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ARTICLE INFO ABSTRACT

Keywords: The occurrence of dark fixation of CO, by heterotrophic microorganisms in soil is generally accepted, but its
Anaplerotic enzymes importance for microbial metabolism and soil organic carbon (C) sequestration is unknown, especially under C-
Carboxylase genes limiting conditions. To fill this knowledge gap, we measured dark '>CO, incorporation into soil organic matter
Microbial community composition and conducted a '3C-labelling experiment to follow the '3C incorporation into phospholipid fatty acids as mi-
ie rmafr,OSt soils . . crobial biomass markers across soil profiles of four tundra ecosystems in the northern circumpolar region, where
C enrichment of soil profile . .. . | . .
net primary productivity and thus soil C inputs are low. We further determined the abundance of various car-
boxylase genes and identified their microbial origin with metagenomics. The microbial capacity for hetero-
trophic CO,, fixation was determined by measuring the abundance of carboxylase genes and the incorporation of
13¢C into soil C following the augmentation of bioavailable C sources. We demonstrate that dark CO, fixation
occurred ubiquitously in arctic tundra soils, with increasing importance in deeper soil horizons, presumably due
to increasing C limitation with soil depth. Dark CO, fixation accounted on average for 0.4, 1.0, 1.1, and 16% of
net respiration in the organic, cryoturbated organic, mineral and permafrost horizons, respectively. Genes en-
coding anaplerotic enzymes of heterotrophic microorganisms comprised the majority of identified carboxylase
genes. The genetic potential for dark CO, fixation was spread over a broad taxonomic range. The results suggest
important regulatory function of CO, fixation in C limited conditions. The measurements were corroborated by
modeling the long-term impact of dark CO, fixation on soil organic matter. Our results suggest that increasing
relative CO, fixation rates in deeper soil horizons play an important role for soil internal C cycling and can, at
least in part, explain the isotopic enrichment with soil depth.
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1. Introduction

Terrestrial ecosystems represent a major sink of CO, through fixa-
tion by plants but they have been shown to mitigate the rise of atmo-
spheric CO, also via microbial CO, fixation (Ge et al., 2016; Yuan et al.,
2012). Microbial CO, fixation has been mostly ascribed to autotrophic
microorganisms (Ge et al., 2016), but fundamentally all microorgan-
isms may use inorganic C (IC; i.e. CO, or bicarbonate) in their meta-
bolism. All these fixations require energy generated by phototrophic,
autotrophic or heterotrophic energy sources. IC is the main or even the
only C source for chemoautotrophs and photoautotrophs, while het-
erotrophs and mixotrophs rely on organic C (OC) but also incorporate
IC via a variety of carboxylation reactions that are part of their central
or peripheral metabolic pathways (for review see Erb, 2011; Wood and
Stjernholm, 1962). The importance of carboxylases in heterotrophic
metabolism increases whenever microorganisms experience C limita-
tion through a disproportion between C demand for energy generation
and growth and its availability, caused by deficiency or complexity of
OC sources, or fast growth (Alonso-Saez et al., 2010; Feisthauer et al.,
2008; Merlin et al., 2003). Even though the occurrence of dark and
largely heterotrophic CO, fixation in soils is generally accepted, very
few studies have assessed its relevance for soil microorganisms (Miltner
et al., 2004, 2005a,b; Santrti¢kova et al., 2005). Estimates of the im-
portance of soil CO, fixation for the C balance in certain ecosystems or
within an entire soil profile are rare (Ge et al., 2016; Yuan et al., 2012)
and analyses of diversity and abundance of carboxylases are missing
entirely.

Soil OC becomes progressively enriched in *C with increasing soil
depth (Bird et al., 2002; Gentsch et al., 2015; Nadelhoffer and Fry,
1988; Torn et al., 2002). There are several explanations but no one can
fully explain the measured isotopic shift. The enrichment of soil OC
with depth can be connected with decrease of § '>C of atmospheric CO,
by 1.3%o due to Suess effect (McCarroll and Loader, 2004), with pre-
ferential decomposition of different organic compounds and microbial
fractionation during litter decomposition or mixing of new C input with
old soil OC (Buchmann et al., 1997; Ehleringer et al., 2000; Santrtickové
et al.,, 2000). Another hypothesis that has been discussed but never
supported experimentally states that soil microbes should be iso-
topically heavier as a result of carboxylation reactions (Ehleringer et al.,
2000). Whenever carboxylation reactions are involved, CO» molecules
used in the reactions likely originate from the soil atmosphere, which is
isotopically heavier than the organic materials being decomposed
(Cerling et al., 1991). The '3CO, enrichment of bulk soil atmosphere is
highest in the uppermost soil horizons, where CO, originates mostly
from the atmospheric air. In deeper horizons of the soil profile, CO,
originates from organic matter decomposition and carries the isotopic
signal of decomposed material. But still CO, remaining in the soil that
surrounds microbes is 4.4%o heavier than organic matter at the location
due to slower diffusion of heavier >CO, than lighter '>CO, (Cerling
et al., 1991). CO, hydrogenation causes further enrichment of **C in
HCO3;~ by 8-12%o, depending on temperature (Mook et al., 1974).
HCO;3;~ is accepted by many carboxylases operating in a variety of
carboxylation reactions, including PEP and biotin carboxylases (Berg
et al., 2010; Supplement Appendix B Table SB1), while CO, is used as
an active species by Rubisco, the most abundant autotrophic carbox-
ylase. Accordingly, incorporation of IC through microbial processes and
accumulation of microbial products in soil theoretically might increase
the isotopic signal (8*3C) of OC.

In arctic permafrost soils, high soil moisture, the presence of a
permafrost layer and accumulation of fine particles on the interface
between active and permafrost layers (Bockheim and Tarnocai, 1998;
Makeev and Kerzhentsev, 1974) restrict air diffusion through the soil
profile. Arctic permafrost soils are also a large reservoir of OC whose
bioavailability is limited, among other factors, by the OC subduction
into subsoil via cryoturbation and the subsequent formation of mineral-
organic associations (Gentsch et al., 2015). High moisture content and
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the presence of a permafrost horizon restrict air diffusion through the
soil profile, which may favor pockets and microsites with elevated CO5
concentration. Under such conditions, CO, fixation might play a more
important role than in well-aerated temperate soils. In addition, net
primary production and soil carbon input are known to be low in
northern ecosystems.

The aim of this study was to elucidate the role of dark CO, fixation
in arctic soils. We postulated that (i) dark CO, fixation is a common
attribute of arctic soils and occurs across the whole soil profile. We
further hypothesized that (ii) various pathways of CO, fixation are
operative in soil and distributed among different members of the soil
microbial community, including heterotrophs, and (iii) CO, in-
corporation increases '>C enrichment of organic carbon with soil age.
To test the hypotheses, we measured isotopic signal 8'3C in OC, IC
incorporation into OC, and abundances and taxonomic affiliations of
carboxylase genes by shotgun metagenomics in soils across a range of
tundra ecosystems from Eastern Siberia to Greenland, covering entire
soil profiles. A simple model based on measured data was employed to
elucidate a possible effect of IC incorporation on 8'3C of OC. In addi-
tion, 13C-labelling experiments with soil from one location were per-
formed under aerobic and anaerobic conditions and the incorporation
13C0, into OC was addressed by analyzing the '*C incorporation into
phospholipid fatty acids (PLFA) as microbial biomarkers. To gain sup-
porting evidence of heterotrophic CO, fixation, CO, incorporation into
OC, abundance of carboxylase genes and changes in microbial com-
munity composition after augmentation of bioavailable C were mea-
sured as well.

2. Material and methods
2.1. Soil sampling

We sampled soils from four different arctic tundra types (heath
tundra, tussock tundra, shrub-moss tundra and graminoid tundra) that
belong to the bioclimatic subzones E and D (Walker et al., 2005), also
called southern tundra and typical tundra subzone in the Russian
classification: (i) The heath tundra site was located in eastern Green-
land close to the Zackenberg Research Station (ZK; 74° 29’ N, 20° 32’
W). (ii) The tussock tundra site was located approximately 80 km north
of Cherskii (CH; 69° 26" N, 161° 44’ E). iii) The shrubby moss tundra site
was on the Taymyr peninsula in the north of central Siberia (Ari Mas,
AM; 72° 30’ N, 101° 39 E). (iiii) The graminoid (moss) tundra was also
on the Taymyr peninsula, a little bit north of AM (Logata, LG; 73° 25’ N,
98° 16’ E). All areas are in the continuous permafrost zone and thaw
depth during sampling reached 65-90 cm (samples were collected in
late summer, close to the time of maximum active layer depth). All soils
were classified as Turbic Cryosols according to World Reference Base
(IUSS Working Group WRB 2007) and as Turbels according to Soil
Survey Staff (2010). Two types of soil samples were used in this study,
one for the general screening of dark CO, fixation and a second one for
more detailed microbial and molecular biological analyses.

(i) Soil samples for measuring natural abundance of bulk soil 13¢ and
dark CO, fixation (see section 2.2) were obtained on each site from
extensive soil sampling for assessment of C storage and distribution
(Palmtag et al., 2015). Briefly, soil pits were excavated down to the
permafrost and the active layer was sampled using a fixed volume
cylinder. Samples from permafrost were collected by coring with a
steel pipe (5cm in diameter) that was hammered into the soil at
5-10cm depth increments. Samples representative of the upper-
most organic, cryoturbated organic (pockets of cryoturbated topsoil
material), and adjacent active mineral layers and permafrost hor-
izons were quickly dried in thin layers and kept at 4 °C until ana-
lyzed (in total, 149 samples from all sites). For detailed soil char-
acteristics see Palmtag et al. (2015).

(ii) Soil samples for more detailed microbial and molecular analyses
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Table 1
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Basic chemical (pH; total soil organic carbon — OC; total soil C/N ratio; extractable C — Cgy; natural abundance of soil *>C — bulk 8'3C) and biochemical characteristics (microbial biomass —
Cyp; microbial C/N - Cyp/Nyg, net respiration; total microbial phospholipids — PLFA,,,) of three different soil horizons from Ari Mas site. Mean values and standard deviations (in
brackets) are given (n = 4); different letters in superscript denote significant differences between layers (ANOVA).

soil horizon ~ pHyso OC C/N Cex Cump Cump/Nus bulk 8'>C  net respiration PLFAo¢ PLFA ¢

mmol g~ * umol g~* pmol g~* %o mmol C-CO, mol OC™* d™* mmol C mol OC™ mol C mol Cyp ™!
upper organic 6.2 13.4(1.1)° 20.4(0.21)° 28.2(2.4)* 174.1(3.2)* 18.7(0.47)° 27.5(0.10)°> 0.796(0.08)* 0.339 (0.05)° 0.022°
cryoturbated 6.3 3.8(0.23) 26.2(0.32)* 3.8(0.76)> 10.6(0.05)° 16.4(1.9)*  27.5(0.17)> 0.135 (0.10)" 0.284(0.021)* 0.085"
mineral 6.7 0.8(0.14)° 18.7(0.67)° 1.22(0.73)° 2.2(0.36)° 11.7(4.3)°  26.1(0.51)* 0.082(0.02)° 0.352(0.013)* 0.106°

were taken from 5-m long active layer pits on Cherskii, Ari Mas and
Logata sites. Soil samples were taken from uppermost organic,
mineral and cryoturbated horizons, as well as from the uppermost
permafrost layer. One part of the samples was immediately stabi-
lized with RNAlater and kept cold. After transporting the samples to
the laboratory within 20 days, RNAlater was washed out with PBS
buffer (Gittel et al., 2014) and samples were deep-frozen and later
used for DNA extraction and subsequent metagenomics. From the
remaining material, living roots were carefully removed and the
soil was kept at 4 °C until analyzed for **C. Soils from the AM site
were also used for the microbial *3C incorporation and C supple-
mentation experiments (see sections 2.3 and 2.4). For basic soil
properties we kindly refer to Table 1, while details are given in
Gentsch et al. (2015).

2.2. Screening of CO,—C incorporation into OC across sampling sites

Soil (0.2 g) was moistened to 80% water holding capacity (WHC) in
10 ml vacutainers, which were covered by Parafilm and conditioned for
2weeksat 12°C. The vacutainers were then hermetically closed and
flushed with CO,-free air. Thereafter, the headspace was enriched with
13C0, (99 at% [atomic %] of '3C) to a final CO, concentration of about
1% v/v, which is realistic for soil pores. In fact, soil CO5 concentration
can fluctuate widely, and values of 1-5% v/v CO, are typical, although
10% v/v and higher have also been recorded (Nobel and Palta, 1989).
The soil was incubated at 12 °C for 5 days in the dark under the same
conditions as in the conditioning phase. At the end of the incubation
period, the CO, concentration in the headspace was analyzed, the soil
was immediately dried at 60 °C and analyzed for total C and N and §'°C.
All analyses and incubations were run in four replicates.

2.3. CO—C incorporation into microbial biomass

Soil taken from pits in the uppermost organic, mineral and cryo-
turbated horizons of the AM site was used in the *3CO, incorporation
experiment. Soil moisture was adjusted to 80% WHC for incubation
under aerobic conditions and to 100% WHC for incubation under
anaerobic conditions. Before incubation with 3C-labelled CO,, the soil
was conditioned either for 2 weeks (aerobic incubation, four replicates
for each horizon, 5g soil) or 4 weeks (anaerobic conditions, four re-
plicates for each horizon, 5 g soil) in hermetically closed 100 mL bottles
at 12°C in the dark to allow microbial communities to stabilize. After
soil conditioning, half of the samples were used for initial soil analyses
(controls used for determination of natural abundance of '*C in mi-
crobial biomass, extractable C and N pools, PLFA and bulk soil). The
remaining bottles were flushed with CO,-free air, and the headspace of
each was enriched with '3CO, (99 at% of '3C) to a final CO, con-
centration of about 1% v/v. The soil was incubated for 5 days under the
same conditions as used for the conditioning. At the end of the in-
cubation period, respiration was measured and the soil was used for
further analyses; one part of the soil sample was immediately dried at
60 °C and used for chemical and isotopic analyses and the other part
was deep-frozen and used for PLFA determination.

13

2.4. Effect of organic C supplement on CO; incorporation and carboxylase
genes

As in the previous experiment, soil taken from pits in the mineral
and cryoturbated horizons of the AM site was used. The soil was in-
cubated only in aerobic conditions and conditioned in the same way as
in the previous experiment. After conditioning, soils were amended
with either sucrose or lipids extracted from soil (see below) as energy
and C sources as follows: sucrose and lipids, respectively, were mixed
with C-free silica sand and the mixture was then mixed with soil (sand/
soil 1:2, w/w) to get a final concentration of the added C source of
approximately 300 ug C per g dry soil. Control soil was mixed with sand
only. The final soil mixture was moistened to 80% WHC with Veldkamp
nutrient solution containing biotin (Veldkamp, 1970). An aliquot of the
soil mixture (of all treatments) was dried to determine the natural
abundance of 13C before the incubation. The incubation with *3CO, was
carried out in four replicates for each treatment as described above.
After 5 days of incubation, soil respiration was measured, 1 g of soil
mixture from each replicate was immediately dried (60 °C) for bulk C
and '3C analyses and the remaining soil was deep-frozen (— 80 °C) for
DNA extraction and subsequent metagenomics. The lipid mixture used
for the soil C supplement had been extracted from soil slurry (equiva-
lent of 450 g of dry soil supplemented by Veldkamp nutrient solution;
Veldkamp, 1970) incubated on a shaker for 5 days. The slurry was
subsequently centrifuged to remove excess of water and lipids were
extracted according to Bligh and Dyer (1959). A part of the resulting
extract was fractionated using SPE (Strata SI-1000mg/6 mL, Phenom-
enex, Torrance, CA, USA) to characterize the extracted lipids. We found
that 25, 22 and 23% belonged to neutral-, glyco- and phospholipid
fractions, respectively, and 30% was not held by the SPE sorbent and
considered as non-lipid fraction.

2.5. Analytical methods

Microbial biomass was estimated by chloroform-fumigation and
extraction with 0.5 M K,SO,, and calculated as the difference in soluble
C between the extracts from fumigated and non-fumigated soils, using
Kgc = 0.38 (Vance et al., 1987). Extractable organic C was analyzed on
a LiquicTOC II (Elementar, Germany). Total CO, concentration in the
headspace was measured with an HP 5890 gas chromatograph (Hew-
lett-Packard, East Norwalk, CT, USA), equipped with a thermal con-
ductivity detector, at the beginning and end of the experiment (after the
addition of 'CO, and after the incubation, respectively). The total
amount of CO, in the bottles (totCO,, umol) was calculated as the sum
of the amount of CO, in the headspace and the amount of CO,, dissolved
in the soil solution (Sparling and West, 1990). Net respiration rate was
estimated as the difference between totCO, at the beginning and the
end of the experiment divided by the number of days of incubation.
Analyses of total C and N and '3C contents of dried soil material were
conducted with an NC Elemental analyzer (ThermoQuest, Bremen,
Germany) connected to an isotope ratio mass spectrometer (IR-MS
Delta X Plus, Finnigan, Bremen, Germany). Prior to carrying out the
analyses, all samples were tested for their carbonate content. No car-
bonates were detected (data not shown).
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A binary mixing model was used to estimate the amount of the
pulse-derived 'C immobilized in the various C pools (bulk soil, PLFA):

3¢ (ug g1 = [(@t%sample — at%controt) / (99.90 = 1.10)] X C pool size
(gCg™™M

where at%contro1 i the natural abundance in the control samples, at
Yosample 1S the 13C abundance in the samples after labeling, 99.9 is the
pulse *3C at% and 1.10 is the at% of the ambient atmosphere. All results
were normalized to total C content in order to eliminate differences in C
contents of the soils.

PLFA were extracted from subsamples of 0.3-2 g dry soil containing
comparable amounts of OC according to Frostegard et al. (1993), with
minor modifications. Purification of phospholipids was conducted on
silica columns (SPE-SI Supelclean 250mg/3 mL; Supelco, PA, USA)
using chloroform, acetone and methanol. Following trans-esterification
(Bossio and Scow, 1998), the concentration and isotopic composition of
individual PLFAs was determined on a GC-IRMS system consisting of a
Trace GC coupled to a Delta V Advantage IRMS via a GC Isolink in-
terface (Thermo Fisher Scientific, Waltham, MA, USA); see Wild et al.
(2014) for a detailed description of the instrument setup. Concentration
and isotopic composition of each PLFA were corrected for C added
during methylation. The microbial community composition was de-
scribed using PLFAs 114:0, i15:0, al5:0, i16:0, i17:0, al7:0 as markers
of Gram-positive bacteria, 16:1w9, 16:1w7, 16:1w5, cy17:0, 18:1w7,
cy19:0 as markers of Gram-negative bacteria and 18:1w9, 18:2w6,9 as
markers of fungi (Frostegard and Baath, 1996). Total bacterial biomass
was calculated as the sum of general bacterial markers 15:0, 17:0,
18:1w5 and markers for Gram-positive and negative bacteria. The
PLFAs 14:0, 16:0, 16:1w11, 18:0, 19:1w8, and 20:0 were considered
nonspecific markers (Kaiser et al., 2010).

DNA was extracted from samples of cryoturbated (4 samples), mi-
neral (2) and top soil (4) from Logata, AriMas and Cherskiy sites using
bead-beating and the phenol-chloroform method (Gittel et al., 2014;
Urich et al., 2008). Total DNA was quantified using SybrGreen
(Leininger et al., 2006). In the case of the incubation experiment with
added substrates (sucrose or lipids), only the DNA from cryoturbated
horizons (9 samples) contained a reasonable amount of DNA of high
quality (Table 2). Sequencing of DNA from in-situ and incubation ex-
periments was performed on an IonTorrent PGM (Thermo Fisher Sci-
entific, Waltham, MA, USA) sequencer at the Department of Archaea
Biology and Ecogenomics (University of Vienna). Barcoded, adapter-
ligated DNA libraries were generated and sequenced using 200 bp se-
quencing chemistry and 318 chips according to the manufacturer's in-
structions. Sequence reads were quality-trimmed (Phred score > 20)
and size-selected (> 100 bp) before further processing. For the identi-
fication of carboxylase genes, all metagenome reads were translated
into all six frames, with each frame into separate open reading frames
(ORFs), avoiding any “*’ characters marking stop codons in a resulting
ORF. All ORFs equal to 30 amino acids or larger were screened for
assignable conserved protein domains using reference hidden Markov

Table 2
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models (HMMs) of the PfamA database (Punta et al., 2012; PfamA re-
lease 25, http://Pfam.janelia.org) with HMMER tools (http://hmmer.
janelia.org/). All database hits with e-values below a threshold of 10~ *
were considered significant (Tveit et al., 2015). To obtain taxonomic
information of reads with Pfam code, a BLASTX search implemented in
diamond software (Buchfink et al., 2015) was performed (-minscore 50,
-maxhits 25) and the resulting hits in sam format were analyzed by
MEGAN 5.11.3 (Huson et al., 2007). Taxonomy was assigned using the
last common ancestor (LCA) algorithm (LCA parameters: MinScore 50,
MaxExpect = 0.01, TopPercent = 10, MinSupport = 1) implemented in
MEGAN 5.11.3 software.

The calculations of carboxylase gene abundances per g soil were
done by combining relative abundance of SSU rRNA genes of bacteria in
the metagenomes with the number of bacterial SSU rRNA genes per g
soil as determined by qPCR in the same DNA sample (Table SB2). The
absolute number of carboxylase genes per g of soil was used for nor-
malizing their abundance to soil Cy;. and/or OC contents. The mole-
cular data were processed as follows: metagenome sequences encoding
fragments of SSU rRNA genes were extracted with the program Sort-
MeRNA (Kopylova et al., 2012), applying default parameters and the
reference databases therein. Extracted reads were compared with
BLASTN (Astchul et al., 1990) against the ARB Silva SSUref database v.
119 (Quast et al., 2012) and analyzed in MEGAN 5.11.3. Carboxylase
reads were recalculated to absolute number of gene copies per g of soil
by combining the absolute quantity of bacterial SSU rRNA genes and
the amount of bacterial SSU rRNA reads determined by the MEGAN
LCA algorithm in each metagenome, using the following formula:

seqs (carboxylase)
seqs (bacterial SSU rRNA gene)

-q(bacterial SSU gene)

q(carboxylase) =

where segs(carboxylase) is the amount of metagenome carboxylase gene
sequences (assigned by hmmer algorithm using Pfam database), segs
(bacterial SSU rRNA gene) is the amount of bacterial SSU rRNA gene
sequences and q(bacterial SSU rRNA gene) is the quantity of bacterial
SSU rRNA genes (gene copies per g soil) determined by qPCR.

2.6. Statistics and modeling

A general linear model, followed by Newman-Keuls post-hoc
testing, was used to determine the differences in C incorporation, re-
spiration rate, bulk C content and isotopic signal between sites and
horizons at a significance level of P < .05. To compare total PLFA
contents between control and '>CO,-incubated samples in the labora-
tory experiment, one-way ANOVA and Newman-Keuls post-hoc test was
used. Data were log-transformed in all cases except for total PLFA.
Statistical evaluation of data was carried out with STATISTICA 13.

The statistical analysis of carboxylase genes was done using the
statistical program R (Team, 2016). Because data were not normally
distributed, generalized linear models with gamma distribution were

DNA concentration, net respiration and inorganic carbon incorporation into soil organic carbon (OC) of cryoturbated and mineral soil horizons from Ari Mas site incubated under aerobic

conditions without carbon source addition (control) and with sucrose or mixture of lipids as added carbon source. Mean values and standard deviations are given (n = 3). Different letters

in superscript denote significant differences between layers (ANOVA).

soil horizon treatment DNA concentration net respiration 13C immobilization
ng DNA mol OC™* mmol C mol OC™*d ™! umol *3C mol OC™* d ! % net respiration
cryoturbated control 8.61(0.13) 0.168(0.074)° 3.06(0.59)¢ 2.08(1.59)¢
sucrose 32.8(15.7) 0.541(0.141)* 21.7(6.26) 4.32(2.16)°
Lipids 22.8(6.20) 04106(0.032)b 13.0(2489)b 13.2(4.99)*
mineral control nd 0.144(0.027)¢ 7.37(1.02)¢ 5.16(0.79)*"
sucrose nd 1.254(0.240)* 46.8(4.34)* 3.82(0.74)°
Lipids nd 0.333(0.120)° 18.3(2.70)° 5.81(1.85)*

nd - not detected.
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Fig. 1. Scheme of the soil organic matter (SOM) decomposition model that was used to
estimate the effect of long-term CO, incorporation into SOM on its isotopic signal (for
details of the model see Supplementary information, Appendix A).

used to test the significance of the effects of lipids or sucrose addition
and soil horizon, respectively, on the abundance of carboxylase genes.
Soil horizons had unequal numbers of replicated measurements of
carboxylase gene abundance. Therefore, we calculated the type-II F
statistic using the package car (Fox and Weisberg, 2011). Post-hoc
multiple comparisons were carried out based on least-square means
using the package lsmeans (Lenth, 2016).

In order to estimate tentatively the effect of CO, fixation on the
isotopic signal of OC (8'3Cy.), we applied a simple model of microbial
OC decomposition (Fig. 1; for details see Supplementary Information
Appendix A). Briefly, decomposition of OC by heterotrophic soil mi-
croorganisms (Mic) is a process with first-order kinetics. Organic C from
decomposing organic matter with an initial isotopic signal of —27%o is
consumed by soil microorganisms and respired or assimilated into mi-
crobial biomass. Microbial biomass is dying over time and becomes part
of OC. For the sake of simplicity, we assume that no isotopic dis-
crimination occurs during decomposition and microbial dying. Het-
erotrophic microorganisms largely depend on organic matter as C and
energy source but under certain circumstances they use IC as additional
C source (see introduction of this article for more details). We assume
that microbes are capable of assimilating part of the respired CO5 back
and incorporate it into microbial biomass. Before CO, is fixed by soil
microorganisms, an isotopic discrimination of 4%o occurs because of
the faster diffusion of '2CO, out of the soil. By fixing heavier CO,,
microbial biomass is becoming more enriched in '3C. When this mi-
crobial biomass is dying and becomes part of OC, OC becomes enriched
in 13C as well. In the model, CO, fixation is set to be proportional to
respiration. Four scenarios were modelled, with CO, fixation making up
0, 0.1, 1 and 5% of respiration, respectively.

3. Results
3.1. Screening for CO; fixation in arctic soils

Sampling site and soil horizon significantly affected soil OC content
and respiration rate (Table 3) while natural abundance of 13C in the soil
(bulk 8'3C) and CO, incorporation were affected only by the type of soil
horizon. Consequently, data from the particular horizons were averaged
across sampling sites (Table 3). Across all sites, average bulk 8'3Cin the
upper organic horizon was —27.3%o at the start of incubation. In
comparison with the upper organic horizon, the mineral, cryoturbated
and permafrost horizons were all '3C-enriched by 1.2, 1.1, and 2.7%o,
respectively (Table 3). Incorporation of '*CO,-derived C per unit total
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OC was lowest in the upper organic horizon (4.9 pumol '*C mol
Ceor 'd™1) and increased two-to three-fold in cryoturbated and mineral
horizons (Table 3). In the permafrost horizon, 3¢ incorporation was
higher by almost two orders of magnitude (Table 3). *C incorporation
reached 0.4, 1.0, 1.1 and 16% of net respiration in the organic, cryo-
turbated organic, mineral and permafrost horizons, respectively. When
13C incorporation was expressed per mol C of soil OM, it also increased
with soil depth, and it rose exponentially with the 8'°C value of OC
(R®=0.44, n = 149, P < .001; Cipcorp = e1-09+0.72 813000

Carboxylase genes employed in autotrophic as well as heterotrophic
metabolism were detected in metagenomes of all horizons and were not
affected by site. Their abundances were higher in mineral horizons than
in organic and cryoturbated horizons when normalized to microbial
biomass (F = 4.2, df = 2, P = .02; Fig. 2a). However, deeper active
layer horizons (mineral and cryoturbated) had lower abundances than
organic horizons when carboxylase genes were normalized to total C
(F =4.1, df = 2, P =.02; Fig. SBla). Genes encoding Rubisco con-
tributed about 5% (4.3-5.3%) to the total abundance of carboxylase
genes, whilst anaplerotic carboxylase genes (pyruvate and PEP car-
boxylase genes) were the most abundant carboxylase genes and con-
tributed more than 30% (31-42%).

The '3C data of OC within the soil profile corresponds well with the
model predictions (Fig. 3). The estimates indicate that dark fixation of C
released from decomposed OC could, after 1000 years, cause an in-
crease of the isotopic signal of OC from an initial —27%o to —26.7 or
—15.2%o0 when IC incorporation represents 0.1 or 5% of net respiration,
respectively (Fig. 3). C sequestration via dark CO, fixation of 0.1, 1 and
5% of net respiration, respectively, would add 0.1, 1.4 and 7.4 mg C per
g soil, respectively, over a time frame of 250 years (Fig. SA4).

3.2. 13C incorporation into microbial biomass at the AM site

Under anaerobic conditions, CO, fixation was below the detection
limit in the cryoturbated and mineral horizons and negligible in the
upper organic horizon (0.251 pmol '3C mol Cy~ ! day~!, corre-
sponding to 0.1% of net respiration). The anaerobic incubation is thus
not discussed any further. During aerobic incubation neither microbial
functioning (respiration rate) nor microbial biomass (total PLFA)
(P > .3 for all horizons, df = 1, n = 3) or PLFA profiles were changed
(Table SB3).

Bulk '3C incorporation ranged from 2.4 umol *C mol OC~?! day ™
(cryoturbated horizon) to 7.6 pmol 13C mol oc~! day_l (mineral
horizon, Table 4), which corresponds well with a range of '°C in-
corporation observed in the individual horizons during the screening
across all study sites (Table 3). It represented less than 2% of net re-
spiration in the organic and cryoturbated horizons but exceeded 13% in
the mineral horizons. Of the total amount of *C incorporated into the
soil, generally less than 1% of bulk *3C was found in PLFA biomarkers
(*3C PLFA to bulk '3C) and less than 0.05% of total PLFA-C was newly
incorporated **C (*3C PLFA to PLFA C; Table 4). All detected PLFAs
were enriched in '3C, but the distribution of *C among PLFA markers
of individual functional groups showed that more 3C was incorporated
into bacterial than fungal PLFA. The ratio of 'C in fungal PLFA to '3C
in bacterial PLFA increased from 0.20 in organic and cryoturbated
horizons to 0.45 in the mineral horizons. The significantly higher fungal
to bacterial PLFA ratio in the organic layers and lower ratio in mineral
layers compared to the '3C in fungal to '3C in bacterial PLFA (Table 5)
indicate, that bacteria were more active in '*C incorporation per unit of
biomass compared to fungi in organic layers, but less active in mineral
layers. Within bacteria, Gram-negative bacteria incorporated three to
six times more '°C into PLFA than Gram-positive bacteria (Table 5). The
ratios of '3C incorporated into PLFAs of Gram-negative to PLFAs of
Gram-positive bacteria were on average three times higher compared to
ratios of total Gram-negative to Gram-positive PLFA contents. There-
fore, the Gram-negative bacteria were not only the overall most active
microbial population in the 13C-CO, assimilation, but also specifically
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Soil organic carbon (OC), natural abundance of **C, soil respiration and CO, incorporation into OC pool of four different soil layers from four different arctic tundra localities (upper part
of the table). The effects of locality, soil layer, and their interaction were calculated by factorial ANOVA (lower part of the table). Different letters in superscript denote significant

differences between soil horizons (Newman-Keuls post-hoc test).

locality soil horizon number of samples ocC 13¢ of bulk soil net soil respiration 13¢ -incorporation
mmol g~* %o mmol CO, mol C *d ™1 umol *3C molCy,, ~d ! % of respiration
Cherskii upper organic 16 21 = 9.2 —27.3 = 0.85 1.3 = 0.9 7.1 £ 51 0.6 £ 0.5
cryoturbated 13 45 *+ 25 —25.8 + 0.36 1.0 £ 0.8 5.2 = 4.0 0.6 = 0.2
mineral 17 19 =17 —26.1 £ 0.85 21 =15 11.5 + 6.9 09 = 0.8
permafrost 17 1.5 £ 0.9 —24.6 + 2.58 20 =14 310 + 496 13.4 = 20.6
Ary Mass upper organic 4 17.8 £ 5.7 —27.8 = 0,32 2.8 = 1.7 3.8 £ 1.3 0.2 £ 0.2
cryoturbated 4 1.0 = 0.2 —26.3 £ 0.16 2.2 = 0.6 8.7 = 0.6 0.4 = 0.1
mineral 11 09 + 0.4 —25.8 = 1.02 38 =17 17.2 = 154 1.0 £ 1.3
permafrost 15 1.4 £ 16 —24.0 + 1.67 09 * 0.7 81.5 * 42.3 144 + 133
Logata upper organic 3 186 = 7.4 —27.3 £ 0.65 3.7 =11 5.4 + 4.4 0.1 = 0.1
cryoturbated 6 31 + 23 -27.1 = 0.71 29 = 1.2 21.3 * 27.2 2.1 = 4.0
mineral 7 25 + 1.4 —-27.4 + 0.18 39 1.0 7.1 £ 2.4 0.2 + 0.1
permafrost 9 2.0 £ 0.3 —25.5 + 1.50 1.3 £ 1.0 102 = 83.9 20.1 + 189
Zackenberg upper organic 8 16.4 = 5.8 —-27.3 = 0.75 19 = 1.1 0.8 = 0.6 0.1 = 0.1
cryoturbated 9 6.4 + 1.6 —25.2 + 0.66 0.9 + 0.5 89 + 17.5 1.3 = 28
mineral 8 2.0 = 1.0 —25.6 = 1.04 1.2 = 04 15.8 + 27.2 2.0 £ 4.0
permafrost 2 09 = 0.1 —26.0 £ 1.13 09 = 0.6 74.0 = 69.7 32.1 = 31.8
all sites upper organic 31 19.0 + 8.18° —27.3 + 0.78¢ 1.88 + 1.36% 4.86 *= 4.86° 0.37 + 0.44¢
cryoturbated 32 4.33 + 2.72° -26.2 * 0.73° 1.47 + 1.20° 9.71 * 16.6° 1.08 + 2.38°
mineral 43 1.77 = 1.44° -26.1 + 1.06" 2.62 + 1.94° 13.1 + 15.4° 1.00 + 2.14°
permafrost 43 1.55 + 1.18° —24.7 + 2.13* 1.46 + 1.34° 175.7 + 338* 16.1 + 19.5°
effect of locality ek n.s ke n.s
effect of layer sk ol
layer*loc n.s n.s n.s.

per unit of microbial biomass, which was most apparent in the cryo-
turbated horizon (Table 5). The proportion of bulk 13C built into PLFA
was higher in the organic and cryoturbated horizons than in the mineral
horizons. Across all horizons, °C incorporated into PLFA was closely
correlated with net respiration rate RR (R? = 0.89, n = 9; *Ceprra,
o0y = 7.36 + 20.5 RR(coz/00))-

3.3. Effect of C addition on dark CO; fixation

Addition of sucrose significantly increased net respiration rate in the
mineral and cryoturbated horizons while addition of lipids had a po-
sitive effect only in the mineral soil (Table 2). 13C immobilization
ranged from 3.1umol **C mol OC™! day~' (cryoturbated horizon;
control) to 46.8 umol 13C mol OC~? day_1 (mineral horizon; sucrose
addition) and increased in both the cryoturbated and mineral horizons
in the order control < lipids < sucrose. Across all treatments, IC in-
corporation was closely correlated with respiration rate (R* = 0.91,
n=18; 13C(incorp/OC) = 486 + 31.9 RR(CO2/OC))' Both C substrates
induced microbial growth (measured as an increase in DNA amount per
gram soil; Table 5, Fig. 4) in the cryoturbated horizon. Unfortunately,
the amount of extracted DNA from the mineral soil was too small to be
evaluated or used for further analyses. The increase of microbial bio-
mass in the cryoturbated horizon was accompanied by a shift in the
composition of the microbial community. Analysis of the SSU rRNA
gene fragments in the metagenomes showed that the relative abun-
dance of Beta-, Gammaproteobacteria and Saccharibacteria increased due
to substrate addition, whereas the relative abundance of Alphaproteo-
bacteria, Deltaproteobacteria and Firmicutes rather decreased, mainly in
the sucrose addition treatment (Fig. 4). The abundance of carboxylase
genes normalized to microbial biomass was not affected by C source
addition (Fig. 2b) and increased along with microbial biomass growth,
thus a significant increase of carboxylase genes per unit of total C was
observed with C source addition (Fig. SB1b). Rubisco accounted for
13-18% of total carboxylase and anaplerotic carboxylase genes (pyr-
uvate and PEP carboxylases) accounted for about 40% (37-46%). An-
notated PEP carboxylase genes were taxonomically binned (Fig. SB2).
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The addition of either sucrose or lipids decreased the proportion of PEP
carboxylases affiliated to Alphaproteobacteria, Cyanobacteria and Ac-
tinobacteria, but increased those affiliated to Beta-, Gammaproteo-
bacteria, Firmicutes, Chlamydiae/Verrocomicrobia group and Bacter-
oidetes/Chlorobi group.

4. Discussion
4.1. General relevance of dark CO; fixation in arctic soils

The available knowledge about dark CO, fixation is still very limited
and can be summarized as follows: It is a relevant process in the soil
mediated by soil microorganisms, it is correlated with microbial re-
spiration rate, it can be enhanced by addition of bioavailable OC, and it
is related to microbial heterotrophic activity (Miltner et al., 2004,
2005a; Santrti¢kova et al., 2005). Previous studies estimated that about
2-7% of fixed CO, can be incorporated into microbial biomass (Miltner
et al., 2004; Santriickova et al., 2005). In addition, this study docu-
ments that (i) IC incorporation increases with depth in the soil profile
and is higher in the permafrost layers by more than one order of
magnitude due to higher CO, fixation rate, lower OC and higher CO,
concentrations with depth; (ii) genes encoding Rubisco, the only en-
zyme operating strictly in autotrophic metabolism, account for a small
part of all carboxylase genes only, while anaplerotic carboxylase genes
are several times more abundant; (iii) a wide spectrum of soil micro-
organisms contain genes encoding PEP carboxylases; (iv) IC in-
corporation may lead to *3C enrichment of soil OC in the long-term and
the increase is more pronounced in the deeper soil horizons. Across all
study sites, IC incorporation expressed per unit of total C was higher in
the mineral than in the organic horizons. The larger C incorporation in
mineral horizons was accompanied by the highest abundance of all
detected carboxylase genes per unit microbial biomass, suggesting that
both the chemoautotrophic and heterotrophic pathways accounted for
the larger IC incorporation in the mineral horizons as compared with
the top soil. The significant proportion of anaplerotic carboxylase genes
(pyruvate and PEP carboxylases) further emphasizes the importance of
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reactions replenishing central metabolic pathways under conditions
where microbial C demand exceeds C supply or where microorganisms
catabolize complex hydrocarbons, the dominant fractions of OC in
mineral horizons (Alonso-Saez et al., 2010; Feisthauer et al., 2008;
Merlin et al., 2003). It implies an important regulatory function of CO,
fixation, which may enable microbes to keep activity in harsh condi-
tions of C limitation.

4.2. Link between dark CO; fixation and microbial communities

We found less than 1% of fixed C in PLFA (0.2-0.5%), which is
much less than it was found in bulk microbial cells (Miltner et al., 2004;
Santriickova et al., 2005). The low values can be explained by the fact
that membranes constitute only about 4% of cellular material and,
therefore, bulk microbial biomass should contain more fixed C. This
suggestion is supported by Feisthauer et al. (2008) who found that the
amount of fixed C in bulk microbial biomass is higher by one order of
magnitude than that of fatty acids, indicating greater incorporation of
fixed C into other cell components. Proteins, the most abundant com-
ponent of cytoplasm, contain four to eight times more fixed C than
PLFA (Miltner et al., 2004).

The variety of detected carboxylase genes, the wide spectrum of
bacteria linked to PEP carboxylase genes and significant °C
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incorporation into all detected PLFAs including fungal markers imply a
general importance of CO, incorporation for the microbial community.
This matches existing knowledge that, apart from chemoautotrophic
bacteria and archaea, which use CO- as the only source of C (for review
see Berg et al., 2010; Saini et al., 2011) a wide spectrum of hetero-
trophic bacteria and fungi employ carboxylases to (i) assimilate various
organic substrates such as acetone, phenolics, propionate, or leucine,
(ii) replenish the citric acid cycle in anaplerotic reactions and, finally,
(iii) synthesize cellular compounds (e.g. Erb, 2011; Hesselsoe et al.,
2005). The significant increase in the amount of genes involved in CO,
fixation belonging to predominantly heterotrophic genera (Ar-
throbacter, Nocardioides and Pseudomonas; Fig. SB3) after addition of
sucrose or lipids indicated increased potential of heterotrophic meta-
bolism for additional IC incorporation into the bacterial biomass.

We found a positive effect of bioavailable C addition on IC in-
corporation, which contradicts our expectation that the importance of
heterotrophic carboxylases would increase with any imbalance between
C demand and supply (Alonso-Saez et al., 2010; Feisthauer et al., 2008;
Merlin et al., 2003). This apparent discrepancy might be partly ex-
plained by the increase of chemoautotrophic C fixation because of in-
creasing CO, concentration in the system. A more likely explanation is
that the added C initiated fast microbial growth as indicated by in-
creased DNA concentration (Table 2), but was exhausted within days,
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Fig. 3. The modelled shift of SOM isotopic signal over time caused by heterotrophic CO»
fixation (a), and relationship between the soil SOM concentration and & '3C ratio (b)
(please note that x-axis is in logarithmic scale). Open circles represent measured data and
lines the model predictions. The solid grey line represents control (0% - no fixation), the
dashed, dotted and solid black lines represent CO, fixation rates equal to 0.1, 1 and 5% of
net respiration rate, respectively.

microbes quickly became substrate limited and microbial C demand
exceeded C supply at the end of the experiment when the analyses were
performed. Therefore, IC had to replenish C for microbial metabolism.

Even though we detected genes for key enzymes in various auto-
trophic pathways (e.g. Calvin Benson Bassham cycle, reductive citric
acid and reductive acetyl-CoA cycles, 3-hydroxypropionate cycle, 4-
hydroxybutyrate cycle), we assume a negligible contribution of auto-
trophs to overall IC incorporation into OC. These chemoautotrophic
pathways are, except for the Calvin Benson Bassham cycle and 4-hy-
droxybutyrate cycle, operated by strictly anaerobic prokaryotes, and in
our study the anaerobic CO, incorporation was below detection limit.
We are aware that the contribution of the chemoautotrophic IC in-
corporation may be higher under natural conditions, but heterotrophy

Table 4
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should be prevalent. This is supported by the generally lower growth
efficiency of chemolithotrophic compared to heterotrophic growth,
because the former requires more energy to produce a unit of biomass.
In addition, carboxylases have low substrate affinity and need a high
concentration of IC for its effective incorporation into organic com-
pounds (Bar-Even et al., 2012). The most kinetically favorable car-
boxylases are anaplerotic PEP carboxylases, the main carboxylase for
replenishing the citric acid cycle, and pyruvate carboxylases (Bar-Even
et al., 2012).

4.3. Importance of dark CO; fixation for C sequestration

We assessed the importance of dark CO, fixation for C sequestration
in the soils from two different perspectives: (i) promotion of microbial
metabolism and (ii) role in soil C balance. With respect to the promo-
tion of the heterotrophic metabolism, IC may be used as an additional C
source to replenish central metabolic cycles (anaplerotic reactions) in
situations when organic carbon is limiting and primarily used for en-
ergy production. In such a case, microbes may re-fix CO, that has been
respired for energy production and thus minimize the overall loss of
carbon. Carboxylation is also a vital step of fatty acid biosynthesis in
general, and it enables the utilization of acetone by nitrate reducing
bacteria (Acosta et al., 2014). Inorganic C has a stimulatory effect,
which is most apparent under low metabolic activity in resting aerobic
and facultative cells (Harris, 1954) and in the metabolism of resource-
depleted bacteria (Alonso-Saez et al., 2010). Inorganic C also serves as
the only C source for a variety of obligate chemoautotrophs, either
bacteria or archaea, which provide many metabolic pathways that are
indispensable for soil functioning, such as oxidation of sulphur, am-
monia, reduced metal ions, and methane production (Badger and Bek,
2008; Berg et al., 2007; Konneke et al., 2014). With respect to the role
in the soil C balance, we consider a mean CO, release from tundra soil
by soil respiration of about 76 gm™2 yr~! (Fahnestock et al., 1999).
Our data thus indicate that re-use of 0.1-5% of net respiration may
account for dark fixation of 0.08-3.8 g C m™2 yr~'. Above-ground net
primary production (i.e. IC incorporation into plant material) ranges
from 10 to 500 g C m ™2 yr~ ! (Gould et al., 2003). Thus microbial CO,
fixation may correspond in the long term from 0.016 to 38% of plant C
fixation.

4.4. Effect of dark CO; fixation on isotopic signal of OC

In general, the 8'3C of organic matter mirrors the 8'3C of plant input
in the uppermost horizons. However it increases with soil depth to
values 1-3%o higher than in the uppermost organic horizon (e.g. Bird
et al., 2002; Buchmann et al., 1997). This was also observed for our
arctic tundra soils (Tables 1 and 2; Gentsch et al., 2015). The me-
chanisms behind this enrichment are still unclear and none of the fol-
lowing potential causes can fully explain it: isotopic change of atmo-
spheric CO, and microbial processing of OC (Bostrom et al., 2007),
mixing of new C input with old soil organic matter (SOM) and microbial
fractionation during litter decomposition (Ehleringer et al., 2000), in-
crease of leaf internal to ambient CO, concentration (ci/ca) due to
global change during the last 40 years (Betson et al., 2007). Similarly,
the causes of the *C-enrichment of microbial biomass (Dijkstra et al.,

Bulk inorganic '>C incorporation into soil organic carbon (OC) and PLFA in three different soil layers from Ari Mas site incubated under aerobic conditions. Mean values and standard
deviations (in brackets) are given (n = 3). Different letters in superscript denote significant differences between horizons (Newman-Keuls post-hoc test).

soil layer bulk *3C incorporation 13C incorpotration to PLFA PLFA '3C to bulk **C PLFA '3C to PLFA C
pmol *3C mol OC™1d ! % respiration rate nmol *C mol OG™* d™! % %

organic 6.13(0.62)" 0.78(0.05)¢ 19.8(2.65)* 0.377(0.04)* 0.041(0.004)*

cryoturbated 2.40(0.21)° 1.88(0.25)° 11.2(0.75)° 0.536(0.11)? 0.028(0.002)°

mineral 7.61(0.79)* 13.57(3.23)* 7.26(0.20)° 0.153(0.02)° 0.015(0.001)°

18
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The ratios of '*C in fungal PLFA to '3C in bacterial PLFA, '*C in Gram-negative bacterial PLFA to '>C in Gram-positive bacterial PLFA, and ratios of fungi to bacterial and Gram-negative to
Gram-positive bacteria C contents together with relative contribution of specific PLFAs to total *>C incorporated in three different soil layers from Ari Mas site incubated under aerobic
conditions. Mean values and standard deviations (in brackets) are given (n = 3). Different letters in superscript denote significant differences between horizons (Newman-Keuls post-hoc

test).
soil layer 3¢ fungi to '3C bacteria fungi to bacteria '°C G- to '*C G+ G-to G+ relative contribution of specific PLFAs to total '*C incorporated into PLFA [%]
G- G+ fungi bacteria nonspecific
organic 0.21(0.02)° 0.44(0.02) 4.42(0.56)° 2.42(0.27)* 53 12 14 68 18
cryoturbated  0.22(0.004)° 0.23(0.01)° 6.55(1.27)° 1.78(0.06)° 57 9 16 67 17
mineral 0.45(0.06)* 0.37(0.02)° 3.69(0.44)° 1.72(0.03)° 39 11 24 54 22
(@) 60000 - B Candidatus Saccharibacteria isotopic signal would largely depend on the signal of the resistant
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S O Chloroflexi . . . .
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g .
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90 p y
30 | T Chloroflexi be more enriched in **C than SOM by up to 5% because of diffusion of
3 , lighter 12CO, out of the soil profile, leaving the heavier *CO, behind
- 70 4 O Gemmatimonadetes . s . . . *
o (Cerling et al., 1991). Carbon dioxide dissolution (CO,") causes only
-z @ Firmicutes negligible fractionation (around 1%o) and CO,* entering carboxylation
=9 501 B Bacteroidetes reactions should be enriched by 4%o relative to the surrounding OC.
= 401 . Carbon dioxide hydrogenation comes with a huge positive discrimina-
B Gammaproteobacteria K = g N R i K
k 30 4 . tion, and HCO3 ™~ entering carboxylation reactions is enriched by 9% at
: 20 W Deltaproteobacteria 25°C. The discrimination increases with decreasing temperature to
B 10 - H Betaproteobacteria 12%o at 0 °C (equilibrium fractionation factor; Mook et al., 1974). Thus,
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Fig. 4. Composition of the bacterial community (phylum level) based on absolute (a) and
relative (b) abundance of assigned sequences in the cryoturbated layer, either unamended
(control) or amended with organic C sources from Ari Mas site. Taxonomic assignment is
based on LCA classifiers implemented in MEGAN software package.

2006; Santrickova et al.,, 2000) have not been satisfactorily resolved
yet. Our results suggest that IC incorporation into microbial biomass
and OC can contribute to soil microbial biomass and OC enrichment.
Our model of CO, fixation, which was parameterized using data from
the same locations, indicates that in the long term, IC incorporation into
OC can result in similar '*C-fixation as measured for bulk soils in the
deep soil. The model assumes CO, enrichment in the soil profile cor-
responding to 0.1-5% of net respiration, which is within the range of
measured values. Unfortunately, the uncertainty connected to changes
in isotopic signal of various soil pools during decomposition process is
high. Our model is therefore largely simplified and the predicted
change of SOM isotopic signature is only tentative. We used several
assumptions, which may affect model prediction. More specifically, we
assumed that there is one pool of well mixed SOM with unique isotopic
signal in soil which is decomposed at a constant rate. Including addi-
tional, more resistant SOM pool with the same isotopic signal would
lead to lesser enrichment of SOM by heterotrophic CO, fixation in long-
term. It is, however, uncertain whether chemically different pools of
SOM have the same isotopic signal. The predicted change of SOM
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can cause further CO, enrichment as methanogens strongly dis-
criminate against heavier 13C (difference between CO, and CH, [Acos %
cual from 5%o to 93%o; Penger et al., 2012), producing relatively light
CH,4 and leaving behind much heavier CO, (Han et al., 2007). Third,
genes for anaplerotic, assimilatory and biosynthetic carboxylase en-
zymes accounted for the major part of detected carboxylase genes. The
majority of those enzymes accept HCO3 ™~ instead of CO, (Table SB1).
Thus the initial reactant entering the carboxylation reaction is sub-
stantially enriched relative to SOM. Although HCO3;~ entering car-
boxylation can originate from HCO3~ hydrated in soil solution (see
above) or from CO," that is transported from soil solution into the cell,
it will always be enriched relative to OC, as intracellular CO5" hydra-
tion is catalysed by intracellular carbonic anhydrase which prefers *3C.
The reaction causes an enrichment of HCO3;~ by 7%o. Carbonic anhy-
drase is widespread among autotrophs but also among heterotrophic
eukaryota and prokaryota (Merlin et al., 2003; Nafi et al., 1990; Smith
and Ferry, 2000) and is indispensable for the HCO3;~ concentrating
mechanism. If there were no CO, leak from cells, every bicarbonate ion
pulled into the cell should end up in organic compounds, and the iso-
topic signal of biomass would be determined by carbonic anhydrase
fractionation (Hayes, 1993). Even though there is always a leakage,
cells utilizing bicarbonate should be enriched relative to CO, (Hayes,
1993). It has been documented in plant cells that initial hydration of
CO," to bicarbonate and subsequent PEP carboxylation causes
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enrichment of the resulting OC by 5.7%o at 25 °C relative to gaseous
CO,. The enrichment is dependent on temperature and the amount of
carbonic anhydrase present (Cousins et al., 2006; Farquhar, 1983).
Finally, while autotrophs mostly discriminate against heavier *C and
mean C discrimination of various autotrophic pathways (AIC/cell)
ranges from zero to 26.7%o when measured in pure cultures (House
et al., 2003 and reference therein), the cells utilizing HCO3~ will not
always be depleted relative to CO, due to fractionation in the hydration
of CO, to HCO3 ™. In addition, the discrimination can be decreased by
limited gas diffusion in water and the soil environment (Descolasgros
and Fontugne, 1990) and low cell density (House et al., 2003). The
autotrophs employing Rubisco, the most common autotrophic carbox-
ylase accepting CO,* and discriminating against *3CO, (=11 to — 30%o;
see Table SB1), should be depleted in '3C relative to soil CO,. The
proportion of autotrophs in bulk microbial biomass is, however, gen-
erally very low. In our experiment, genes encoding Rubisco represented
at most 18% of all carboxylase genes, implying that autotrophic pro-
karyotes should not determine the isotopic signal of total microbial
biomass.

5. Conclusion

Our results demonstrate that dark CO, fixation is common in all
arctic soils investigated and anaplerotic reactions are mainly re-
sponsible for this. Many anaplerotic pathways in heterotrophic CO,
incorporation do not lead to any net C assimilation and biomass pro-
duction (Alonso-Saez et al., 2010). Microbial biomass did not increase
in soils without addition of bioavailable substrate either, which further
suggests that dark IC fixation may only enable microorganisms to
maintain metabolic activity even in C poor conditions. Inorganic C in-
corporation into OC only corresponds to a few percent of net soil re-
spiration, but still it can play an important role in supporting microbial
metabolism and organic matter transformation. We further demonstrate
a positive impact of bioavailable soil organic compounds on inorganic C
incorporation, implying that increases in plant litter decomposition
induced by projected warming and input of root-derived compounds
may also enhance C incorporation via dark C fixation.

Conflicts of interest
None.
Acknowledgement

This study was supported by the International Program CryoCARB
(MSM 7E10073 - CryoCARB, FWF 1370-B17), BMBF 03F0616A, MEYS
(LM 2015075, ¢z.02.1.01/0.0/0.0/16_.013/0001782) and Grant Agency
(16-18453S). TU and CS acknowledge support from NFR — grant
200411. CB acknowledges financial support from the Nessling foun-
dation and the Academy of Finland (project COUP, decision no.
291691; part of the European Union Joint Programming Initiative, JPI
Climate) and OS and GG appreciate support from the Russian Ministry
of Education and Science (No. 14.B25.31.0031). The authors thank
Gerhard Kerstiens for language editing and unknown reviewer for va-
luable comments.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.s0ilbio.2017.12.021.

References

Acosta, 0.B.G., Schleheck, D., Schink, B., 2014. Acetone utilization by sulfate-reducing
bacteria: draft genome sequence of Desulfococcus biacutus and a proteomic survey of
acetone-inducible proteins. BMB Genomics 15.1, 584.

Soil Biology and Biochemistry 119 (2018) 11-21

Alonso-Saez, L., Galand, P.E., Casamayor, E.O., Pedros-Alio, C., Bertilsson, S., 2010. High
bicarbonate assimilation in the dark by Arctic bacteria. The ISME Journal 4,
1581-1590.

Astchul, S.F., Gish, W., Miller, W., Myers, E.V., Lipman, D., 1990. Basic local alignment
tool. Journal of Molecular Biology 215, 403-410.

Badger, M.R., Bek, E.J., 2008. Multiple Rubisco forms in proteobacteria: their functional
significance in relation to CO, acquisition by the CBB cycle. Journal of Experimental
Botany 59, 1525-1541.

Bar-Even, A., Noor, E., Milo, R., 2012. A survey of carbon fixation pathways through a
quantitative lens. Journal of Experimental Botany 63, 2325-2342.

Berg, I.A., Kockelkorn, D., Buckel, W., Fuchs, G., 2007. A 3-hydroxypropionate/4-hy-
droxybutyrate autotrophic carbon dioxide assimilation pathway in archaea. Science
318, 1782-1786.

Berg, I.A., Kockelkorn, D., Ramos-Vera, W.H., Say, R.F., Zarzycki, J., Hugler, M., Alber,
B.E., Fuchs, G., 2010. Autotrophic carbon fixation in archaea. Nature Reviews
Microbiology 8, 447-460.

Betson, N.R., Johannisson, C., Lofvenius, M.O., Grip, H., Granstrom, A., Hogberg, P.,
2007. Variation in the 8'3C of foliage of Pinus sylvestris L. in relation to climate and
additions of nitrogen: analysis of a 32-year chronology. Global Change Biology 13,
2317-2328.

Bird, M.I., éantrﬁékové, H., Arneth, A., Grigoriev, S., Gleixner, G., Kalaschnikov, Y.N.,
Lloyd, J., Schulze, E.D., 2002. Soil carbon inventories and carbon-13 on a latitude
transect in Siberia. Tellus Series B-Chemical and Physical Meteorology 54, 631-641.

Bligh, E.G., Dyer, W.J., 1959. A rapid method of total lipid extraction and purification.
Canadian Journal of Biochemistry and Physiology 37, 911-917.

Bockheim, J.G., Tarnocai, C., 1998. Recognition of cryoturbation for classifying perma-
frost-affected soils. Geoderma 81, 281-293.

Bossio, D.A., Scow, K.M., 1998. Impacts of carbon and flooding on soil microbial com-
munities: phospholipid fatty acid profiles and substrate utilization patterns. Microbial
Ecology 35, 265-278.

Bostrom, B., Comstedt, D., Ekblad, A., 2007. Isotope fractionation and '>C enrichment in
soil profiles during the decomposition of soil organic matter. Oecologia 153, 89-98.

Buchfink, B., Xie, C., Huson, D.H., 2015. Fast and sensitive protein alignment using
DIAMOND. Nature Methods 12, 59-60.

Buchmann, N., Kao, W.Y., Ehleringer, J., 1997. Influence of stand structure on carbon-13
of vegetation, soils, and canopy air within deciduous and evergreen forests in Utah,
United States. Oecologia 110, 109-119.

Cerling, T.E., Solomon, D.K., Quade, J., Bowman, J.R., 1991. On the isotopic composition
of carbon in soil carbon-dioxide. Geochimica et Cosmochimica Acta 55, 3403-3405.

Cousins, A.B., Badger, M.R., Von Caemmerer, S., 2006. Carbonic anhydrase and its in-
fluence on carbon isotope discrimination during C-4 photosynthesis. Insights from
antisense RNA in Flaveria bidentis. Plant Physiology 141, 232-242.

Descolasgros, C., Fontugne, M., 1990. Stable carbon isotope fractionation by marine-
phytoplankton during photosynthesis. Plant, Cell and Environment 13, 207-218.

Dijkstra, P., Ishizu, A., Doucett, R., Hart, S.C., Schwartz, E., Menyailo, O.V., Hungate,
B.A., 2006. C-13 and N-15 natural abundance of the soil microbial biomass. Soil
Biology and Biochemistry 38, 3257-3266.

Ehleringer, J.R., Buchmann, N., Flanagan, L.B., 2000. Carbon isotope ratios in below-
ground carbon cycle processes. Ecological Applications 10, 412-422.

Erb, T.J., 2011. Carboxylases in natural and synthetic microbial pathways. Applied and
Environmental Microbiology 77, 8466-8477.

Fahnestock, J.T., Jones, M.H., Welker, J.M., 1999. Wintertime CO2 efflux from arctic
soils: implications for annual carbon budgets. Global Biogeochemical Cycles 13,
775-779.

Farquhar, G.D., 1983. On the nature of carbon isotope discrimination in C-4 species.
Australian Journal of Plant Physiology 10, 205-226.

Feisthauer, S., Wick, L.Y., Kastner, M., Kaschabek, S.R., Schlomann, M., Richnow, H.H.,
2008. Differences of heterotrophic 13CO2 assimilation by Pseudomonas knackmussii
strain B13 and Rhodococcus opacus 1CP and potential impact on biomarker stable
isotope probing. Environmental Microbiology 10, 1641-1651.

Fox, J., Weisberg, S., 2011. An (R) Companion to Applied Regression, second ed. SAGE
Publications, London.

Frostegérd, A., Baath, E., 1996. The use of phospholipid fatty acid analysis to estimate
bacterial and fungal biomass in soil. Biology and Fertility of Soils 22, 59-65.

Frostegard, A., B&&th, E., Tunlid, A., 1993. Shifts in the structure of soil microbial com-
munities in limed forests as revealed by phospholipid fatty acid analysis. Soil Biology
and Biochemistry 25, 723-730.

Ge, T.D., Wu, X.H., Liu, Q., Zhu, Z.K., Yuan, H.Z., Wang, W., Whiteley, A.S., Wu, J.S.,
2016. Effect of simulated tillage on microbial autotrophic CO, fixation in paddy and
upland soils. Scientific Reports 6, 19784.

Gentsch, N., Mikutta, R., Alves, R.J.E., Barta, J., Capek, P., Gittel, A., Hugelius, G., Kuhry,
P., Lashchinskiy, N., Palmtag, J., Richter, A., Santrti¢kova, H., Schnecker, J.,
Shibistova, O., Urich, T., Wild, B., Guggenberger, G., 2015. Storage and transfor-
mation of organic matter fractions in cryoturbated permafrost soils across the
Siberian Arctic. Biogeosciences 12, 4525-4542.

Gittel, A., Barta, J., Kohoutova, 1., Mikutta, R., Owens, S., Gilbert, J., Schnecker, J., Wild,
B., Hannisdal, B., Maerz, J., Lashchinskiy, N., Capek, P., Santrtickova, H., Gentsch, N.,
Shibistova, O., Guggenberger, G., Richter, A., Torsvik, V.L., Schleper, C., Urich, T.,
2014. Distinct microbial communities associated with buried soils in the Siberian
tundra. The ISME Journal 8, 841-853.

Gould, W., Raynolds, M., Walker, D., 2003. Vegetation, plant biomass, and net primary
productivity patterns in the Canadian Arctic. Journal of Geophysical Research:
Atmospheres 108.D2.

Han, G.H., Yoshikoshi, H., Nagai, H., Yamada, T., Ono, K., Mano, M., Miyata, A., 2007.
Isotopic disequilibrium between carbon assimilated and respired in a rice paddy as
influenced by methanogenesis from CO2. Journal of Geophysical Research. http://dx.


http://dx.doi.org/10.1016/j.soilbio.2017.12.021
http://dx.doi.org/10.1016/j.soilbio.2017.12.021
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref1
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref1
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref1
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref2
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref2
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref2
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref3
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref3
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref4
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref4
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref4
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref5
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref5
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref6
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref6
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref6
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref7
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref7
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref7
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref8
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref8
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref8
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref8
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref9
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref9
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref9
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref10
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref10
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref11
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref11
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref12
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref12
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref12
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref13
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref13
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref14
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref14
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref15
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref15
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref15
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref16
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref16
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref17
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref17
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref17
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref18
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref18
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref19
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref19
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref19
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref20
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref20
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref21
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref21
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref22
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref22
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref22
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref23
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref23
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref24
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref24
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref24
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref24
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref25
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref25
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref26
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref26
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref27
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref27
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref27
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref28
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref28
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref28
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref29
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref29
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref29
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref29
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref29
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref30
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref30
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref30
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref30
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref30
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref31
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref31
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref31
http://dx.doi.org/10.1029/2006JG000219

H. Santriickovd et al.

doi.org/10.1029/2006JG000219.

Harris, J.O., 1954. The influence of carbon dioxide on oxygen uptake by resting cells of
bacteria. Journal of Bacteriology 67, 476-479.

Hayes, J.M., 1993. Factors controlling *>C contents of sedimentary organic-compounds -
principles and evidence. Marine Geology 113, 111-125.

Hesselsoe, M., Nielsen, J.L., Roslev, P., Nielsen, P.H., 2005. Isotope labeling and micro-
autoradiography of active heterotrophic bacteria on the basis of assimilation of
14C0O,. Applied and Environmental Microbiology 71, 646-655.

House, C.H., Schopf, J.W., Stetter, K.O., 2003. Carbon isotopic fractionation by Archaeans
and other thermophilic prokaryotes. Organic Geochemistry 34, 345-356.

Huson, D.H., Auch, A.F., Qi, J., Schuster, S.C., 2007. MEGAN analysis of metagenomic
data. Genome Research 2007 (17), 377-386.

Kaiser, C., Koranda, M., Kitzler, B., Fuchslueger, L., Schnecker, J., Schweiger, P., Rasche,
F., Zechmeister-Boltenstern, S., Sessitsch, A., Richter, A., 2010. Belowground carbon
allocation by trees drives seasonal patterns of extracellular enzyme activities by al-
tering microbial community composition in a beech forest soil. New Phytologist 187,
843-858.

Konneke, M., Schubert, D.M., Brown, P.C., Hugler, M., Standfest, S., Schwander, T., von
Borzyskowski, L.S., Erb, T.J., Stahl, D.A., Berg, L.A., 2014. Ammonia-oxidizing ar-
chaea use the most energy-efficient aerobic pathway for CO2 fixation. Proceedings of
the National Academy of Sciences of the United States of America 111, 8239-8244.

Kopylova, E., Noé, L., Touzet, H., 2012. SortMeRNA: fast and accurate filtering of ribo-
somal RNAs in metatranscriptomic data. Bioinformatics 28, 3211-3217.

Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G.W., Prosser, J.I.,
Schuster, S.C., Schleper, C., 2006. Archaea predominate among ammonia-oxidizing
prokaryotes in soils. Nature 442, 806-809.

Lenth, R.V., 2016. Least-squares means: the R package Ismeans. Journal of Statistical
Software 69, 1-33.

Makeev, O.W., Kerzhentsev, A.S., 1974. Cryogenic processes in the soils of northern Asia.
Geoderma 12, 101-109.

McCarroll, D., Loader, N.J., 2004. Stable isotopes in tree rings. Quaternary Science
Reviews 23, 771-801.

Merlin, C., Masters, M., McAteer, S., Coulson, A., 2003. Why is carbonic anhydrase es-
sential to Escherichia coli? Journal of Bacteriology 185, 6415-6424.

Miltner, A., Kopinke, F.D., Kindler, R., Selesi, D.E., Hartmann, A., Kastner, M., 2005a.
Non-phototrophic CO2 fixation by soil microorganisms. Plant and Soil 269, 193-203.

Miltner, A., Richnow, H.H., Kopinke, F.D., Kastner, M., 2004. Assimilation of CO2 by soil
microorganisms and transformation into soil organic matter. Organic Geochemistry
35, 1015-1024.

Miltner, A., Richnow, H.H., Kopinke, F.D., Kastner, M., 2005b. Incorporation of carbon
originating from CO2 into different compounds of soil microbial biomass and soil
organic matter. Isotopes in Environmental and Health Studies 41, 135-140.

Mook, W.G., Bommerson, J.C., Staverman, W.H., 1974. Carbon isotope fractionation
between dissolved bicarbonate and gaseous carbon-dioxide. Earth and Planetary
Science Letters 22, 169-176.

Nadelhoffer, K.F., Fry, B., 1988. Controls on natural nitrogen-15 and carbon-13 abun-
dances in forest soil organic-matter. Soil Science Society of America Journal 52,
1633-1640.

Nafi, B.M., Miles, R.J., Butler, L.O., Carter, N.D., Kelly, C., Jeffery, S., 1990. Expression of
carbonic-anhydrase in Neisseriae and other heterotrophic bacteria. Journal of
Medical Microbiology 32, 1-7.

Nobel, P.S., Palta, J.A., 1989. Soil O, and CO, effects on root respiration of cacti. Plant
and Soil 120, 263-271.

21

Soil Biology and Biochemistry 119 (2018) 11-21

Palmtag, J., Hugelius, G., Lashchinskiy, N., Tamstorf, M.P., Richter, A., Elberling, B.,
Kuhry, P., 2015. Storage, landscape distribution, and burial history of soil organic
matter in contrasting areas of continuous permafrost. Arctic Antarctic and Alpine
Research 47, 71-88.

Penger, J., Conrad, R., Blaser, M., 2012. Stable carbon isotope fractionation by methy-
lotrophic methanogenic archaea. Applied and Environmental Microbiology 78,
7596-7602.

Punta, M., Coggill, P.C., Eberhardt, R.Y., Mistry, J., Tate, J., Boursnell, Ch., Pang, N.,
Forslund, K., Ceric, G., Clements, J., Heger, A., Holm, L., Sonnhammer, E.L.L., Eddy,
S.R., Bateman, A., Finn, R.D., 2012. The Pfam protein families database. Nucleic
Acids Research 40 (Database issue), D290-D301.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., Glockner,
F.O., 2012. The SILVA ribosomal RNA gene database project: improved data pro-
cessing and web-based tools. Nucleic Acids Research 41, 590-596.

Saini, R., Kapoor, R., Kumar, R., Siddigi, T.O., Kumar, A., 2011. CO2 utilizing microbes - a
comprehensive review. Biotechnology Advances 29, 949-960.

Santrii¢kova, H., Bird, M.L, Elhottova, D., Novak, J., Picek, T., Simek, M., Tykva, R.,
2005. Heterotrophic fixation of CO, in soil. Microbial Ecology 49, 218-225.

Santrti¢kova, H., Bird, M.1, Lloyd, J., 2000. Microbial processes and carbon-isotope
fractionation in tropical and temperate grassland soils. Functional Ecology 14,
108-114.

Smith, K.S., Ferry, J.G., 2000. Prokaryotic carbonic anhydrases. FEMS Microbiology
Reviews 24, 335-366.

Sparling, G.P., West, A.W., 1990. A comparison of gas chromatography and differential
respirometer methods to measure soil respiration and to estimate the soil microbial
biomass. Pedobiologia 34, 103-112.

Team, R, 2016. R development core team. R: A Language and Environment Statistical
Computing 55, 275-286.

Torn, M.S., Lapenis, A.G., Timofeev, A., Fischer, M.L., Babikov, B.V., Harden, J.W., 2002.
Organic carbon and carbon isotopes in modern and 100-year-old-soil archives of the
Russian steppe. Global Change Biology 8, 941-953.

Tveit, A.T., Urich, T., Frenzel, P., Svenning, M.M., 2015. Metabolic and trophic interac-
tions modulate methane production by Arctic peat microbiota in response to
warming. Proceedings of the National Academy of Sciences 112, E2507-E2516.

Urich, T., Lanzén, A., Qi, J., Huson, D.H., Schleper, C., Schuster, S.C., 2008. Simultaneous
assessment of soil microbial community structure and function through analysis of
the meta-transcriptome. PLos One 3, e2527.

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring
soil microbial biomass C. Soil Biology and Biochemistry 19, 703-707.

Veldkamp, H., 1970. Chapter V - enrichment cultures of prokaryotic organisms. Methods
in Microbiology 3, 305-361.

Walker, D.A., Raynolds, M.K., Daniéls, F.J.A., Einarsson, E., Elvebakk, A., Gould, W.A.,
Katenin, A.E., Kholod, S.S., Markon, C.J., Melnikov, E.S., 2005. The circumpolar
Arctic vegetation map. Journal of Vegetation Science 16, 267-282.

Wwild, B., Bérta, J., Capek, P., Guggenberger, G., Hofhansl, F., Kaiser, C., Lashinsky, N.,
Mikutta, R., Mooshammer, P., Santrii¢kova, H., Shibistova, O., Urich, T., Zimov, S.A.,
Richter, A., 2014. Nitrogen dynamics in Turbic Cryosols from Siberia and Greenland.
Soil Biology & Biochemistry 67, 85-93.

Wood, H.G., Stjernholm, R.L., 1962. Assimilation of carbon dioxide by heterotrophic
organisms. The Bacteria 3, 41-117.

Yuan, H.Z., Ge, T.D., Chen, C.Y., O'Donnell, A.G., Wu, J.S., 2012. Significant role for
microbial autotrophy in the sequestration of soil carbon. Applied and Environmental
Microbiology 78, 2328-2336.


http://dx.doi.org/10.1029/2006JG000219
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref33
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref33
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref34
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref34
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref35
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref35
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref35
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref36
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref36
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref71
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref71
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref37
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref37
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref37
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref37
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref37
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref38
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref38
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref38
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref38
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref39
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref39
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref40
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref40
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref40
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref41
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref41
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref42
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref42
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref43
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref43
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref44
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref44
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref45
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref45
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref46
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref46
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref46
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref47
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref47
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref47
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref48
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref48
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref48
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref49
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref49
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref49
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref50
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref50
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref50
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref51
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref51
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref52
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref52
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref52
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref52
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref53
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref53
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref53
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref70
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref70
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref70
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref70
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref54
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref54
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref54
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref55
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref55
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref56
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref56
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref57
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref57
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref57
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref58
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref58
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref59
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref59
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref59
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref60
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref60
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref61
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref61
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref61
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref62
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref62
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref62
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref63
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref63
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref63
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref64
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref64
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref65
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref65
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref66
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref66
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref66
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref69
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref69
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref69
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref69
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref67
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref67
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref68
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref68
http://refhub.elsevier.com/S0038-0717(17)30701-0/sref68

	Significance of dark CO2 fixation in arctic soils
	Introduction
	Material and methods
	Soil sampling
	Screening of CO2–C incorporation into OC across sampling sites
	CO2–C incorporation into microbial biomass
	Effect of organic C supplement on CO2 incorporation and carboxylase genes
	Analytical methods
	Statistics and modeling

	Results
	Screening for CO2 fixation in arctic soils
	13C incorporation into microbial biomass at the AM site
	Effect of C addition on dark CO2 fixation

	Discussion
	General relevance of dark CO2 fixation in arctic soils
	Link between dark CO2 fixation and microbial communities
	Importance of dark CO2 fixation for C sequestration
	Effect of dark CO2 fixation on isotopic signal of OC

	Conclusion
	Conflicts of interest
	Acknowledgement
	Supplementary data
	References




