a v er a ge DNA 

density and 90% CI ( n = 3), which is represented as diamonds and error bars above each panel. The shaded area represents the density range for 
fractions that were selected for high-throughput Illumina sequencing of 16S rRNA genes for qSIP. 
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the fractions using two volumes of polyethylene glycol with 2 μl 
(10 mg/ml) glycogen and precipitated overnight at room temper- 
ature. DN A w as pelleted b y centrifugation (13 000 × g ; 40 min),
washed with 70% ethanol, and resuspended with 30 μl Milli-Q ul- 
tr a pur e water (Smart2Pure , T hermo Scientific). DNA was quanti- 
fied fluor ometricall y using a Qubit 3.0 fluorometer (Thermo Sci- 
entific). 

qPCR of 16S rRNA gene copies 

Universal primers targeting the V4 hypervariable region of 16S 
rRN A genes w er e used in quantitativ e PCR (qPCR) to determine 
density shifts in the peak DNA of buoyant density for each in- 
cubation. We used a version of the 515F primer with a single- 
base change (in bold) to increase the cov er a ge of certain taxo- 
nomic groups (515F-Y, 5 ′ -GTGYCAGCMGCCGCGGTAA) (Parada et 
al. 2016 ). qPCR r eactions wer e carried out as described pr e viousl y 
(Coskun et al. 2019 ). The quantified 16S rRNA genes fr om eac h 

density fr action wer e plotted a gainst their measur ed densities for 
each of the three density gradient fractionation replicates ( n = 

3 per sample). From each replicate, the DNA from 10 to 12 den- 
sity fractions was selected for 16S rRNA gene sequencing for qSIP 
(Fig. 2 , shaded areas). Two 16S PCR amplicons from each density 
fr action (tec hnical r eplicates to r educe PCR bias) wer e pooled and 

subjected to dual-indexed barcoded sequencing of 16S rRNA gene 
amplicons on the Illumina MiniSeq as described pr e viousl y (Pic h- 
ler et al. 2018 ). 

Bioinformatic and qSIP analysis 

The sequence reads were processed as previously described (Pich- 
ler et al. 2018 ). In brief, r eads wer e quality trimmed and assem- 
bled using USEARCH version 11.0.667 with the default parameters 
(Edgar 2010 ) resulting in 28.4 million quality c hec ked 16S rRNA 

V4 reads. Reads were then de novo clustered at 97% identity using 
UPARSE; OTUs r epr esented by a single sequence were discarded 

(Edgar 2013 ). Taxonomic assignments were generated by QIIME 
1.9.1 (Ca por aso et al. 2010 ) using the implemented BLAST method 

against the SILVA rRNA gene database release 132 (Quast et al.
2013 ). The le v el of contamination in each density fraction for qSIP 
analysis was determined using DNA sequences of dust samples 
collected from three different laboratories in our building as well 
as DNA extraction blanks . T he common contaminant genera such 

as Pseudomonas , Ralstonia , Variovorax , or Streptococcus wer e also r e- 
moved as these are common contaminants of molecular r ea gent 
kits (Salter et al. 2014 ). Next, onl y OTUs gr eater than 10 sequences 
in total in each replicate for the control and SIP-labeled fractions 
were selected for further study (Coskun et al. 2018 ) since low 

abundance taxa may cause large variations in qSIP calculations 
(Morrissey et al. 2016 ). Absolute abundance of OTUs determined 

by qPCR normalized r elativ e abundance (fr actional 16S rRNA gene 
sequence abundance) are used to calculate shifts in OTU specific 
DN A buo y ant density across the density gradients. For the EAF cal- 
culations, the determining factor for how m uc h 

13 C is assimilated 

by an OTU is the quantitativ e incr ease in DN A buo y ant density, a 
calculation, i.e. enabled by the qPCR normalization of fractional 
16S sequence read abundance across the CsCl gradient. There- 
fore, biases imposed by the PCR primers (as is the case for all 
PCR based studies of micr obial div ersity), the shifts in OTU spe- 
cific DN A buo y ant density are less biased by this because they are 
quantitativ el y scaled against the internal standards for qPCR. The 
excess atom 

13 C fractions (EAF) values were calculated for the 16S 
rRNA genes corresponding to OTUs according to pr e viousl y de- 
scribed study (Hungate et al. 2015 ) using a qSIP w orkflo w embed- 
ed in the HTS-SIP R pac ka ge (Youngblut et al. 2018 ). An OTU was
onsidered as an 

13 C-incorporator if the lo w er CI w as greater than
ero (Hungate et al. 2015 ). Statistical analyses and plots were per-
ormed using RStudio Version 3.3.0 (Team 2015 ). The nonmetric

ultidimensional scaling (NMDS) using Bray–Curtis matrices was 
enerated in vegan package (Oksanen 2010 ) and pairwise Tuk e y’s
onest Significant Difference (HSD) post hoc test was performed to
istinguish dissimilarities among the samples . Furthermore , the 
tudied geothermal field was compared to other hydrothermal lo- 
ations in the vicinity using already published data (Coskun et al.
023 ). The 16S sequence data were entered in the NCBI Short Read
rc hiv e under BioProject ID PRJNA837050. 

etagenomic analysis of 13 C-labeled fractions 

ased on the shift in DN A buo y ant density of 16S rRNA genes be-
ween the experimental treatments (which indicate 13 C-labeling 
f DNA), 13 C-labeled SIP fractions resulting from the density gra-
ient ultr acentrifugation wer e selected for meta genomic shot-
un sequencing ( Fig. S5 , Supporting Information ). Metagenomic 
ibr aries wer e pr epar ed using Nexter a XT DNA Libr ary Pr ep Kit
Illumina) and following the manual provided by the manufac- 
ur er. Quality contr ol and quantification of the meta genomics li-
r aries wer e done on an Agilent 2100 Bioanalyzer System us-

ng high sensitivity DNA r ea gents and DNA c hips (Agilent Ge-
omics). Meta genomic libr aries wer e diluted to 1 nM and pooled
ogether to sequence on Illumina MiniSeq platform. SqueezeMeta 
Tamames and Puente-Sánchez 2018 ) and Anvi’o snak emak e 
 orkflo w (Köster and Rahmann 2012 , Eren et al. 2015 ) were used

or downstream analysis using coassembly mode with default set- 
ings. In short, SqueezeMeta w orkflo w deplo y ed Trimmomatic for
da pter r emoving, trimming and quality filtering by setting the
arameters: leading = 8, trailing = 8, slidingwindow = 10:15, and
inimum length = 30 (Bolger et al. 2014 ). Contigs were assembled

sing Megahit assembler using minimum length 200 nucleotides 
Li et al. 2015 ). Open reading frames (genes and rRNAs; ORFs) were
alled using Prodigal (Hyatt et al. 2010 ), rRNAs genes were deter-
ined using barrnap (github.com/tseemann/barrnap). Diamond 

oftwar e (Buc hfink et al. 2015 ) w as deplo y ed to sear ch for gene
omologies against the databases Genbank nr database for tax- 
nomic assignment, eggNOG v4.5 (Huerta-Cepas et al. 2016 ) and
EGG database (Kanehisa and Goto 2000 ). Cutoff values for as-
igning hits to specific taxa were performed at e value as e −3 , and
 minimum amino acid similarity of 40 for taxa and 30 for func-
ional assignment, whic h wer e default settings of SqueezeMeta.
owtie2 (Langmead and Salzberg 2012 ) was used to map the
ead onto contigs and genes . An vi’o snak emak e w orkflo w (anvi’o
7) was used to bin and to refine the MAGs. MaxBin (Wu et al.
016 ), concoct (Alneberg et al. 2014 ), and Metabat2 (Kang et al.
019 ) were deployed for the binning and DAS Tool (Sieber et al.
018 ) was deployed to choose the best bin for each population.
he completeness and contamination of the bins were checked 

n anvi’o v7. Accordingly, 8 high-quality, 13 medium-quality, and 

 low-quality MAGs were constructed and used for the analy-
is ( Supplemental Data 3 ). KEGGdecoder (Graham et al. 2018 ),
nvi’o and COG annotations were used to estimate the complete- 
ess of the predicted metabolisms. MAGSIPTR2 and MAGSIPTR39 
er e published pr e viousl y with MAG names Candidatus Bipolari-

aulota CK101 and CK84 (Coskun et al. 2023 ). The metagenomic
equences wer e stor ed in the NCBI Short Read Arc hiv e under
ioPr oject ID PRJNA837050. Meta genomic dataset and interme- 
iate files to produce qSIP results were deposited under https:
/ figshare.com/ authors/ _ mer _ Coskun/ 9725927 . 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae062#supplementary-data
https://figshare.com/authors/_mer_Coskun/9725927
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hylogenetic tree construction 

6S rRNA gene phylogenetic trees ( Fig. S8 , Supporting
nformation ) were constructed using GTR algorithm with 100
ootstr a ps in Seaview (Gouy et al. 2010 ). In brief, rRNA and single
op y genes w er e extr acted fr om the MAGs using hidden Markov
odel (HMM) sources of barnapp and “Bacteria_71” using the

anvi-run-hmms” command in anvi’o (Eren et al. 2015 ). Ribosomal
hylogenetic tree ( Fig. S8C , Supporting Information ) was con-
tructed using Seaview (Gouy et al. 2010 ) with five concatenated
ibosomal proteins (L18, L3, L4, S11, and S3) extr acted fr om MAGs
nd closest complete or incomplete genomes to our MAGs de-
ermined b y BLAST sear c hes a gainst NCBI-nr. For the taxonomic
ssignment of the MAGs that contained a 16S rRN A gene, w e
sed the 16S rRNA gene phylogeny for taxonomic assignment.
or those MAGs that did not contain a 16S rRN A gene, w e used
he anvi’o SCG classification that was based on an alignment
f five concatenated ribosomal proteins and the corresponding
hylogenetic tree ( Fig. S8 , Supporting Information ). 

inking 

13 C-labeled OTUs to MAGs 

e linked the 13 C-labeled OTUs to MAGs using phylogenetic anal-
ses ( Fig. S8 , Supporting Information ). MAGs wer e gr ouped into
wo categories (1) those encoding a binned 16S rRNA gene, and
2) those not encoding a 16S rRNA gene. For those MAGs encod-
ng a binned 16S rRN A, w e w er e able to dir ectl y link the identity
f the MAG to its corresponding 16S rRNA gene within the qSIP
ataset using 16S rRNA gene phylogenies ( Fig. S8A , Supporting
nformation ). For all MAGs that contained a 16S rRNA gene ( n =
1), a 13 C-labeled 16S OTU detected in qSIP could be dir ectl y linked
o the MA G . For those MA Gs that did not contain a binned 16S
RNA gene ( n = 12), we indir ectl y linked the identity of the MAG to
ts corresponding 13 C-labeled 16S rRNA gene O TU. T his was done
y comparing the MAG ribosomal protein phylogeny to a 16S rRNA
ene phylogeny of the same affiliated named species and “Candi-
atus ” organisms ( Fig. S8B , Supporting Information ). This allo w ed
s to indir ectl y link MAGs lacking a 16S rRNA gene with their most

ikely 13 C-labeled OTUs in the qSIP dataset ( Fig. S8B , Supporting
nformation ). The confidence in the assignment between 16S and

AG taxonomy comes from (1) the r elativ el y short phylogenetic
istance to the same organism (or closely related organism) and

2) bootstr a p support v alues on the nodes connecting the envi-
onmental sequences to named taxa at a r elativ el y short distance,

ost of which were > 90% ( Fig. S8B , Supporting Information ). Once
ll MAGs ( n = 24) were linked (either dir ectl y or indir ectl y) to the
abeled O TUs , w e w ere able to compare the gene content of the

AGs with their 13 C-assimilation across the three tested bicar-
onate concentrations (Fig. 2 ). 

alculating absolute 

13 C-labeled carbon of MAGs 

inked with 

13 C-labeled OTUs 

e grouped 

13 C-incorporating MAGs into autotrophs, mixotrophs
or facultative autotrophs), and heterotrophs based on our own
riteria in order to trace carbon flows between these functional
roups . P otential autotrophs were grouped as 13 C-assimilating
AGs with a carbon-fixation pathway > 80% complete and < 2
BC-type transporters for utilization of organic matter ( n = 4).
otential mixotrophic or facultative autotrophic taxa ( n = 11)
ere defined as 13 C-assimilating MAGs with a carbon-fixation
athway > 80% completeness and > 1 ABC-type transporters for
tilization of or ganic matter. Heter otr ophic taxa wer e identified
s 13 C-assimilating MAGs that did not encode a carbon-fixation
athway, or encoded < 20% of a carbon-fixation pathway ( n =
). We could group all 13 C-assimilating MAGs into one of these
hree categories (potential autotroph, potential mixotroph, and
eter otr oph) according to these criteria. Criteria for defining het-
r otr ophy, mixotr ophy, and autotr ophy may differ from study to
tudy and because the criteria we use are specific to our study
hey ar e arbitr ary. Ho w e v er, we belie v e that our definition is rela-
iv el y r obust because it is based on (1) the genomic potential for
tilization of external or ganic substr ates and CO 2 fixation, and (2)
uantified taxon-specific CO 2 fixation activity (from qSIP). 

The absolute 13 C-labeling in MAGs was calculated using the fol-
owing steps. First, each MAG was linked to a 13 C-labeled OTU ( Fig.
8 , Supporting Information ) that has a corresponding 13 C-EAF
alue ( Fig. S7 , Supporting Information ). Second, the MAG-specific
3 C-EAF v alues wer e normalized a gainst the absolute abundance
f the MAG-specific 16S rRNA gene copies (from qPCR). Third,
he absolute abundances of MAG-specific 13 C-EAF was summed
or each of the four carbon-fixation pathway groups (rTCA, WLP,
BB, and 3-HP) to determine the total amount of 13 C-fixed by mi-
r obes containing eac h carbon-fixation pathway. For a detailed
ummary of how these calculations were made, please consult
upplemental Data S4 . For MAGs categorized as heter otr ophs
lacking a CO 2 -fixation pathway), absolute 13 C-assimilation was
alculated using the same steps. Tec hnical v ariation associated
ith the MAG-specific 13 C-EAF were assessed using the lo w er and
pper bound of 90% confidence intervals of 13 C-EAF measure-
ents from the qSIP results of the corresponding 16S rRNA gene
TUs ( Fig. S6 , Supporting Information ). 

esults and discussion 

orrela tion betw een DOC and DIC in 

ydrothermal fluids 

e sampled fluids for geochemical measurements from numer-
us hydrothermal aquifers ranging from surface hot spring pools
o fluids from 1350-m subsurface deep boreholes, across the Biga
eninsula (Coskun et al. 2023 ) ( Fig. S1 , Supporting Information ).
his r e v ealed a positiv e r elationship between DIC and DOC in the
reater subsurface aquifer system (Fig. 1 A) and is consistent with
rior observations in deep hydrothermal fluids from the Costa Ri-
an conv er gent mar gin (Barry et al. 2019 , Fullerton et al. 2021 ) in-
icating that DIC is potentially related to increased primary pro-
uction in the hydrothermal fluids and autochthonous DOC pro-
uction. Ho w e v er, some of the DOC could be deriv ed fr om mix-

ng with allochthonous shallow surface sources, and it is possible
hat high DIC could be the result of heter otr ophic activity under
igh DOC conditions . Moreo ver, the aquifer is associated with car-
onate bedr oc k, whic h is likel y a source of higher DIC in the flu-

ds sampled at some locations (Yalcin 2007 ) ( Fig. S1 , Supporting
nformation ). The relation between DIC , DOC , and primary pro-
uction in hydrothermal fluids is poorly understood, as are the
ates of primary production and DOC production in hydrothermal
ystems (Le Bris et al. 2019 , Lai et al. 2023 ). T hus , we in vestigated
he effect of DIC concentration on microbial carbon fixation in al-
aline subsurface hydrothermal fluids from deep subsurface (750-
) fluids from one of the sampling locations in the Bardakçılar

eothermal field (Fig. 1 A; Fig. S1 , Supporting Information ). 
Our target location for the qSIP experiments was a 750-m deep

orehole with alkaline (pH = 8.27), hydrothermal (62 ◦C) fluids con-
aining a DIC concentration of 1.5 mM. This DIC concentration
as at the lower end of the bicarbonate concentrations that ex-

sts within the greater aquifer system that we sampled (from 1.5
o 11 mM; Fig. 1 A) (Yalcin 2007 ). By incubating the fluids with
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13 C-bicarbonate at thr ee differ ent concentr ations c har acteristic 
of the natural state (1, 5, and 10 mM), w e w ere able to investi- 
gate effects of higher DIC concentrations on primary producers 
sampled from subsurface fluids with a lo w er DIC concentration.
An increased carbon fixation by particular microbial primary pro- 
ducers at higher DIC would help explain the DIC and DOC corre- 
lation observed across the aquifer system (Fig. 1 A). If DIC concen- 
trations influence biological carbon fixation it would highlight a 
potentially important factor controlling how microbial communi- 
ties act as a subsurface biological carbon sink by converting DIC 

into particulate and DOC. 

Biogeoc hemical c har acteriza tion of the deep 

alkaline fluids 

Prior to performing the qSIP experiments, geochemical and mi- 
crobiological samples were obtained over a 3-year period (2019,
2020, and 2021) from the 750-m deep borehole ( Fig. S1 , Supporting 
Information ). Untr eated, pristine alkaline hydr othermal fluids 
were collected directly from the borehole (see the section “Ma- 
terials and methods”) and measured to have an alkaline pH (pH = 

8.27) with a temper atur e of 62 ◦C and concentration of 1.5 mM of 
DIC (Fig. 1 A). At this alkaline pH, the majority of DIC is in the form 

of bicarbonate (Amend and Shock 2001 ). The study site bedr oc k is 
metamor phicall y alter ed carbonate r oc ks (marble) embedded in 

Kazda ̆g massif (Yalcin 2007 ) ( Fig. S1 , Supporting Information ). This 
carbonate aquifer becomes sodium and sulfate-enriched while 
rising through the Upper Oligocene–Lo w er Miocene v olcanic r oc ks 
(Akku ̧s et al. 2005 ). 

The fluids were depleted in nitrate and nitrite ( Supplemental 
Data S1 ), in line with pr e vious r eports (Yalcin 2007 ). The concen- 
tration of DOC was relatively low (0.8 mg/l) and reflects a char- 
acteristic of deep aquifer systems that ar e gener all y oligotr ophic 
(Lopez-Fernandez et al. 2018 , Barry et al. 2019 , Probst et al. 2020 ,
Fullerton et al. 2021 ), where biological production is relatively lim- 
ited. Indeed, the microbial 16S ribosomal RN A (rRN A) gene con- 
centrations in the alkaline hydrothermal fluids from the 750-m 

deep aquifer were extremely low, with 1.8 × 10 2 ( ± 33) copies 
per ml (Fig. 1 B). Our r esults ar e in line with pr e vious continen- 
tal subsurface studies from a depth of 500–800 m where similarly 
lo w 16S rRN A gene cop y concentrations (10 1 –10 4 copies per ml) 
wer e detected (Lav alleur and Col well 2013 , Bomber g et al. 2016 ,
Magnabosco et al. 2018 ). The 16S rRNA gene concentrations mea- 
sur ed wer e consistentl y higher than our detection limit of 10 2 to- 
tal 16S rRNA gene copies per contamination control (DNA extrac- 
tion blanks and quantitative PCR no template controls) (Coskun et 
al. 2022 ), sho wing that w e detected the natural microbial commu- 
nity emanating from the deep hydrothermal fluids with a minimal 
influence of contamination. 

The low microbial biomass can be explained by the ca. 10-fold 

lo w er concentration of DOC ( Supplemental Data S1 ) compared to 
other surface-influenced continental subsurface aquifers (Lopez- 
Fernandez et al. 2018 ), because DOC availability is known to shape 
micr obial comm unities in continental subsurface crustal ecosys- 
tems (Lopez-Fernandez et al. 2018 , Westmeijer et al. 2022 ). Here,
w e also ackno wledge that our filter size (0.22 μm) might have dis- 
car ded the lo w-nucleic acid microbial cells smaller than our filter 
size (in other w or ds, ultr amicr ocells; Duda et al. 2012 ), leading to 
potential underestimation of microbial biomass such as members 
of Candidate Phyla Radiation (Luef et al. 2015 ). 

Over the three sampling years, the initial microbial communi- 
ties ( t 0 ) were dominated by different taxonomic groups ( Fig. S2 ,
Supporting Information ) and were markedly different from one 
nother ( Fig. S3A , Supporting Information ). In 2019, the micro-
ial community was dominated by operational taxonomic units 
OTUs) affiliated with Sulfurihydrogenibium (Aquificae; 70% rela- 
ive abundance) and Deinococcus–Thermus (23%) whereas sam- 
les obtained in 2020 were comprised of OTUs belonging to
einoccoccus–Therm us (31%), Chlor oflexi (31%), and Hadesar- 
haeaeota (7%) ( Fig. S2 , Supporting Information ). In the samples
ollected in 2021, Gamma pr oteobacteria (53%), Nitr ospir ae (20%),
nd Aquificae (12%) predominated the initial microbial commu- 
ity of the subsurface alkaline hydrothermal fluids, which were 
sed for the stable isotope probing (SIP) incubations . T his o ver-
ll microbial community structure is similar to thermophilic mi- 
r obial comm unities found in other alkaline hot springs such as
hose in the Tibetan Plateau (Wang et al. 2013 ), Yellowstone Na-
ional P ark (Sc hubotz et al. 2015 ), Costa Rican conv er gent mar-
in (Fullerton et al. 2021 ), deep-subsurface aquifers (Spane v ello
nd Patel 2004 ), and hydrothermal fluids in Bardakçılar geother- 
al field (Coskun et al. 2023 ). 
The oxidation–reduction potential (ORP) of the fluids was 

 4 mV, which falls with the ORP range that promotes denitrifica-
ion via anaerobic nitrate respiration (Fuerhacker et al. 2000 ). The
nitial dissolv ed O 2 concentr ation was in the subhypoxic r ange
51.3 μM) ( Supplemental Data S1 ), and a strong odor of hydro-
en sulfide (H 2 S) was evident during sampling indicating the pres-
nce of H 2 S in the fluids. Methane was detectable in the fluids, al-
eit at r elativ el y low concentration of 0.079 (mg/l), and the δ13 CH 4 

as −10.4 ‰ ( Supplemental Data S1 ) indicating that the methane
as likely derived from thermogenic pyrolysis of organic matter 

Schoell 1988 ). The δ2 H and δ18 O composition of the fluids sug-
ested a meteoric origin of the water as the isotopic values ranged
etween both Global and Eastern Mediterranean meteoric water 
ines (Craig 1961 ) ( Fig. S4 , Supporting Information ). Moreover, the
18 O v alues wer e within the r ange of annual av er a ge δ18 O of pr e-
ipitation and shallow groundwater ( −6 ‰ to −9 ‰) from nearby
ites in Turk e y (Jasec hk o 2019 ). This suggests that the origin of the
ubsurface hydrothermal fluids in our tested ecosystem is mostly 
odern meteoric waters and not affected by saltwater intrusion,

onsistent with prior studies (Yalcin 2007 ). A meteoric water ori-
in also suggests the possibility that sites of high DOC in the fluids
Fig. 1 A) could be due to allochthonous sources of organic matter.

3 C-labeling of OTUs in qSIP analyses varies 

cross substr a te concentr a tions 

ne of the major challenges in microbial ecology is to link the
dentities of micr oor ganisms with their quantitativ e ecological 
oles (Orsi 2023 ). One way to do this is to use quantitative DNA
table-isotope probing methods (Radajewski et al. 2000 , Neufeld 

t al. 2007 ). Specificall y, quantitativ e DNA stable isotope pr obing
qSIP) uses labeled carbon ( 13 C) substrates to quantify the amount
f carbon assimilated by all detectable microbial taxa in an envi-
onmental sample (Hungate et al. 2015 ). The qSIP methodology 
ith 

13 C-labeled substrates has been applied to broad range of
nvir onments suc h as soil (Hungate et al. 2015 , Morrissey et al.
016 , Starr et al. 2021 ), marine sediments (Orsi et al. 2020 ), seawa-
er (Orsi et al. 2021 ), ocean crust (Coskun et al. 2022 ), and geother-

al terrestrial springs (Lai et al. 2023 ). Here, we performed qSIP
xperiments by adding the H 

13 CO 3 
− at thr ee differ ent concentr a-

ions (1, 5, and 10 mM) to test the effect of natur all y av ailable
ange of bicarbonate concentrations that the microbial communi- 
ies are exposed to as they are transported through the subsurface
quifer (from 1 to 11 mM; Fig. 1 A). No additional energy yielding
erminal electron acceptors or electron donors were added to the
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ncubations . T her efor e, the onl y ener gy yielding substr ates av ail-
ble were those naturally occurring in the fluids. 

The final concentration of 13 C-bicarbonate in the incubations
 as affected b y the natur all y occurring concentr ation of bicar-
onate in the fluids (1.5 mM, > 99% natur all y abundant 12 C-
icarbonate, see the section “Methods”) ( Supplemental Data S1 ).
e chose not to acidify the samples in order to r emov e the natu-

 all y abundant starting DIC concentrations, because the acidic pH
hange would affect the microbial community composition living
n the alkaline fluids. Ho w e v er, the addition of bicarbonate was
ssociated with the modest changes in pH whic h decr eased fr om
H 8.27 to 7.6 ( ± 0.3) (Supplemental Data S1). The equilibrium be-
ween the carbonate species could be slightly altered by this pH
eduction, but the available DIC species for the microorganisms
hould have been mostly bicarbonate (Amend and Shock 2001 ,
ettori and Donadio 2020 ). T he o v er all r edox state of the qSIP in-
ubations was r elativ el y low ( + 4 mV), and O 2 concentrations at
he end of the incubations were in the subhypoxic range (33.9 + / −
.6 μM) (Supplemental Data S1). We acknowledge that our incu-
ation conditions of the hydrothermal fluids do not reflect the ex-
ct physicochemistry of the in situ deep aquifer environment, and
hat the results obtained are a function of the incubation condi-
ions and may not completely reflect the exact ecosystem of the
ubsurface aquifer that can vary in terms of physicochemistry. 

After 5 da ys , we observed that the amount of 16S rRNA gene
opies in all incubations incr eased r oughl y 10-fold (Fig. 1 B). More-
v er, incr eased DN A buo y ant density of 16S rRNA genes was ob-
erved in all three ultracentrifugation replicates for each 

13 C-
icarbonate concentration tested (Fig. 2 ) demonstrating assimi-
ation of bicarbonate by the microbial communities . T he micro-
ial community structures in the incubations were found to have
hifted from the initial microbial composition from 2021, but this
hange was not significant (Tuk e y’s HSD, P = .80–.99) ( Fig. S3A ,
upporting Information ), indicating that physicochemical condi-
ions in our SIP incubations did not have drastic effects on the mi-
r obial comm unity composition. The qSIP anal ysis r e v ealed whic h
TUs were labeled in the presence of 13 C-bicarbonate at the differ-
nt concentrations ( Fig. S6 , Supporting Information ). The assim-
lation of 13 C-bicarbonate was measured in the qSIP method via
AF 13 C in the 16S rRNA genes of O TUs , wher eby 13 C-EAF v alues
er e r eported on a scale between 0.0 and 1.0 with 1.0 r epr esenting
00% labeling of carbon atoms in the 16S rRNA gene (Hungate et
l. 2015 ). 

The mean EAF values of all the 13 C-labeled OTUs in the incu-
ations sho w ed that the 1 mM incubation exhibited the highest
egree of 13 C-labeling (mean EAF: 0.17 ± 0.01), follo w ed b y the
0 mM (mean EAF: 0.16 ± 0.01), and 5 mM (mean EAF: 0.13 ±
.01) incubations ( Fig. S6 and Table S1 , Supporting Information ;
upplemental Data S2 ). The 1 mM 

13 C-bicarbonate incubations
lso had the highest proportion of labeled OTUs (38 OTUs out
f total 65 OTUs; 58%), follo w ed b y 5 mM (40 OTUs out of to-
al 91 OTUs; 44%) and 10 mM 

13 C-bicarbonate incubations (25
TUs out of 59 OTUs; 42%) ( Table S1 , Supporting Information ;
upplemental Data S2 ). A total of 60 OTUs (out of 100 total) in-
or por ated 

13 C-bicarbonate with at least one 13 C-bicarbonate con-
entration. Among these 13 C-labeled O TUs , 24 O TUs assimilated
ore 13 C-bicarbonate with 1 mM bicarbonate than the incuba-

ions with higher bicarbonate concentr ations, wher eas 26 and 10
TUs had higher 13 C-labeling at the incubations amended with
 mM and 10 mM bicarbonate, r espectiv el y ( Fig. S7 , Supporting
nformation ). 

Among labeled OTUs in the 1 mM bicarbonate incubation, the
TU showing the highest degree of labeling was affiliated with
he famil y Hydr ogenophilaceae (Gamma pr oteobacteria, also as-
igned to Hydrogenophilalia; Boden et al. 2017 ) (0.37 mean EAF)
 Fig. S6 , Supporting Information ), i.e. mainly comprised of taxa
hat are thermophilic chemolithoautotrophs that can gain energy
rom H 2 oxidation and use DIC for biomass production via the
BB cycle (Orlygsson and Kristjansson 2014 ). Taxa affiliated with
adesarc haeaeota, Hydr othermae, and candidate phyla Bipolari-
aulota (formerly known as Acetothermia) also assimilated 

13 C-
icarbonate at 1 mM albeit to a r elativ el y lo w er degree ( Figs S6
nd S7 , Supporting Information ). Despite the 1 mM H 

13 CO 3 
− con-

entration being diluted more than 50% by the naturally abun-
ant 12 C bicarbonate (1.5 mM; Fig. 1 A), the carbon fixation at this
iluted concentration was similar compared to the 5 mM 

13 C-
icarbonate incubation, and greater compared to the 10 mM 

13 C-
icarbonate incubation (Fig. 2 ), where the labeled substrates were
vailable to the microbes at higher concentrations . T his shows
hat most of the microbes in the sampled hydrothermal fluids
er e ada pted to fix carbon at concentr ations closer to the in situ
icarbonate concentration. We considered the potential for en-
ymatic discrimination (due to kinetic isotope fraction effects)
gainst an over-abundance of “heavy” ( 13 C) isotopes to influence
he results at the 5 and 10 mM concentration. Ho w ever, biological
sotope fractionation occurs in the per-mille r ange (K endall and
aldwell 1998 ) whereas 13 C-EAF values are in the % range (Hun-
ate et al. 2015 ) and, ther efor e an order of magnitude higher. More-
v er, 13 C assimilation was compar able between 1 and 5 mM 

13 C -
icarbonate incubations (Fig. 2 ), and indicating enzymatic isotope
iscrimination against higher 13 C concentrations was minor com-
ared to the overall 13 C assimilation. 

In the 5 mM 

13 C-bicarbonate incubation, the mean OTU-
pecific EAF values w ere lo w er compared to 1 mM ( Table S1 ,
upporting Information ). The dominant 13 C-bicarbonate assimi-
ating OTUs at 5 mM bicarbonate were affiliated with Tepidomonas
Gamma pr oter obacteria), Thermus (Deinococcus–Therm us), fam-
l y Hydr ogenophilaceae, and Hydrogenobacter (Aquificae) ( Fig. S7 ,
upporting Information ; Supplemental Data S2 ). OTUs affiliated
ith candidate Phyla such as Sumerlaeota, Hadesarchaeaeota,
andidate class Bathy ar chaeia also assimilated 

13 C-bicarbonate
t 5 mM ( Fig. S7 , Supporting Information ) showing that Archaea
ere also contributing to carbon fixation in the subsurface al-
aline hydrothermal fluids. An OTU affiliated with the Firmicute
enus Moorella , a group of thermophilic acetogens, had one of the
ighest amounts of 13 C-bicarbonate incor por ation with 5 mM bi-
arbonate ( Fig. S7 , Supporting Information ). 

In the incubations amended with 10 mM bicarbonate, ca.
0% fewer number of 13 C-bicarbonate assimilating OTUs were
bserv ed compar ed to 1 and 5 mM ( Table S1 , Supporting
nformation ; Supplemental Data S2 ). This was consistent with
 r elativ el y lo w er incr ease in micr obial DN A buo y ant density at
0 mM 

13 C-bicarbonate, compared to 1 and 5 mM 

13 C-bicarbonate
Fig. 2 ). Many phyla that were important for carbon fixation at
 mM bicarbonate concentration (e.g. Acetothermia, Hydrother-
ae, Elusimicrobia, Crenarchaeota, and Hadesarchaeaeota) were

o longer found to assimilate 13 C-bicarbonate at the 10 mM
oncentration ( Fig. S7 , Supporting Information ). Ho w ever, the
ighest degree of 13 C-bicarbonate assimilation at 10 mM was
ound in bacterial taxa affiliated with Aquificae, Thermodesulfovib-
io (Nitr ospir ae), Hydrogenobacter , and Hydr ogenophilaceae ( Fig. S7 ,
upporting Information ). Many of these taxa including the Aquifi-
ae are often found in deep subsurface or hydrothermal habitats
Henry et al. 1994 , Takai et al. 2003 , Hügler et al. 2007 , Schubotz
t al. 2015 , Fullerton et al. 2021 , Lai et al. 2023 ). The carbon-fixing
ommunity at 10 mM bicarbonate concentration was significantly
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differ ent compar ed to those in 1 and 5 mM [analysis of similarity 
(ANOSIM) of 1 and 10 mM: R 

2 = 0.676, P = .0045; ANOSIM of 5 
and 10 mM: R 

2 = 0.906, P = .0021; Fig. S7 , Supporting Information ; 
Supplemental Data S2 ), indicating that the concentration of bi- 
carbonate is an important factor that selects for distinct carbon- 
fixing taxa in the alkaline hydrothermal fluids from this subsur- 
face ecosystem. The activity of the carbon-fixing taxa during the 
incubations measured with qSIP, is reflected in the net growth 

of the microbial community by roughly an order of magnitude 
(Fig. 1 B). 

Carbon-fixa tion pa thways and energy 

metabolism in 

13 C-labeled 

metagenome-assembled genomes 

Linking the 13 C-labeled OTUs to metagenome-assembled 

genomes (MAGs) using phylogenetic analyses (see the sec- 
tion “Materials and methods”; Fig. S8 , Supporting Information ) 
enabled us to compare the gene content of all MAGs ( n = 24) 
with their 13 C-assimilation across the three tested bicarbonate 
concentrations (Fig. 3 ; Fig. S9 , Supporting Information ). A total 
of 15 of the DIC-incor por ating MAGs wer e found to encode 
carbon-fixation pathwa ys , indicating their potential to con- 
tribute to primary production (Fig. 3 ). This included the CBB 

c ycle, Wood–Ljungdahl Pathw ay (WLP), rTCA c ycle, and the 
3-hydr oxypr opionate bicycle (3-HP bicycle) (Fig. 3 ). The remaining 
DIC-incor por ating MAGs lac ked carbon-fixation pathways and 

ther efor e displayed the potential for a heter otr ophic lifestyle. 
The energy metabolism of many MAGs displays the ability for 

anaerobic dissimilatory nitrate reduction and utilization of sul- 
fur compounds (S 0 , H 2 S) as an electron donor ( Fig. S9 , Supporting 
Information ), similar to other deep subsurface and hydrother- 
mal environments that often favor a sulfur-oxidizing, denitrify- 
ing microbial metabolism (Amend and Shock 2001 , Shock et al.
2010 , Osburn et al. 2014 , Lau et al. 2016 ). Especially, sulfide oxi- 
dation was found to be a dominant potential energy conservation 

mechanism for most of the detected 

13 C-labeled MAGs ( Fig. S9 ,
Supporting Information ). This included two rTCA-encoding MAGs 
affiliated with Aquificae, five CBB cycle encoding MAGs affiliated 

with Thermus (Deinococcus–Thermus), Meiothermus, Sulfuritortus 
(Gamma pr oteobacteria), and Tepidomonas (Gamma pr oteobacte- 
ria) mostly through the presence of sulfide: quinine reductase ( sqr ) 
and/or flav oc ytoc hr ome c ( fccAB ) ( Fig. S9 , Supporting Information ).
Sulfur oxidation through the Sox system and thiosulfate oxida- 
tion using tdsA were also detected in several of the MAGs ( Fig. S9 ,
Supporting Information ; Supplemental Data S5 ). These data fit 
with prior studies showing that thermophilic CBB-encoding Ther- 
mus and Sulfuritortus bacteria obtain energy by sulfur oxidation 

and reducing O 2 or NO 3 
−/NO 2 

− as electron acceptors (Bjornsdottir 
et al. 2009 , Kojima et al. 2017 ). The ability to use nitrate as termi- 
nal electron acceptor in anaerobic respiration is a potential reason 

why the carbon-fixation activity ( 13 C-bicarbonate assimilation) of 
these MAGs was favored under the suboxic conditions in the flu- 
ids and SIP incubations (23–51 μM O 2, Supplemental Data S1 ), be- 
cause anaer obic r espir ation via dissimilatory nitr ate r eduction is 
a favored terminal electron accepting process in this oxygen con- 
centr ation r ange (Hügler and Sie v ert 2011 , Wright et al. 2012 ). Ni- 
tr ate r eduction as a terminal electr on accepting pr ocess is further 
consistent with the depletion of dissolved nitrate in the hydrother- 
mal fluids ( Supplemental Data S1 ). 

We do not know what the primary electron donor is for the mi- 
cr obial comm unities in the subsurface alkaline hydr othermal flu- 
ids, which could range from organic matter, H 2 , reduced iron, or 
ulfur compounds as pr e viousl y described for hydr othermal sys-
ems (Amend and Shoc k 2001 , Shoc k et al. 2010 , Osburn et al.
014 ). Ho w e v er, at slightl y alkaline pH (7–8) ther e is an affinity
or the reaction of nitrate reduction coupled to sulfur oxidation
Shock et al. 2010 ). Considering the pH of the studied fluids falls
lose to this range, the use of sulfur as an electron donor would
xplain the widespread genomic potential for sulfur oxidation in 

any MAGs ( Fig. S9 , Supporting Information ). 

ssessing the potential for autotrophy, 
ixotr ophy, and heter otr ophy in 

13 C-labeled 

AGs 

otentiall y mixotr ophic or facultativ el y autotr ophic DIC-
ncor por ating MAGs wer e identified based on (a) the presence or
bsence of CO 2 fixation pathwa ys , and (b) an enriched (or lack
f) potential for uptake of external organic substrates (e.g. sugars
nd or amino acids) via genes encoding ABC-transporters and 

r TonB-dependent transport proteins (Fig. 3 ). Our genomic and
SIP experimental findings do not discern between mixotrophy 

an ability to utilize organics and CO 2 sim ultaneousl y) and fac-
ltativ e autotr ophy (an ability to switch between the autotrophy
nd heter otr ophy) but r ather highlight those 13 C-labeled MAGs
rom the studied alkaline hydrothermal aquifer that have the 
enomic capacity to perform one of these lifestyles. Out of 15
AGs that encoded partial/complete carbon-fixation pathwa ys ,

1 of them also contained r elativ el y higher numbers of ABC-type
ransporters for classes of organic molecules (Fig. 3 ), suggesting
 mixotrophic or facultative autotrophic lifestyle whereby they 
an use CO 2 and or ganic carbon fr om the envir onment as ma-
or carbon sources for either heter otr ophic and/or autotrophic
rowth. All of the MAGs encoding the CBB cycle, most of the MAGs
ncoding the WLP cycle and one MAG encoding the 3-HP bicycle
isplayed a genomic potential for mixotrophic or facultative au- 
otrophic lifestyle (Fig. 3 ). The WLP encoding Ca. Bipolaricaulota
AGs assimilated more 13 C-DIC in the incubation amended with 

 mM bicarbonate than that in 5 mM and did not get labeled in
0 mM incubation (Fig. 3 ), suggesting that their carbon fixation
as reduced under the increased DIC concentrations of our 
xperimental conditions. Our results may reflect an adaptation of 
a. Bipolaricaulota to lo w er DIC concentrations, or an inhibition
f carbon fixation at higher DIC concentr ations. We ar e unawar e
f any other studies that measured carbon-fixation rates of Ca.
ipolaricaulota at different DIC concentrations, so we are not able
o compare our results to studies making similar measurements.
e v ertheless, our r esults pr ovide a first indication that some
acteria of the Ca. Bipolaricaulota exhibit more carbon fixation 

nder a r elativ el y lo w er DIC concentration of 1 mM. 
Notably, 13 C-labeled MAGs encoding the essential genes for 

TCA cycle (exclusiv el y Aquificae) had a r elativ el y r educed suite
f ABC-transporters for organic molecules suggesting a stricter 
nd possibly obligate autotrophic metabolism (Fig. 3 ). The only
BC transporter for organic substrates encoded by the Aquifi- 
ae MAGs was an incomplete ABC-type phospholipid transporter 
ystem ( MlaABCDEF ). This transporter has an important role in
aintaining outer membrane lipid asymmetry (Chong et al. 2015 )

nd phospholipid-tr affic king between outer and inner membr ane 
Hughes et al. 2019 ), suggesting a role in maintaining cell mem-
rane integrity as opposed to transport of external organic carbon
ources. Together with the rTCA carbon-fixation cycle metabolism 

 Fig. S9 , Supporting Information ), these results indicate Aquificae
AGs were fixing 13 C-bicarbonate via autotrophy and the rTCA 

ycle, which is a wide-spread trait in the thermophilic Aquificae
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Figure 3. Linking 13 C-DIC-incor por ating MAGs with the encoded carbon-fixation pathways and mixotrophic or facultative autotrophic potential. From 

top to bottom: 13 C-labeled MAGs were grouped based on the presence or absence (heterotrophs) of a carbon-fixation pathway. MAGs encoding a 
carbon-fixation pathway (left side) were sorted based on the increase in mixotrophic or facultative autotrophic potential defined as encoded 
ABC-transporters for external organic substrates (bottom heatmap). Quantitative assimilation of 13 C-bicarbonate by each MAG at the three substrate 
concentrations is shown in the middle plot. Individual points r epr esent EAF values of specific OTUs phylogenetically linked to the MAGs ( Fig. S9 , 
Supporting Information ). Error bars: 90% CI based on three separate CsCl density gradients (see Fig. 2 ). The lo w er heatmaps sho ws the metabolic 
pathway (KEGG) completeness of each MA G . 
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(Hügler et al. 2007 , Hügler and Sie v ert 2011 , Gupta 2014 ). Some 
Aquificae have exhibited mixotrophic metabolism in SIP experi- 
ments from hydrothermal springs, via 13 C-labeling from organic 
sources such as glucose (Schubotz et al. 2015 ) and amino acids 
(Lai et al. 2023 ). Ho w e v er, the lac k of genes encoding transport 
proteins for sugars or amino acids in the Aquificae MAGs reported 

here indicate that the Aquificae taxa inhabiting the alkaline hy- 
drothermal fluids of the 750-m borehole lack this capacity. 

Total microbial carbon assimilation with 

different carbon-fixation pathways 

We gr ouped 

13 C-incor por ating MAGs into potential autotrophs,
mixotr ophs (or facultativ e autotr ophs), and heter otr ophs based 

on criteria (see the section “Materials and methods”) in order to 
trace carbon flows between these functional groups. Our qSIP 
anal ysis onl y ca ptur es the micr oor ganisms that wer e able to as- 
similate the 13 C-bicarbonate, or 13 C-organic matter secondarily 
deriving from primary production, into their biomass. We consid- 
ered that anaplerotic reactions can contribute to inorganic carbon 

assimilation in heter otr ophs accounting for 2%–8% of cell carbon 

(Spona-Friedl et al. 2020 ). Howe v er, man y of MAGs defined as het- 
er otr ophs her e r eac h 

13 C-assimilation v alues > 8% (Fig. 3 ). Ther e- 
for e, ana pler otic carbon fixation alone is insufficient to explain 

the 13 C-labeling of these heter otr ophic bacteria. We, ther efor e in- 
ter pr et labeling of heter otr ophic MAGs with an EAF > 8% as a mix- 
ture of anaplerotic reactions and the secondary production of or- 
ganic 13 C, that was first created by primary producers (encoding a 
carbon-fixation pathway) from 

13 C-bicarbonate (Fig. 3 ). 
We estimated the total contribution of each of the four groups 

of carbon-fixation pathway encoding MAGs (rTCA, WLP, CBB, and 

3-HP) to primary production. This was done using qPCR normal- 
ized absolute abundances of 16S rRNA genes from 

13 C-labeled 

MAGs , to con vert MAG-EAFs to total 13 C-assimilation. T he total 
estimated carbon-fixation contributions by each of the four de- 
tected carbon-fixation pathway groups (rTCA, WLP, CBB, and 3-HP) 
was determined as the sum of qPCR-normalized 

13 C-assimilation 

of all MAGs corresponding to eac h gr oup ( Supplemental Data S4 ).
The same estimation of total carbon assimilation was applied to 
heter otr ophic MAGs ( 13 C-labeled but no carbon-fixation pathway),
that serves as an estimate for bacterial secondary production 

fr om or ganic 13 C that was originall y pr oduced by facultativ e or 
strict autotrophs and or mixotrophs encoding one of the carbon- 
fixation pathways (Fig. 3 ). 

The CBB cycle dominates carbon fixation in the 

geothermal fluids 

Acr oss all thr ee concentr ations of bicarbonate tested, CBB- 
encoding MAGs had a significantly higher contribution to total 
carbon fixation by r oughl y an order of magnitude compared to 
taxa encoding the rTCA c ycle (Tw o side t -test P = .02) (Fig. 4 ).
The total amount of carbon flux attributed to mixotrophic bacte- 
ria encoding CBB cycle was at least 8.8 times higher compared to 
rTCA encoding taxa and more than an order of magnitude higher 
compared to WLP and 3HP encoding MAGs (Fig. 4 ). These differ- 
ences can be explained by the higher absolute abundances of 
the mixotrophic bacteria encoding CBB cycle (64%–70% of total 
16S rRNA gene copies), compared to MAGs with different carbon- 
fixation pathwa ys . T her efor e, under our tested conditions the 
CBB-encoding MAGs were the group of carbon fixing microbes 
that had the greatest contribution to primary production and car- 
bon turnover. CBB cycle in mixotrophic bacteria w as sho wn to 
be an important tr ait, whic h enhances the microbial survivabil- 
ty in oligotrophic groundwater ecosystems (Taubert et al. 2022 )
nd CO 2 -rich cold subsurface aquifer system (Probst et al. 2017 ).
icarbonate concentrations did not positiv el y corr elate with to-
al carbon incor por ation of CBB-encoding MAGs, but rather coin-
ided with a decrease in their 13 C-EAF at 10 mM bicarbonate (Fig. 3 ,
upplemental Data S4 ). 

hemolithoautotrophic Aquificae encoding the 

TCA cycle increased carbon fixation at higher 
icarbona te concentr a tions 

he only carbon-fixation pathway that was associated with a pos-
tiv e corr elation between DIC concentr ation and quantitativ e as-
imilation of DI 13 C was the rTCA cycle (Fig. 4 ). At 10 mM DIC, there
as a 3- to 10-fold higher carbon assimilation by rTCA encod-

ng or ganisms, compar ed to the 1 mM and 5 mM DIC concentra-
ions (Fig. 4 ). The technical variation associated with the quan-
itative 13 C assimilation by rTCA encoding organisms at 10 mM
oes not ov erla p with the v ariation for estimated carbon fixed at
 and 5 mM (Fig. 4 ). Tec hnical v ariation tends to be comparable to,
f not greater than, biological variation between replicate SIP in-
ubations using our qSIP protocol (Coskun et al. 2018 , 2019 ), and
her efor e differ ences in quantitativ e 13 C labeling of rTCA MAGs
etween the differ ent DIC concentr ations is unlikely to be ex-
lained by random variation. We, thus interpret these results as

ndicating an increased carbon fixation at higher DIC concentra- 
ion by the rTCA cycle. 

T he rTC A c ycle encoded b y tw o carbon-fixing Aquificaceae
AGs affiliated with Sulfurihydrogenibium azorense (family Hy- 

rogenothermaceae) and Aquificaceae family (most likely 
hermocrinis or Hydrogenobacter ; Supplemental Data S3 and S5 )
ncode the k e y genes of two alternati v e v ersions of the rTCA-
ycle (Hügler et al. 2007 ) that contain either citryl-CoA lyase/
itryl-CoA synthetase (CCL/CCS) or the ATP citr ate l yase ( aclAB )
 Supplemental Data S5 ). The MAG affiliated with S. azorense
ncodes ATP citrate lyase ( aclAB ), which is responsible for con-
 erting citr ate into acetyl-CoA and oxaloacetate using ATP and
oA. This MAG also encodes the citryl-CoA lyase ( CCL ), but we
ould not identify a homologue of citryl-CoA synthetase ( CCS ).
CS is r equir ed for the alternativ e v ersion of the rTCA cycle

Hügler et al. 2007 ). Hence, because the CCS is not present, the
AG associated with S. azorense may use ATP citrate lyase ( aclAB )

n its rTCA cycle. 
In contrast, the second carbon-fixing MAG affiliated with 

quificaceae (Fig. 3 ) encodes an alternative rTCA cycle exhibited
y featuring both CCS and CCL enzymes ( Supplemental Data S5 ).
his MAG also exhibited an increased total amount of carbon fixa-
ion with increasing bicarbonate concentrations ( R 

2 = 0.94, Fig. 3 ),
ontributing at least 30 times more DIC assimilation at 10 mM
icarbonate compared to the S. azorense MAG that encoded the
anonical rTCA cycle ( Supplemental Data S4 ). The increased car-
on fixation at higher bicarbonate concentrations of this particu- 
ar Aquificaceae taxon in the alkaline hydrothermal fluids may be
elated to its use of the alternative CCS/CCL-bearing rTC A cycle ,
otentially in tandem with other as-of-y et unkno wn metabolic 
eatures. We can only speculate as to the physiological explana- 
ion for CCS/CCL-bearing rTCA cycle encoding Aquificae exhibit- 
ng higher carbon fixation at increased bicarbonate concentra- 
ions. Ho w e v er, a positiv e effect of DIC concentr ation on anaer-
bic carbon fixation has been observed recently at low pH (high
O 2 partial pr essur es) by the roTCA cycle in pure cultures of sul-

ate reducing bacteria (Steffens et al. 2021 ). Our findings indicate
hat higher bicarbonate concentrations at alkaline pH may also 
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Figure 4. Total carbon assimilation by 13 C-labeled MAGs encoding different carbon-fixation pathwa ys . T he y -axis is the sum of MAG 

13 C-EAF values 
per group using MAG absolute abundance based on qPCR. Error bars: 90% CI based on three density-gradient fractionation replicates per treatment 
(Fig. 2 ). The total 13 C-assimilation by rTCA-encoding bacteria was positiv el y corr elated with bicarbonate concentr ation ( R 2 = 0.94), no positiv e 
corr elations wer e observ ed for an y of the other gr oups of or ganisms encoding differ ent carbon-fixation pathways (CBB, WLP, and 3-HP). 
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 esult in incr eased carbon fixation by particular rTCA encoding
 hemolithoautotr ophic bacteria. 

The quantitative measurements shown here, of carbon fixation
y c hemolithoautotr ophic bacteria in a natur al micr obial com-
unity at multiple bicarbonate concentrations in a deep subsur-

ace hydr othermal envir onment support the models of subsur-
ace carbon cycling that hav e pr oposed DIC concentr ations influ-
nce c hemoautotr ophic pr oduction (Barry et al. 2019 , Fullerton et
l. 2021 ). Our findings show that the stimulated carbon fixation
y rTCA encoding primary pr oducers r esulted in or ganic carbon
hat moved relatively quickly through the microbial food web and
as taken up by heter otr ophic bacteria for secondary production.
he microbial carbon fixation, therefore, supported the greater
ubsurface microbial community, and should act as a biological
ink for deep inorganic carbon by converting it to particulate and
OC. Our findings may be r ele v ant for global warming mitigation

trategies (Ali et al. 2022 ) that plan to pump atmospheric CO 2 into
he deep subsurface for potential carbon sequestration. 
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