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Summary

Soils are the largest terrestrial organic carbon pool and source of atmospheric CO2. The fate of
organic carbon in soils is chiefly controlled by microbial activities, mainly via mineralization
by heterotrophs releasing CO2. However, before it is released into the atmosphere, a portion of
this COz2 is refixed non-phototrophically by chemolithoautotrophic microbes. This process is
called dark CO:z fixation, and is expected to not only modulate CO2 fluxes, but also contribute
to soil organic carbon (SOC). Thus, CO2 fixation could be linked to the increase of SOC stocks
in soils like those of temperate forests, in addition to increased plant inputs. As SOC from plant
litter decreases with depth, there is a reduced availability of nutrients for heterotrophs. But
since CO2 concentration increases with depth, the relative impact of chemolithoautotrophy
likely increases with depth. This is expected to affect SOC and soil CO2 fluxes and might vary
with changes in biogeochemical and climatic factors. Thus, quantifying the inputs and
chemolithoautotrophic potential for CO: fixation across temperate forest soil depths and the
factors affecting this process, is required to determine its contribution to SOC and soil CO2

fluxes, and its response to shifts in biogeochemical parameters and global climate change.

To evaluate the potential contribution of dark CO2 fixation to SOC, dark CO: fixation rates
were quantified across 1 m soil profiles in temperate forest soils using '*C metabolic labelling
incubations. This method enabled the tracing of '*C-COz2 into microbial biomass carbon (MBC)
and SOC. Dark CO: fixation rates per gram of soil were highest in the top horizons and
decreased with depth, along with a decrease in SOC and MBC content. Contributions to MBC
and SOC were observed across the profile accounting for up to 1% and 0.01%, respectively.
With these findings, dark COxz fixation is likely an important source of carbon to microbial

biomass and is suggested to contribute to the entire soil organic matter pool across depth.

Additionally, the genomic potential for chemolithoautotrophy across depth was determined
using high throughput /6S ¥rRNA gene sequencing of the bacterial community accompanied by
PICRUSt2 predictions and quantitative PCR (qPCR) analysis of functional genes. The
abundance of autotroph genes was mostly similar with depth and did not correlate with CO2
fixation rates. Dark CO: fixation rates were rather correlated with microbial biomass, as
reflected by a uniformity of the rates per gram MBC across depth. Further statistical modelling
comparing COz2 fixation rates over three temperate forests soils revealed a correlation with
MBC. This suggests microbial biomass as the main driver of CO: fixation and thus, could be a

proxy for predicting CO2 fixation rates in temperate forest soils. Further screening to identify
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the COz fixation pathways showed that genes for non-autotrophic anaplerotic CO: fixation
were predicted in bacterial OTUs that constituted ~70% of the community. These OTUs were
mainly affiliated with the dominant bacterial phyla in the soils; Proteobacteria, Acidobacteria,
and Actinobacteria. Bacterial OTUs predicted with autotrophic genes were 4 times less and
made up less than 20% of the bacterial community. Most of these putative autotrophs possessed
RuBisCO genes of the Calvin Benson Bassham (CBB) pathway. The qPCR analysis of these
marker genes confirmed the predicted low potential for autotrophy with up to 5%. The
correlation of CO:z fixation rates with microbial biomass and the high potential for anaplerotic
CO: fixation thus suggests that dark CO: fixation in temperate forest soils is likely a common

cellular mechanism within the soil microbiome, and not specific for chemolithoautotrophs.

When comparing fixation rates across soils dominated by deciduous (beech) and coniferous
(pine) trees, the correlation with microbial biomass was not universal. Pine subsoils featured
lower rates than beech subsoils, despite comparable microbial biomass content. The lower rates
in pine subsoils were linked to lower SOC inputs from shallow-rooted pine trees to the deep
horizons, and this was accompanied by a distinct community composition like Chloroflexi with
alower COz fixation potential. These suggest that a lower SOC input influenced the community
composition, resulting in a lower CO: fixation rate. Thus, in addition to MBC, SOC is a key
driver of CO: fixation. Fixation rates also correlated with pH across all forest soils investigated,

and this was linked to the potential influence of pH on the SOC inputs and the community.

Extrapolating CO: fixation rates per unit area and to in-situ temperature conditions resulted in
a fixation rate as high as 25+ 7.2 g C m2 yr! to 1 m depth, and this recycled 5.6% of CO2 from
soil respiration. Upscaling over the global temperate forest area suggests the fixation of
0.26 £ 0.07 Pg C annually. This amount is equivalent to the reported annual net carbon sink in
temperate forests globally and likely accounts for 2% of global temperate forest soil respiration.
This suggest that dark CO: fixation recycles a substantial amount of temperate forest soil CO2
and maintains the carbon sink of temperate forests. Higher CO2 concentrations increased
fixation rates, with a linear 120% increase between 2% and 10% CO2. Assuming this rate of
increase, we estimated that CO: fixation across all temperate forest soils globally might
increase by 35% under a projected 164% increase in atmospheric CO2 by the year 2100. As
this increase is 1.6-fold less than projected increase in soil respiration (120% increase), dark
CO:2 fixation might recycle only 1.2% of COz from soil respiration. Furthermore, CO2 fixation

showed a temperature sensitivity (Q10) of 2.07, lower than the Q1o of net soil respiration with



2.98. Based on these Q1o values, we estimated that CO: fixation might increase by 33% under
projected 4 °C warming by the end of this century. This increase is 1.16-fold less than that of
soil respiration (55% more), and thus, might recycle ~1.7% of COz from temperate forest soil
respiration globally. These findings suggest that the impact of dark COz fixation on temperate

forest soil CO2 fluxes might diminish under projected global climate change scenarios.

The findings presented in this thesis highlight the contributions of dark CO2 fixation to SOC
by recycling CO:2 produced from soil respiration across temperate forest soil profiles. Dark CO2
fixation is likely a ubiquitous process among temperate forest soil microbiome and not
restricted to chemolithoautotrophs. It is influenced by changes in geochemical parameters like
SOC and pH. As CO:z fixation also responds to higher CO2 concentration and temperature, this
thesis further highlights that dark CO: fixation might be affected by global climate change.
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Zusammenfassung

Boden sind der grofBite terrestrische Pool an organischem Kohlenstoff und eine Quelle fiir
atmosphirisches COz. Der Verbleib von organischem Kohlenstoff in Bdden wird hauptséchlich
durch mikrobielle Aktivitit gesteuert, vor allem mittels der Mineralisierung durch
Heterotrophe, die CO: freisetzen. Bevor es jedoch in die Atmosphire freigesetzt wird, wird ein
Teil dieses CO2 durch chemolithoautotrophe Mikroben auf nicht-photrophe Weise refixiert.
Dieser Prozess wird als dunkle CO2-Fixierung bezeichnet und beeinflusst nicht nur die CO:2-
Fliisse, sondern auch den organischen Kohlenstoff im Boden (SOC). So konnte die COo-
Fixierung - zusitzlich zum erhohten pflanzlichen Eintrag - mit dem Anstieg der SOC-Vorrite
in Boden, wie denen geméfigter Wilder, in Verbindung stehen. Da der SOC aus der
Pflanzenstreu mit zunehmender Tiefe abnimmt, ist die Verfligbarkeit von Néhrstoffen fiir
heterotrophe Organismen geringer. Da die CO2-Konzentration jedoch mit der Tiefe zunimmt,
steigt der relative Einfluss der Chemolithoautotrophie wahrscheinlich ebenfalls mit
zunehmender Tiefe. Es wird erwartet, dass sich dies auf die SOC- und CO2-Fliisse im Boden
auswirkt und mit Verdnderungen der biogeochemischen und klimatischen Faktoren variiert.
Um den Beitrag von dunkler CO:-Fixierung zum SOC- und CO2-Fluss in den Bodden
gemiBigter Wilder sowie dessen Reaktion auf Verdnderungen der biogeochemischen
Parameter und den globalen Klimawandel zu bestimmen, ist es daher erforderlich, den Input
und das chemolithoautotrophe Potenzial fiir die CO2-Fixierung lber verschiedene Bodentiefen

sowie einflussnehmender Faktoren zu quantifizieren.

Um den potenziellen Beitrag der dunklen CO2-Fixierung zum SOC zu bewerten, wurden die
Raten der dunklen COaz-Fixierung in 1 m tiefen Bodenprofilen aus gemiBigten Wéldern
mithilfe von '3C-markierten Inkubationen quantifiziert. Diese Methode ermdglichte die
Riickverfolgung von '3C-CO: in den Kohlenstoff der mikrobiellen Biomasse (MBC) und den
SOC. Die dunklen CO2-Fixierungsraten pro Gramm Boden waren in den obersten Horizonten
am hochsten und nahmen mit der Tiefe ab, zusammen mit einer Abnahme des SOC- und MBC-
Gehalts. Die Beitrdge zu MBC und SOC wurden iiber das gesamte Profil hinweg beobachtet
und betrugen bis zu 1 % bzw. 0,01 %. Aufgrund dieser Ergebnisse ist die CO2-Fixierung im
Dunkeln wahrscheinlich eine wichtige Kohlenstoffquelle fiir die mikrobielle Biomasse und

tragt somit zum gesamten Pool der organischen Bodensubstanz in der Tiefe bei.

Dariiber hinaus wurde das genomische Potenzial fiir Chemolithoautotrophie in der Tiefe durch
Hochdurchsatz-Sequenzierung von bakteriellen 76S rRNA-Genen in Verbindung mit

PICRUSt2-Vorhersagen und quantitativer PCR (qQPCR)-Analyse funktioneller Gene bestimmt.



Die Haufigkeit der autotrophen Gene war in der Tiefe meist dhnlich und korrelierte nicht mit
den COq-Fixierungsraten. Die CO:-Fixierungsraten im Dunkeln waren eher mit der
mikrobiellen Biomasse korreliert, was sich in einer GleichmiBigkeit der Raten pro Gramm
MBC in der Tiefe widerspiegelte. Eine weitere statistische Modellierung, bei der die CO2-
Fixierungsraten in drei Boden geméBigter Wilder verglichen wurden, ergab eine Korrelation
mit der MBC. Dies deutet darauf hin, dass die mikrobielle Biomasse die Haupttriebkraft der
COz-Fixierung ist und somit ein Proxy fiir die Vorhersage der CO2-Fixierungsraten in Boden
gemiBigter Wilder sein konnte. Ein weiteres Screening zur Identifizierung der COo-
Fixierungswege zeigte, dass Gene fiir die nicht-autotrophe anaplerotische CO2-Fixierung in
~70 % der bakteriellen Gemeinschaft vorhergesagt wurden. Diese OTUs gehdrten
hauptsdchlich zu den vorherrschenden bakteriellen Phyla in den Boden: Proteobakterien,
Acidobakterien und Actinobakterien. Die Anzahl der bakteriellen OTUs, fiir die autotrophe
Gene vorhergesagt wurden, war viermal geringer und machte weniger als 20 % der bakteriellen
Gemeinschaft aus. Die meisten dieser mutmaBlichen Autotrophen besalen RuBisCO-Gene des
Calvin-Benson-Bassham-Zyklus (CBB). Die qPCR-Analyse dieser Markergene bestétigte das
vorhergesagte geringe Potenzial fiir Autotrophie mit bis zu 5 %. Die Korrelation der CO2-
Fixierungsraten mit der mikrobiellen Biomasse und das hohe Potenzial fiir die anaplerotische
COz-Fixierung lassen darauf schlieen, dass die dunkle CO2-Fixierung in Boden gemiBigter
Wilder wahrscheinlich ein allgemeiner zelluldirer Mechanismus innerhalb des

Bodenmikrobioms und nicht spezifisch fiir Chemolithoautotrophe ist.

Beim Vergleich der Fixierungsraten in Bodden, welche von Laubbdumen (Buche) oder
Nadelbaumen (Kiefer) dominiert wurden, war die Korrelation mit der mikrobiellen Biomasse
nicht universell. Kiefernunterbdéden wiesen trotz vergleichbarem Gehalt an mikrobieller
Biomasse niedrigere Raten auf als Buchenunterbdden. Die niedrigeren Raten in
Kiefernunterbdden waren mit einem geringeren SOC-Eintrag von den flach wurzelnden
Kiefern in die tiefen Bodenhorizonte verbunden, was mit einer bestimmten Zusammensetzung
der Gemeinschaft wie z.B. aus Chloroflexi und mit einem geringeren COz-Fixierungspotenzial
einherging. Dies deutet darauf hin, dass ein geringerer SOC-Eintrag die Zusammensetzung der
Gemeinschaft beeinflusste, was auch zu einer geringeren COz-Fixierungsrate fithrte. Somit ist
der SOC neben dem MBC ein wichtiger Faktor fiir die CO2-Fixierung. Die Fixierungsraten
korrelierten in allen untersuchten Waldbdden auch mit dem pH-Wert, was mit dem potenziellen
Einfluss des pH-Werts auf den SOC-Eintrag und die mikrobielle Gemeinschaft in Verbindung
steht.
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Die Extrapolation der COgz-Fixierungsraten pro Flacheneinheit auf In-situ-
Temperaturbedingungen ergab eine Fixierungsrate von 25+ 7,2 ¢ C m? yr'! in 1 m Tiefe, was
einem Recycling von 5,6 % des CO: aus der Bodenatmung entsprach. Ein Upscaling iiber das
globale Gebiet der gemidBigten Wilder ergab eine Fixierung von 0,26 + 0,07 Pg C jéhrlich.
Diese Menge entspricht der bekannten jahrlichen Nettokohlenstoffsenke in den Wéldern der
gemafBigten Zonen weltweit und macht wahrscheinlich 2 % der globalen Bodenatmung in den
Wildern der gemiBigten Zone aus. Dies deutet darauf hin, dass durch die CO»-Fixierung im
Dunkeln ein erheblicher Teil des CO2 im Boden der Wilder der geméBigten Breiten recycelt
wird und die Kohlenstoffsenke der Wélder geméBigter Breiten erhalten bleibt. Hohere CO2-
Konzentrationen steigerten die Fixierungsraten mit einem linearen Anstieg von 120 %
zwischen 2 % und 10 % CO2. Ausgehend von dieser Steigerungsrate schitzten wir, dass die
CO»-Fixierung in allen Boden gemiBigter Wilder bei einem prognostizierten Anstieg des
atmosphdrischen CO2 um 164 % bis zum Jahr 2100 weltweit um 35 % zunehmen konnte. Da
dieser Anstieg um das 1,6-fache geringer ist als der prognostizierte Anstieg der Bodenatmung
(120 %), konnte die CO2-Fixierung im Dunkeln nur 1,2 % des CO2 aus der Bodenatmung
zuriickgewinnen. Dariiber hinaus zeigte die CO2-Fixierung eine Temperaturempfindlichkeit
(Q10) von 2,07, die niedriger ist als die Qio der Netto-Bodenatmung von 2,98. Auf der
Grundlage dieser Qio-Werte schitzten wir, dass die CO2-Fixierung bei einer prognostizierten
Erwérmung von 4 °C bis zum Ende dieses Jahrhunderts um 33 % zunehmen konnte. Dieser
Anstieg istum das 1,16-fache geringer als der der Bodenatmung (55 % mehr) und kdnnte somit
weltweit ~1,7 % des CO2 aus der Bodenatmung gemaBigter Walder recyceln. Diese Ergebnisse
deuten darauf hin, dass der Einfluss der dunklen COa-Fixierung auf die CO2-Fliisse der Boden
gemdligter Walder unter den prognostizierten Szenarien des globalen Klimawandels

abnehmen konnte.

Die in dieser Arbeit vorgestellten Ergebnisse unterstreichen den Beitrag der dunklen CO2-
Fixierung zum SOC durch die Wiederverwertung von CO:2 aus der Bodenatmung in
Bodenprofilen gemaBigter Wilder. Die dunkle CO:2-Fixierung ist wahrscheinlich ein
allgegenwirtiger Prozess im Bodenmikrobiom geméBigter Waélder und nicht auf
chemolithoautotrophe Organismen beschrinkt. Sie wird durch Verdanderungen geochemischer
Parameter wie dem SOC und dem pH-Wert beeinflusst. Da die CO2-Fixierung auch auf eine
hohere CO2-Konzentration und Temperatur reagiert, zeigt diese Arbeit auerdem, dass die

dunkle CO2-Fixierung durch den globalen Klimawandel beeinflusst werden konnte.









1 Introduction

1.1 The cycling of carbon in soils

Soils can be thought of as a dynamic, heterogenous, and biologically active porous matter on
the Earth’s surface (Schoonover and Crim, 2015; Totsche et al., 2017), serving as a medium
for plant growth, ground water recharge, nutrient cycling, and habitat for microorganisms
(Thies and Grosssman, 2006; Schwilch et al., 2015; Wood, 1995). As part of the vital role of
soil in sustaining life on Earth (Schoonover and Crim, 2015), soils function as the principal

terrestrial repository of carbon (Jobbagy and Jackson, 2000; Lal, 2005).

The world’s soils store ~2300 Pg C (total carbon pool) in the top 1 m depth (Batjes, 1996),
exceeding atmospheric levels and all living plants on Earth combined (Jobbagy and Jackson,
2000; Lal, 2008). Most of this carbon is stored as soil organic matter (SOM) (1500 Pg C) (Lal,
2008; Scharlemann et al., 2014). SOM is composed of heterogeneous mixtures of primarily
decaying plant matter at varying stages of decomposition, which is a blend of different simple
to complex polymers like cellulose, lignin, proteins, and lipids, derived from above-ground
litter and below-ground root exudates and symbiotic fungi (Gleixner et al., 2002; Kogel-
Knabner, 2001; Trumbore and Czimczik, 2008). These complex polymers are subjected to
oxidative, enzymatic, and hydrolytic degradation by microorganisms (mainly bacteria and
fungi) across the profile (Gleixner et al., 2002; Lorenz and Lal, 2005). The by-products of this
degradation can be assimilated by microorganisms to form new microbial biomass (Gleixner
et al., 2002), decomposed to release carbon dioxide (COy) into the atmosphere (Trumbore and
Czimcezik, 2008), or stabilized into complex macromolecules like pyrogenic and humic
substances (Lorenz and Lal, 2005; Six et al., 2002). It is, however, mostly the relatively simple
molecules interacting with each other and with mineral surfaces that accumulate to form the

large reserve of soil organic carbon (SOC) present in soils (Trumbore and Czimczik, 2008).

Through their biomass and residues (necromass), microbes are also a significant source of
carbon in soils (Gleixner, 2013; Kallenbach et al., 2016; Kogel-Knabner, 2001). Microbial
inputs as a significant source of stabilized SOM have been both conceptualized and described
in soils (Késtner et al., 2021; Liang et al., 2019; Ma et al., 2018; Miltner et al., 2012) and are
proposed to play an even greater role than plants in soil carbon sequestration (Késtner et al.,
2021). SOC storage is considered highly influenced by microbial activities that even the most
persistent SOC is made up of carbon that has initially passed through microbial biomass (Liang

et al., 2019). Microbes are also metabolically flexible, with the ability to utilize other carbon



sources than plant-derived SOM (Gleixner, 2013). The uptake of different forms of carbon,
particularly those present in soils in large amounts, like CO», has been observed in soils
(Miltner et al., 2005; Nowak et al., 2015). Thus, CO; fixation by microorganisms likely also

contributes to the large organic carbon stocks in the soil.

Due to the large and dynamic carbon pool in soils, the world's soils function as an important
source and sink of atmospheric carbon (Gleixner et al., 2002). As a source of atmospheric CO»,
global soil respiration releases an estimated 60 Pg C into the atmosphere annually (Lal, 2008).
A roughly equal amount of atmospheric carbon via plants is re-introduced into the soil (Lal,
2008), resulting in a neutral balance. Any shift in this carbon balance would determine whether
soils act essentially as net sources or sinks of carbon. For instance, processes that influence the
release of large amounts of CO; from soils, e.g., deforestation, may increase atmospheric CO>
levels (Lal, 2004; 2008; Rastogi et al., 2002). Conversely, land-use changes like afforestation
increase SOC stocks via increased photosynthetic CO» fixation by tree biomass (Griineberg et
al., 2014; Lal, 2004). Thus, carbon cycling in soil has significant effects on global climate
change (Allison and Treseder, 2011). Considering that microbes are chiefly involved in the
cycling and input of carbon in soil (Dell’ Abate and Biro, 2015), the presence and activities of
microbes, including the fixation of carbon from CO; in soils, might be affecting the large pools

and fluxes of carbon in soils with consequences on global climate change.

1.2 Dark CO: fixation in soils: An overview

Responsible for the net fixation of 70 Pg C annually (Berg, 2011), CO; fixation is regarded as
the most important biosynthetic process on Earth (Berg, 2011; Hiigler et al., 2003). Various
organisms, commonly plants and microbes in different ecosystems, can fix CO> using energy
generated from sunlight (photo-autotrophy) or reduced inorganic compounds

(chemolithoautotrophy), serving as the only path to generate new organic carbon in nature.

In soils, respiration (that is, the production of CO, from microbial decomposition of SOM using
oxygen as an electron acceptor (Anderson, 1982)) leads to the release of CO>. However, before
emission into the atmosphere, small fractions of the CO; in the soil pore spaces can be fixed
by chemolithoautotrophs and some heterotrophs to build their biomass (Miltner et al., 2005;
Yuan et al., 2012), and this eventually becomes a part of SOM. Since soils are predominantly
dark habitats, where light penetration is restricted, this process uses inorganic compounds, €.g.,
reduced nitrogen/sulphur compounds, as energy sources (Shively et al., 1998; Wu et al., 2014).

This non-phototrophic assimilation of CO; is known as “dark CO; fixation” (Figure 1).



Dark CO, fixation

lFixed carbon

Figure 1| Scheme showing dark CO; fixation in soils. CO; is produced in mineral soils through the
microbial decomposition of SOM (solid black arrows) derived from plant inputs (dashed black arrows).
Dark CO, fixation by soil microbes may recycle some of the pore space CO, before it escapes into the
atmosphere to form microbial biomass, which eventually forms a part of SOM (white arrows). As soils

are mostly dark habitats, inorganic compounds are used as energy sources to power the fixation process.

Among the few findings documenting dark CO> fixation in soils, Miltner et al. (2005) reported
a bulk dark CO; fixation rate of 0.19 pug C g (dw) soil! d! in agricultural surface and subsoils
(0 — 30 cm). The rate also correlated linearly with soil respiration and was enhanced by the
addition of readily available organic carbon substrates. In a further study of dark CO; fixation
in soils, Beulig et al. (2014) and Nowak et al. (2015) quantified a fixation rate of 0.14 - 0.51
ug C g (dw) soil! d! in the subsoils (20 - 40 cm depth) of a mofette influenced by high
subcrustal CO> degassing (Beulig et al., 2016), similar to rates reported by Miltner et al. (2005).

In addition to rate measurements, the genomic potential for dark CO; fixation, as reflected by
the abundance of autotrophic CO» fixation genes, has long been reported in agricultural and
forest soils (Selesi et al., 2005; Tolli and King, 2005) as well as in rice paddy soils (Wu et al.,
2014), pointing towards a prevalence of chemoautotrophic CO» fixation in various soils.
Furthermore, Liu et al. (2018) and Niederberger et al. (2015) demonstrated the potential for

dark chemolithoautotrophic fixation of CO> in soils of semi-arid desert and Antarctic dry



valleys, indicating the occurrence and importance of this process for carbon accumulation in
oligotrophic or extreme environments. Dark CO» fixation has also been suggested to be
common among heterotrophs in soils (Santruckova et al., 2005). Recent studies showed high
abundances of phosphoenolpyruvate carboxylase genes in arctic tundra soil profiles, indicative
of non-autotrophic CO> fixation in these soils (Santrii¢kova et al., 2018). Genomic potential
for CO», fixation by both chemolithoautotrophs and heterotrophs has been reported in other soil
types, e.g., soils of tropical forests (Nowak et al., unpublished result), and the arctics

(Santrtickova et al., 2018), suggesting this process to be common in different soils.

1.3 Role of dark CO: fixation in soil carbon cycling

Dark CO: fixation is suggested to modulate carbon emitted as CO; from soils and contribute to
SOC content. According to Miltner et al. (2005), reported rates of dark CO- fixation accounted
for 3 — 5% of CO: from soil respiration in agricultural soils. Similarly, Spohn et al. (2019)
reported that dark CO» fixation recycled almost 4% of soil respiration across temperate forest
soil horizons. Furthermore, Miltner et al. (2005) also showed that carbon derived via dark CO,
fixation made up to ~0.05% of the total organic carbon present in agricultural soil after 80 days.
As much as 27% of SOM at the top 10cm of a mofette soil was also suggested to be derived
from dark CO» fixation (Nowak et al., 2015). Besides contributions to SOC content and
modulation of CO; fluxes from soils, dark CO; fixation can also affect isotope signatures (5'*C
and A'¥C) of SOM. It is common for soils to exhibit enrichment of 8'3C signatures (Billings
and Richter, 2006; Diochon and Kellman, 2008; Brunn et al., 2014) and depletion of A4C
signals of SOM with depth (Trumbore, 2009). The observed depth trends of A!*C signal are
due to the natural radioactive decay of '*C to '“N (Nowak et al., 2015; Trumbore, 2009). Several
mechanisms (e.g., depletion of §'3C signals of atmospheric CO> or Suess effect, preferential
decomposition of organic compounds, microbial fractionation during litter decomposition, or
mixing of new and old SOC) have been proposed to explain the §'3C enrichment across depth
(Ehleringer et al., 2000). Biogeochemical reactions generally discriminate against 1*C (Cerling
et al., 1991; Santriickova et al., 2018). Thus, carboxylation reactions involving microbial CO,
incorporation in soils were explained as one of the most likely mechanisms responsible for the
increase in 8'3C signatures with soil depth (Ehleringer et al., 2000). In agreement, positive
discriminatory activities of the CO»-fixing carboxylases were suggested to partly cause the
positive shifts in §'C isotope signatures of SOC (Santrtickova et al., 2018, 2000). Furthermore,
in addition to the natural *C decay, more negative shifts in A'*C values of mofette SOM due

to dark fixation of the '*C depleted geogenic CO; have been documented (Nowak et al., 2015).



1.4 Pathways for dark CO; fixation in soils
1.4.1 Autotrophic CO; fixation

Generally, during CO> fixation, CO; with the oxidation state of +4 is assimilated into cellular
carbon, having an average oxidation state of 0 (reduced cellular carbon, e.g., carbohydrates)
(Berg, 2011). This reaction requires four electrons supplied by either NADPH or reduced
ferredoxin (Bar-Even et al., 2012a; Fuchs, 2011). Reduced ferredoxin (E¢’ ~400 mV) has a
lower or more negative redox potential compared to NADPH (Eo' ~320 mV), that is, the half-
reaction of reduced ferredoxin has a higher potential to donate electrons to reduce CO: (i.e.,
more energetic) than that of NADPH (Bar-Even et al., 2012a; Berg, 2011). Unlike NAPDH,
the reducing carboxylases of ferredoxin are highly oxygen-sensitive as they contain iron-
sulphur clusters and free radical intermediates that are easily oxidized (Bar-Even et al., 2012b;
Erb, 2011). Hence, while reduced ferredoxin is used as reductants by anaerobes and limited to
anoxic environments, aerobes often depend on NADPH as an electron donor and is commonly
used in oxic environments (Bar-Even et al., 2012b). An input of energy is required for both
reductants to drive the CO> reduction process, provided by ATP hydrolysis (Berg, 2011).
Pathways that operate under anoxic conditions require less ATP than pathways employed under
oxic conditions. A carboxylating enzyme is often required to link either CO; or HCOs
(bicarbonate), depending on the pH of the medium, with an organic acceptor molecule, and this
enzyme must be regenerated in the subsequent steps of the pathway (Berg, 2011). The resulting
drained-off products thus serve as the central metabolites from which macromolecules like

nucleic acids, lipids, carbohydrates, and proteins are derived (Berg, 2011).

Chemolithoautotrophic bacteria are mostly known to fix CO» using six different metabolic
pathways (Berg, 2011; Hiigler and Sievert, 2011; Saini et al., 2011). The most predominant
pathway is the Calvin-Benson-Bassham cycle (CBB) (Bassham et al., 1954). The other
pathways include; the reductive citric acid (rTCA) cycle (Arnon—-Buchanan cycle), the
reductive  acetyl-CoA  pathway (Wood-Ljungdahl pathway (WLP)), the 3-
hydroxypropionate/malyl-CoA cycle, the 3-hydroxypropionate/4-hydroxybutyrate cycle, and
the dicarboxylate/4-hydroxybutyrate cycle (Berg et al., 2007; Buchanan and Arnon, 1990;
Huber et al., 2008; Ljungdahl, 1986; Zarzycki et al., 2009). Due to the demand for reduced
inorganic compounds, temperature, and O preferences (Hiigler and Sievert, 2011), some of
these known pathways as well as other less known reported pathways are uncommon in soils.
Only the first three mentioned autotrophic pathways, CBB, rTCA, and WLP, are mostly

reported in soils and are thus discussed further (Figure 2).
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Figure 2| Simple scheme showing the prevalent autotrophic CQ; fixation pathways in soils. Pink
and yellow texts indicate the key enzymes (with encoding genes) and ATP requirements, respectively.

References for the pathways, energy requirements and key enzymes/genes are found in the main text.

The Calvin Benson Bassham pathway (CBB). This is quantitatively the most significant CO-
fixation pathway in nature (Berg, 2011; Fuchs, 2011). It depends on the activity of ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO). The CBB pathway has a high energy
demand, requiring seven ATP equivalents and five NADPHs (2.3 mol ATP/ mol CO3) to
synthesize one molecule of glyceraldehyde-3-phosphate from three molecules of CO; (Bar-
Even et al., 2012b; Erb, 2011a). This pathway begins with the electrophilic binding of CO> to
ribulose-1,5-bisphosphate (RuBP), a C5 sugar in its enediolate form, catalysed by the enzyme
RuBisCO. The formed product, an unstable C6 intermediate, is spontaneously split into two
molecules of 3-phosphoglycerate (3-PGA) that get reduced by further gluconeogenic reactions
driven by ATP hydrolysis. The final steps involve the phosphorylation of ribulose-5-phosphate
by phosphoribulokinase (PRK) to regenerate RuBP (Berg, 2011) (Figure 2A).

The key enzyme, RuBisCO, is not efficient in discriminating between CO; and O and
consequently has a low catalytic affinity for CO; (Lorimer and Andrews, 1973). Due to
adaptation to different environmental conditions (e.g., CO2, Oz concentrations), various forms
of this enzyme, namely forms I, I, III, and IV, with different catalytic properties and oxygen
sensitivity has evolved (Badger and Bek, 2008; Selesi et al., 2005; Tabita et al., 2008). Of these
various forms, only forms I and II are known to participate in autotrophy (Berg, 2011). Form I
RuBisCO is suggested to occur in all chemolithoautotrophs of the bacteria domain (Tolli and
King, 2005) but is predominantly found in photosynthetic and aerobic chemolithoautotrophic

organisms (Selesi et al., 2005). Form II RuBisCO is common among phototrophs (e.g.,



members of the non-sulphur purple bacteria) and some chemolithotrophs that grow under
microoxic to anaerobic conditions (Watson and Tabita, 1997) like the facultatively anaerobic
Thiobacillus spp. (Alfreider et al., 2003) and is encoded by the chbbM gene (Herrmann et al.,
2015). Form I being more oxygen tolerant (Tabita et al., 2008), consists of four clades, IA to
ID, encoded by the chbL gene (Selesi et al., 2005; Wu et al., 2014). While obligate
chemolithoautotrophs use the form IA RuBisCO, facultative chemolithoautotrophs
predominately possess the form IC variant (Tolli and King, 2005; Wu et al., 2014). Mainly
cyanobacteria and algae have the Clades IB and ID of form I (Tabita et al., 2008) and are less
common in mineral soils where light as an energy source is a limiting factor. Form I is the most
dominant RuBisCO variant in soils (Tcherkez et al., 2006; Wu et al., 2014; Yuan et al., 2012).
Thus, form IA and IC, in addition to form II RuBisCO, have been the most commonly described
CO; fixing mechanisms in soils like agricultural soils (Miltner et al., 2005; Yuan et al., 2012,
2013), wetland mofettes (Nowak et al., 2015) as well as in soils of the Arctics and Antarctica
(Niederberger et al., 2015; Santrickova et al., 2018).

The reductive Tricarboxylic Acid pathway (rTCA). This pathway is a reversal of the
oxidative TCA or Krebs cycle (Buchanan and Arnon, 1990). The rTCA pathway uses a similar
set of enzymes as the TCA cycle, except that the enzymes: succinate dehydrogenase is replaced
by fumarate reductase, NAD"-dependent 2-oxoglutarate dehydrogenase by ferredoxin-
dependent 2-oxoglutarate synthase, and citrate synthase by ATP-citrate lyase. (Alfreider et al.,
2017; Fuchs, 2011; Hiigler et al., 2005). The ATP-citrate lyase, encoded by the acl4 gene, is
regarded as a characteristic key enzyme of the pathway (Alfreider et al., 2017). It involves the
cleavage of citrate by ATP citrate lyase and forms acetyl-CoA from two molecules of CO»
(Fuchs, 2011) (Figure 2B). For bacterial assimilation, the formed acetyl-CoA is carboxylated
to pyruvate by ferredoxin-dependent pyruvate synthase, which is further converted to central
intermediates of carbon metabolism like phosphoenolpyruvate (PEP), oxaloacetate, and 2-
oxoglutarate, before citrate is regenerated (Berg, 2011). This pathway uses both ferredoxin and
NADPH as reductants. It is more energy-efficient than the CBB pathway (Berg, 2011;
Campbell and Craig Cary, 2004; Hiigler et al., 2005), requiring ~0.6 mol ATPs per mol of CO»
for conversion to pyruvate and is thus, one of the most energy-efficient CO> fixation pathway
(Bar-Even et al., 2012b; Erb, 2011a). It is mainly used by microbes dwelling under anoxic and
microoxic conditions, such as green sulphur bacteria (Chlorobium limicola) (Fuchs, 2011;
Saini et al., 2011), some members of the Proteobacteria and Nitrospirae (Nitrospira,

Leptospirillum) phyla and among thermophiles (Berg, 2011). This cycle is also known to



exhibit some level of O» tolerance (Berg, 2011; Erb, 2011a; Hiigler and Sievert, 2011) and was
reported to be prevalent in oligotrophic soils with low SOC content (Liu et al., 2018).

The Wood-Ljungdahl pathway (WLP). This is also known as the reductive acetyl-CoA
pathway (Ljungdahl, 1986). It is the only autotrophic pathway that can simultaneously fix CO»
and generate ATP via substrate-level phosphorylation by converting acetyl-CoA to acetate
(Fuchs, 2011). Hence, it is highly energy-efficient (~0.3 mol ATP/ mol CO>) (Bar-Even et al.,
2012b). With the aid of a coenzyme and an enzyme metal centre serving as CO> acceptors, two
molecules of CO; forms acetyl CoA in a non-cyclic manner via two branches (methyl and
carbonyl branches) (Figure 2C). One of the molecules of CO: is reduced to a methyl group and
bound to a coenzyme, and the other CO; molecule is reduced to carbon monoxide (CO) and
bound to nickel (Ni), using CO dehydrogenase/acetyl-CoA synthase (CODH/ACS) as the key
enzyme (Berg et al., 2010; Hiigler and Sievert, 2011; Ljungdahl, 1986). The reaction between
the methyl group and CO forms an enzyme-bound Ni-acetyl group, leading to acetyl-CoA
formation. The resultant assimilation of acetyl CoA via pyruvate is also as described for the
rTCA cycle. The key enzymes of this pathway are very oxygen sensitive and are generally
found among strict anaerobes (Saini et al., 2011). It is common among methanogens and
acetogens, which synthesize methane and acetic acid respectively from CO., as well as sulphate
reducing bacteria, some denitrifiers (Berg, 2011; Ragsdale and Pierce, 2008; Thauer et al.,
2008), and some Choloflexi members (Hug et al., 2013; Probst et al., 2017). This pathway is
prevalent in soil environments with fluctuating O tensions like wetlands (Beulig et al., 2016,
2014). Thus, organisms possessing this pathway in such an environment can cope with
oxidative stress by adopting strategies like synthesising oxidative response enzymes (catalase,

peroxidase) or switching to favourable electron acceptors (Berg, 2011).

1.4.2 Non-autotrophic CO; fixation

Anaplerotic CO; fixation. Besides its role in cellular respiration, the tricarboxylic acid (TCA)
cycle serves as a producer of cellular intermediates for monomers to build cellular
macromolecules. Many of these intermediates are thus drained from the TCA cycle and used
as precursors for amino acid biosynthesis and as nucleic acid building blocks (Berg et al.,
2002). These intermediates must be replenished to maintain normal TCA cycle functions
(Krebs, 1941). This is accomplished by anaplerotic reactions during which pyruvate or
phosphoenolpyruvate (PEP) is carboxylated to oxaloacetate; hence CO2 (as HCO3") is fixed
(Erb, 2011). These series of carboxylation reactions are catalyzed by biotin-dependent pyruvate

carboxylase (PC) and phosphoenolpyruvate carboxylase (PEPC), respectively (Bar-Even et al.,



2010; Erb, 2011; Owen et al., 2002). Genes encoding both PC and PEPC occur together in
many bacteria (Erb, 2011a; Sauer and Eikmanns, 2005), particularly those with a complete
TCA cycle (Eichorst et al., 2018; Martins et al., 2019). Thus, many autotrophs and heterotrophs
potentially fix CO; via anaplerotic reactions. Anaplerotic CO; fixation is not considered to lead
to any net carbon accumulation (Alonso-Saez et al., 2010; Merlin et al., 2003). However, this
pathway has been described in many soils ranging from agricultural, afro-temperate forest, and
arctic tundra soils (Miltner et al., 2005, 2004; Nel and Cramer, 2019; Santra¢kova et al., 2018;

2005), and is likely a widespread cellular mechanism within the soil microbiome (Figure 3).
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Figure 3| Metabolic routes for non-autotrophic CO; fixation via anaplerotic reactions during
growth on soil organic matter (SOM). Carboxylation reaction by PEPC and PC enzymes (pinks texts)
allows the fixation of CO, to form oxaloacetate, a precursor molecule required for the downstream

synthesis of amino acids, like Aspartate (Asp), Lysin (Lys), Threonine (Thr), etc.

1.5 Factors influencing dark CO; fixation in soils

1.5.1 Soil organic carbon (SOC) input

SOC serves as the most important carbon source (Llad6 et al., 2017) and regulator of soil
microbes (Dalal, 1998; Su et al., 2020). Differences in SOC content and quality across depths
are also reported to cause shifts in microbial community composition and abundance (Hackl et
al., 2005; Lladé et al., 2017; Nacke et al., 2011; Urbanova et al., 2015), with resultant effects
on their function (Dukunde et al., 2019; Kaiser et al., 2016) and likewise, rates of key processes,
e.g., respiration (Walker et al., 2018). Past studies have indicated that soils with low organic
carbon content likely feature higher chemolithoautotrophic activity and hence have higher CO»

fixation rates. In a study by Xiao et al. (2018), the lower SOC content in depositional soils with
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low SOC content featured about 5 times higher CO; fixation rates when compared to eroded
sites with higher SOC due to the higher abundance of obligate autotrophs. CO» fixation has
been suggested to be the primary carbon source in oligotrophic environments like soils from
Antarctic Dry Valley soils (Niederberger et al., 2015) and semiarid desserts (Liu et al., 2018).
This suggests that spatial variations of SOC inputs known to occur across soil profiles (Jobbagy
and Jackson, 2000) and between soils due to differences in vegetation inputs (Liu et al., 2018;

Vesterdal et al., 2013, 2008) might exert differential effects on CO- fixation activity in soils.

1.5.2 Soil CO; concentration

Another critical and known driver of dark CO> fixation in soils is the concentration of COx.
COz concentration in well-drained soils is several times higher than atmospheric levels, with
concentrations usually ranging between 1 and 5% (Andrews and Schlesinger, 2001; Richter
and Markewitz, 1995). Many microbes require CO> as part of their central metabolic process
(e.g., replenishing TCA cycle intermediates) for their growth and function (Erb, 2011; Kreb,
1941). Some autotrophs employing the WLP pathway cannot be cultivated without the addition
of a significant amount of inorganic carbon (Drake et al., 2006). Up to 2-folds increase in
bacterial biomass were reported in agricultural soils exposed to elevated CO> (5 vol%)
compared to soils incubated under ambient CO> concentration (0.05 vol%) (Santruckova et al.,
2005). Under higher CO; concentrations, the energetics for autotrophic CO; fixation are
favoured (Bar-Even et al., 2012b), and this is because biochemical reactions are substrate-
dependent, with reaction rates being higher at higher substrate concentrations (Michaelis and
Menten, 1913). Dark CO» fixation rates in the soil up to 30cm deep has also been reported to
relate positively with CO2 produced by soil respiration (Miltner et al., 2005; Spohn et al., 2019;
Santri¢kova et al., 2018). As a result, an increase in CO2 production within the soil pore spaces
and its impact on dark CO> fixation rates will affect the amount of CO> emitted from soils. In
comparison to surface soils, organic carbon and nutrient input are limiting in subsoils (Jobbagy
and Jackson, 2000; Jones et al., 2018), but CO» concentrations are higher (Davidson et al.,
20006). Since high abundances of chemolithoautotrophs were reported from carbon-limited
soils (Li et al., 2018), an increase in COz even in deep subsoils might also positively impact

chemolithoautotrophic activity and the rates of dark CO- fixation.

1.5.3 Temperature
Temperature is one of the most important environmental factors jointly influencing soil
biogeochemical processes, including the growth and activities of soil microbial communities (

Biederbeck and Campbell, 1973; Brockett et al., 2012; Pietikdinen et al., 2005; Peltoniemi et



al., 2015). Higher temperature increases the kinetic energy of biomolecules and speeds up
enzymatic reactions (Arrhenius, 1898; Davidson and Janssens, 2006). This leads to an increase
in cellular metabolism and ATP synthesis (Boscolo-Galazzo et al., 2018), which may translate
into increased rates of cellular processes, including CO- fixation rates. Studies showing the
influence of temperature on dark CO; fixation in soils are scarce. A recent study reported a
nearly 10-fold increase in dark CO; fixation rates with rising temperatures from 4 to 25 °C (Nel
and Cramer, 2019). Since respiration rates increase with temperature (Hicks Pries et al., 2017;
Melillo et al., 2002) and CO> fixation rates scale with soil respiration (Miltner et al., 2005;
Spohn et al., 2019), dark CO> fixation may respond to temperature in a similar magnitude as
soil respiration. Hence, dark CO; fixation rates might increase under future global warming

scenarios and thus modulate the amount of CO; emitted from soils.

1.5.4 Soil pH

Soil pH has been reported as the best predictor of microbial communities and their functions
in soils (Cheng et al., 2020; Dukunde et al., 2019; Kaiser et al., 2016; Lauber et al., 2009; Ren
et al., 2018). Changes in soil pH may also affect the abundance of the CO> fixing communities
themselves. High amounts of facultative autotrophs were reported to dominate soils with
circumneutral pH over soils with low pH (Long et al., 2015; Yuan et al., 2012). A significant
increase in CO> fixation with increasing pH was reported due to a positive correlation between

pH and the abundance of specific bacteria groups like Proteobacteria (Long et al., 2015).

1.6 Dark CO: fixation in temperate forest soils: The knowns and unknowns

In response to projected threats from global climate change, there is growing interest in the
capacity of forests to fix anthropogenically derived CO, and this is mainly due to the capacity
of forest soils, particularly in temperate forests, to store carbon (Lal, 2005). The world’s
temperate forests serve as a net sink for an extra 0.26 Pg C yr'!' (Dixon et al., 1994), and ~60%
of temperate forest carbon reserves are in the soil (Lal, 2005; Taggart and Cross, 2009) with
195 Pg C (1 m) (Jobbagy and Jackson, 2000). In recent decades, an increase in temperate forest
SOC stocks was reported (Goodale et al., 2002; Lorenz et al., 2011) and attributed to increased
tree biomass and litter inputs (Miao et al., 2019; Mobley et al., 2015; Schrumpf et al., 2014).

In addition to plant carbon inputs, previous findings indicate that many bacteria groups are
capable of contributing to temperate forest SOC via CO; fixation (Szukics et al., 2012;
Vanlnsberghe et al., 2015; Zif¢akova et al., 2016). The presence of genes indicating the

potential for autotrophic fixation of CO; via the CBB pathway has been documented in many
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temperate forest soils (Dukunde et al., 2019; Kaiser et al., 2016; Tolli and King, 2005). In
temperate forests, high concentrations of organic nutrients like dissolved organic nitrogen are
constantly drained from forest floors (Qualls et al., 2000). Under favourable conditions, these
may be transformed via microbial mineralization to produce ammonium and nitrite ions (Chen
et al., 2019; Staelens et al., 2012), serving as potential energy sources for chemolithotrophs

like ammonia and nitrite-oxidizing bacteria fixing CO, (Badger and Bek, 2008).

Carbon inputs into temperate forest soils through dark CO; fixation are suggested to be of
minimum importance (Ziféakova et al., 2016) has been ignored (Lladé et al., 2017), but there
are a few scattered proofs highlighting the role of dark CO» fixation in temperate forest soils.
In a recent study, Spohn et al. (2019) observed dark CO fixation rates of 0.34 pg C g soil !
d! in the top 0.7 m depth of a temperate forest soil. This rate accounted for up to 4% of CO;
from soil respiration, and contributions to stable microaggregate of SOM were observed (Figure
4). However, the rate of CO; fixation in the deeper horizons is yet to be investigated. In fact,
the majority of reported studies on dark CO fixation investigated no deeper than the top 20 cm
of soil depth (Ge et al., 2016; Lynn et al., 2017; Yuan et al., 2012). Considering that SOC in
soils originating from plant litter typically decreases with depth (Jobbagy and Jackson, 2000),
there is likely a reduced availability of nutrients for heterotrophic growth. However, CO>
concentrations are higher (Davidson et al., 2006). Hence, diverse niches for the colonization of
chemolithoautotrophic bacteria fixing CO; can be created across the soil profile (Ge et al.,
2016; Wu et al., 2015, 2014). Past findings indicate that deep soils may harbour significant
proportions of chemolithoautotrophs (Li et al., 2018), and subsoils have a high capacity to
sequester substantial amounts of SOC due to the longer turnover time and chemical
recalcitrance of SOM (Lorenz and Lal, 2005). Additionally, in situ CO; fixation is considered
a consistent carbon source in organic carbon-limited soil environments (Liu et al., 2018;
Niederberger et al.,, 2015). Therefore, the genomic potential and relative impact of
chemolithoautotrophy might increase with depth (Figure 4). Consequently, CO; fixation likely
occurs in the deeper profiles. This may serve as an additional yet important carbon source for
many microbes in the subsoil and thus can affect SOC and soil CO; fluxes. Additionally, for
global soil carbon surveys, a fixed soil depth is always considered, usually 1 m (Jobbagy and
Jackson, 2000). Thus, to properly evaluate the inputs of CO; fixation to temperate forest SOC
stocks and CO» fluxes, CO- fixation rates to 1 m deep should be quantified. Such information
would be necessary to understand how microbial CO; assimilation modulates CO; fluxes from

soils, and this could be tested under varying conditions, e.g., CO2 concentration (Figure 4).



Furthermore, the apart from the potential for CO- fixation by gram-positive bacteria (Spohn et
al., 2019) and the CBB pathway (Dukunde et al., 2019; Kaiser et al., 2016), the potential key

players and other pathways for CO; fixation in temperate forest soils are unknown (Figure 4).
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Figure 4| Dark CO, fixation in temperate forest soils: Black arrows close to the surface show soil
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respiration and while white circular arrows denote dark CO» fixation. SOC inputs (broken brown arrows
down the profile) decrease with depth and are higher in deciduous than coniferous-dominated soils
which are denoted by varying degrees of broken lines. Increase in faded gray circles with depth shows

increasing soil CO, concentration. Red texts with question marks highlight the knowledge gaps.

The factors that mainly shape microbial communities in temperate forest soils, particularly
SOC content (Kaiser et al., 2016; Llado et al., 2017), also affect corresponding SOM dynamics
like respiration rates in temperate forest soils (Hicks Pries et al., 2017; Melillo et al., 2002). As
these factors affect dark CO> fixation in other soils, similar effects are expected in temperate
forest soils. In temperate forests, tree inputs from litter and root exudates are the dominant
source of SOC (Rasse et al., 2005, 2001) which are, in turn, important carbon sources for forest
soil microbes (Llad¢ et al., 2017). Differences in tree species influence the content and quality
of SOC (Vesterdal et al., 2013) and, consequently, microbial communities and their functional
potentials across the soil profile (Hackl et al., 2005; Urbanova et al., 2015). Lower soil carbon

inputs are more typical of coniferous than deciduous trees (Vesterdal et al., 2013).
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Consequently, soils dominated by coniferous trees are associated with a different microbial
community composition compared to deciduous soils (Lladd et al., 2017). This effect of low
carbon on the community might stimulate chemolithoautotrophic activity leading to higher
CO» fixation rates in coniferous than deciduous soils. A higher abundance of obligate
autotrophs in response to lower SOC content was shown to positively influence CO; fixation
in soils (Xiao et al., 2018). Yet, the influence of tree-derived SOC inputs on dark CO, fixation
activity in temperate forest soils is not known (Figure 4). Furthermore, pH is another strong
driver of microbial communities in temperate forest soils (Kaiser et al., 2016; Nacke et al.,
2011). Temperate forest soils with higher pH also show higher microbial diversity, including
high populations of autotrophic groups compared to acidic soils (Dukunde et al., 2019; Kaiser
et al., 2016). Such higher diversity exerted through higher pH might in turn have positive
impacts on their CO; fixation rates as reported in paddy soils (Long et al., 2015) (Figure 4).

Due to the importance of soil carbon on atmospheric CO; levels, another important aspect to
consider is how dark CO» fixation responds to or is impacted by global climate change. Of
particular interest within this context is temperature change. Beyond the knowledge that CO»
fixation rates increase at higher temperatures (Nel and Cramer, 2019), it is crucial to quantify
the temperature responses of dark CO» fixation rates. A commonly adopted way to do this is
by measuring rates at a 10 °C rise in temperature to determine the temperature sensitivity (Q1o)
(Conant et al., 2008; Davidson and Janssens, 2006). As Earth’s temperature is expected to
warm (4 °C) in the nearest future (2010) (Soong et al., 2020), soil CO; production is expected
to be ~30% higher based on measured Q1o values (Hicks Pries et al., 2017). Thus, information
on the Q1o of dark CO> fixation compared to that of respiration rates may be useful to predict

future changes in net soil CO> fluxes (Figure 4).

1.7 Investigating dark CO: fixation in soils

1.7.1 How to investigate dark CO; fixation in soils: Methods adopted

Metabolic labelling with 3C to determine dark CO; fixation rates. The use of stable carbon
isotope, '*C, as a metabolic tracer in laboratory incubation studies has been adopted to
determine rates of CO; fixation by microbes into soil organic matter (Beulig et al., 2016;
Miltner et al., 2004; Santrickova et al., 2018). Because '>C is a rare (1.11%) carbon isotope
(Craig, 1953), it serves as a valuable tool for studying soil carbon dynamics (Trumbore, 2009;
Ehleringer et al., 2000). By entirely replacing the more abundant '>C in CO» gas with '3C label,

the detection of this label above natural abundance levels in specific markers can be used to



monitor the flow of carbon derived from CO; within different SOM pools (typically microbial
biomass carbon and soil organic carbon). This can be used to derive the rate of CO; fixation
and the total proportion of carbon derived from CO; into different carbon pools (Miltner et al.,
2004; Nowak et al., 2015; Spohn et al., 2019). Based on this principle, the *C-labelled CO;
can be used at specific concentrations in soil microcosm incubations (Figure 5A), and the
amount of fixed '3C in the microbial biomass and the bulk soil can be quantified. To determine
the amount of carbon fixed into microbial biomass, the soil microbial biomass carbon content
(MBC) is extracted via Chloroform fumigation extraction (CFE) method (Figure 5B), a widely
used approach to measure the microbial carbon in soils (Xu et al., 2013). This method involves
lysing microbial cells with chloroform to release the cellular carbon in the form of dissolved
organic carbon (DOC) (Vance et al., 1987). The carbon content and '3C signals of the extracted
DOC fractions can be measured using a “high OC” elemental analyser system and by isotope
ratio mass spectrometry (HPLC-IRMS), respectively. The MBC content and its §'3C signals
are derived by taking the difference in carbon content measured from the chloroform-fumigated
and unfumigated DOC fractions (Nowak et al., 2015). For the bulk soil, the carbon content and
13C signal of SOC is measured directly from the dried soil using an elemental analyser coupled
to an IRMS system (EA-IRMS) (Figure 5C). By applying an isotope mass balance and
normalizing the '3C signals of MBC and SOC to their respective carbon content, the CO»

fixation rates per gram of MBC and per gram of soil, respectively (Figure 5D), are derived.

High throughput amplicon-based techniques to assess the metabolic potential for CO;
fixation. Accompanying the rate derivations, techniques like quantitative PCR (qPCR) can be
used to quantify specific functional marker genes involved in dark CO, fixation (Figure 5E).
Genes encoding key enzymes, like RuBisCO, or ATP citrate lyase of the CBB and rTCA
pathways, respectively, can be used to generate information on the metabolic CO> fixation
potential present among the microbial communities. This can be used to draft conclusions about
the potential pathways involved (Alfreider et al., 2018, 2012, 2003; Selesi et al., 2005).
Amplicon sequencing of bacterial /6S ¥rRNA genes is suitable to provide insights into the
taxonomic composition of the soil bacterial communities. Estimates of the relative abundance
of different microbial groups can be derived from phylum to genus level, and this can be used
to analyse dynamics in the microbial communities. Datasets from /6S ¥rRNA sequencing can
be further employed for downstream predictions of functional potentials (CO; fixation
pathways and key players involved). This can be done by analysing /6S rRNA sequences on

operational taxonomic units (OTU) level using software packages like Phylogenetic
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Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) (Douglas et
al., 2020). However, these methods for assessing CO; fixation potential are not without
shortcomings. Aside from that, both approaches are vulnerable to methodological (e.g., primer
specificity for qPCR) and database (e.g., comprehensive reference genome for PICRUSt)
biases (Agrawal et al., 2019), they may only indicate genomic potential and not an actual
activity of the genes detected. However, when complemented with rate measurements via 1*C

metabolic labelling, these methods serve as powerful tools to explore dark CO; fixation in soils.
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Figure 5| Overview of project workflow and methods used to investigate dark CO; fixation in
soils. Soil samples are incubated in microcosms using *C labelled CO, and are used to trace the
incorporation of CO»-derived carbon from microbes into SOM (A). Incorporated carbon isotopes are
traced into microbial biomass (B) and soil organic carbon (C) and used to determine CO> fixation rates
per gram of MBC and per gram of soil dry weight (D). /6S rRNA sequencing and qPCR are excellent
high throughput amplicon-based tools used to determine the taxonomic composition and functional

potential (CO, fixation genes and metabolic pathways) of the bacterial community (E).



1.7.2 Where to investigate dark CO: fixation: Selected study sites

Deciduous and coniferous forests are the two most important temperate forest types (Tyrrell et
a., 2012). Hence for this thesis, study sites from well-established temperate forest plots within

Germany were selected.

The Hainich National Park: The first experimental study site is located within the “Hainich
National Park” near the village of “Weberstedt” in central Germany (Knohl et al., 2003; Mélder
et al., 2006). Being one of the largest forests in central Europe, with an area covering ~7600
ha, the “Hainich National Park” was established in 1997 to preserve this vast forest landmass
(Knohl et al., 2003; Schrumpf et al., 2014). It is dominated by a mixture of deciduous trees;
old-growth beech (65% Fagus sylvatica), ash (25% Fraxinus excelsior), and maple (7% Acer
pseudoplantanus and Acer plantanoides) trees, with a few interspersed European hornbeams
(Carpinus betulus), elm (Ulmus glabra) and other deciduous species (Knohl et al., 2003).
Mineral soils are typically Cambisols, characterised by pH of 4 -7 with high clay (40%, sand
4%) and SOC content of up to 8% (Knohl et al., 2003; Schrumpf et al., 2014).

The Schorfheide-Chorin Exploratory: The second experimental site is in the forested part of
the Schortheide-Chorin Biodiversity exploratory in North-Eastern Germany. Covering an area
of 1300 km?, the Schorfheide-Chorin Exploratory is a part of the German Biodiversity
Exploratories established for the purpose of long-term and large-scale research on the
relationships between land use, biodiversity changes, and ecosystem functions in central
European forests and grasslands (Fischer et al., 2010). The dominant tree species of the mature
age class forests in this region include a mixture of beech (Fagus sylvatica), pine (Pinus
sylvestris), and oak (Quercus spp.) trees (Fischer et al., 2010). Mineral soils are classified as
Cambisols, with a sandy texture (89%), a low pH (<5), and >3% of organic carbon content

(Kaiser et al., 2016).

The Hummelshain Forest: The third experimental forest site is located in close proximity to
the Hummelshain municipality in Thuringia, Central Germany. The study site establishment
involved the planting of European beech trees within Norway spruce, and Scot’s pine stands to
counteract the low pH of the topsoil under the coniferous stands and for the biological
activation of the forest floors (Graser 1928). European beech (Fagus sylvatica. Linné), Scot’s
pine (Pinus sylvestris), and Norway spruce (Picea abies (L.) H. Karst) stands are the dominant
tree species present. The mineral soils are predominantly sandy (40 — 50% sand and silt),

having a low pH (<4) and organic carbon content of between 2 — 3% (Achilles et al., 2020).
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1.8 Aims and hypotheses of the study

This thesis aims to understand and quantify the role of dark CO; fixation across the soil profile,
to elucidate the chemolithoautotrophic potential of the soil microbiome, and to identify the
biogeochemical factors influencing this process in temperate forest soils. It involves
investigating soils from well-established temperate forest plots in different regions in Germany
that encompass various forest management regimes, tree species dominance, and edaphic soil

properties. Such settings make it possible to address the following questions:

1. What are the rates of dark CO; fixation across depths, and how does this contribute to
soil organic matter in temperate forest soils?

2. Which chemolithoautotrophic microorganisms and metabolic pathways are prevalent
in temperate forest soils which can contribute to dark CO- fixation?

3. Which parameters influence the rates of dark CO> fixation in temperate forest soils?

To answer the above questions, a few hypotheses were highlighted:

The microbial assimilation of CO» across the profile is expected to contribute to SOC, but the
inputs of CO; fixation to SOC and how it modulates CO- fluxes from temperate forest soils are
currently poorly understood. Organic carbon originating from plant litter typically decreases
with soil depth but CO: content increases. Thus, the relative impact of chemolithoautotrophy

likely increases with depth. Thus, the first two hypotheses of this thesis were:
Hi Dark CO> fixation occurs down to 1 m depth in temperate forest soils.
H» The genomic potential for chemolithoautotrophy will increase with soil depth.

In temperate forest soils, organic carbon content is lower in soils dominated by coniferous than
deciduous tree species. As such differences in organic carbon inputs (quality and quantity)
affect microbial community composition and abundance, consequences on dark CO; fixation

rates are expected. Thus, the third hypothesis of this thesis was:

H3 Lower SOC inputs in coniferous compared to deciduous dominated soils will lead to

higher CO; fixation activity.

The decomposition of SOC is affected by temperature, increasing soil respiration rates. Since

warming also increases dark CO; fixation rates, the fourth hypothesis was:

Hq4 Dark CO> fixation has a similar sensitivity to higher temperatures as soil respiration.



1.9 Thesis structure
This thesis is organized into three results chapters, all of which jointly address the aim and

hypotheses highlighted above.

Chapter 2, “Rates of dark CO; fixation are driven by microbial biomass in a temperate
forest soil” (Akinyede et al., 2020; published in Soil Biology & Biochemistry), evaluated the
potential role of dark CO» fixation for temperate forest SOC using a forest plot in the Hainich
National Park as a study site. It involved using a '*C metabolic labelling approach in soil
microcosms to quantify CO> fixation rates per gram of soil dry weight and microbial biomass
across 1 m depth, thus partly addressing hypothesis 1 (Hi) of this thesis. The potential
contributions to temperate forest MBC, SOC stocks, and CO; fluxes were derived, and an
extrapolation of the rates to global temperate forest area was done. Chapter 2 served as a proof
of principle experimental for subsequent determination of dark CO> fixation rates in the other
temperate forest soils, as seen in Chapters 2 and 3. The genomic potential for CO> fixation in
the Hainich forest soils was further determined, thus partly addressing hypothesis 2 (Hz).
Chapter 2 further explored how dark CO: fixation rates change under increasing CO:
concentrations and how this affects CO: fluxes from soils under future changes in atmospheric

CO; conditions.

The input of organic carbon to soils varies with temperate forest tree species, and this influences
microbial community composition and function. Thus, Chapter 3, “Dark CO; fixation in
temperate beech and pine forest soils” (Akinyede et al., 2022; published in Soil Biology &
Biochemistry), aimed to test whether differences in tree-specie specific SOC inputs will
consequently affect dark CO» fixation rates. Two soil plots from the Schorfheide-Chorin
Exploratory dominated by different tree species (deciduous-beech and coniferous-pine) were
used as a proxy for differences in SOC content existing in deciduous and coniferous temperate
forest soils. Using '3C labelling incubations, we investigated the rates of dark CO, fixation
across depths in the forest soils, and comparisons were made over three temperate deciduous
and coniferous forest soils. Thus, hypothesis 3 (H3) was addressed. Also, biotic and abiotic soil
properties were statistically linked to dark CO; fixation rates to identify and validate existing
relationships between dark CO» fixation rates and other measured soil properties linked to SOC
in different temperate forest soils. The genomic potential for CO> fixation across depth was
also determined as done in Chapter 2, and this also partly addresses hypothesis 2 (Hz). This

involved a full assessment of the presence and abundance of known pathways for both
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autotrophic and non-autotrophic CO; fixation in the soils. CO; fixation rates and contributions
to MBC and SOC with depth were assessed in these soils. Thus, hypothesis 1 (H;) was also
partly addressed in this Chapter.

A future increase in global soil temperatures has been projected. Documented effects on
temperate forest SOC have been mostly described to result in increased soil respiration leading
to loss of SOC stocks. Thus, Chapter 4, “Temperature sensitivity of dark CO; fixation in
temperate forest soils” (Akinyede et al., manuscript submitted to Biogeosciences), assessed
the relationship between dark CO, fixation and temperature, otherwise known as the
temperature sensitivity (Qio), and how this compares to the temperature sensitivity of soil
respiration. With this, hypothesis 4 (H4) was addressed. We investigated soils dominated by
deciduous-beech and coniferous-spruce trees from the Hummelshain forest. Dark CO; fixation
rates and respiration rates were determined under two temperature conditions (4°C and 14°C)
with depth, and the Qo of both processes were also determined and compared. Using the
derived Q1o values, changes in dark CO; fixation and respiration rates in response to projected
soil warming were evaluated. The microbial community composition, potential key players,
and metabolic pathways involved were likewise determined as done in Chapters 1 and 2, thus
also partly addressing hypothesis 2 (Hz). Finally, differences in dark CO- fixation rates and Q1o
values were also linked to soil texture, community composition, and microbial biomass
turnover. Based on measured rates and inputs to MBC and SOC, hypothesis 1 (Hi) was also

partly addressed in this Chapter.
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ARTICLEINFO ABSTRACT

Keywords:
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Soils substantially contribute to the terrestrial fluxes of CO5 to the atmosphere. Dark CO, fixation, the microbial
process by which pore space CO; is reduced to organic matter, may recycle and trap some of the CO5 respired in
soils before it can escape to the atmosphere. To evaluate its potential significance for global temperate forest soil
carbon stocks, we quantified dark CO» fixation rates in a temperate beech forest soil down to 1 m depth over a
range of 2-20% (v:v) headspace CO, concentrations, by tracing incorporation of a'*C-CO, label into microbial
biomass carbon and soil organic matter. We found that fixation rates under a concentration of 2% CO, decreased
with depth from 0.86 to 0.06 pg C normalized to g(dw) soil"! d~1. However, when dark CO, fixation rates were
normalized to soil microbial biomass carbon, no significant differences between depths were observed. Higher
CO-, concentrations increased fixation rates, with a linear 2-fold increase between 2% and 10% CO,. Molecular
analysis revealed the dominance of heterotrophs, along with the presence of autotrophs mainly employing the
Calvin Benson Bassham (CBB) pathway followed by the reductive citric acid (rTCA) pathway. Although com-
munity composition varied with depth, the relative fraction of autotrophs determined by qPCR of RuBisCO (cbbL
IA, cbbL IC) and ATP-citrate lyase (aclA) genes remained stable at approximately 0.5% of the total community.
Dark CO; fixed carbon accounted for up to 1.1% of microbial biomass carbon and up to 0.035% of soil organic
carbon after 28 days. We estimated a fixation flux of 25 + 7.2 g C m~2 yr ! to 1 m depth for the Hainich forest
soil under field conditions. Without this process, Hainich forest soil CO, emissions would be 5.6% higher,
recycling a fraction of carbon large enough to potentially affect carbon isotope signatures in SOC. If this is held
for all temperate forest soils globally, the annual rate of dark CO fixation would be 0.26 + 0.07 Pg Cyr ! to a
depth of 1 m, without considering contributions from other biomes. In conclusion, microbial biomass carbon and
CO-, concentration appear to be the main drivers of dark CO; fixation in temperate forest soils, and dark CO»
fixation may maintain Hainich forest soil carbon stocks by moderating a significant fraction of soil CO, emissions
annually.

1. Introduction

Forests are recognized as the largest and most important terrestrial
carbon pool on Earth with up to 800 Pg of organic carbon in their soils
(Whitehead, 2011; Domke et al., 2016). Of the major forest biomes,
temperate forests represent a significant component of the global carbon
cycle (Scott, 1996; Lorenz et al., 2011), with more than half of the global
temperate forest total carbon reserves being stored in soils (Malhi et al.,
1999). An increase of temperate forest soil organic carbon (SOC) stocks
has been reported over the last decades (Goodale et al., 2002; Lorenz
et al., 2011; Griineberg et al., 2014). This has been largely attributed to

increased forest biomass and litter input (Mobley et al., 2015; Miao
et al., 2019) brought about by photosynthetic CO; fixation. However, in
addition to organic carbon fixed by plants, soil microbes can fix COy
present in soil pore spaces through non-phototrophic CO fixation, often
referred to as dark CO; fixation. This process is carried out by both
chemolithoautotrophic and heterotrophic microbes via several meta-
bolic pathways and reactions (Miltner et al., 2004). Chemo-
lithoautotrophic microorganisms fixing CO, use six known pathways,
with the Calvin-Benson-Bassham cycle (CBB) being quantitatively the
most significant (Berg, 2011; Hiigler and Sievert, 2011). In soil envi-
ronments, furthermore, the reductive citric acid cycle (rTCA) and, the
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Wood Ljungdahl pathway (WLP) are of relevance. These pathways are
more energy-efficient than the CBB pathway but are restricted to
microaerophilic and anaerobic organisms (Berg et al., 2010; Berg, 2011;
Hiigler and Sievert, 2011). Besides CO, fixation by chemo-
lithoautotrophs, heterotrophs fix CO, via assimilatory carboxylations
(Alonso-Saez et al., 2010; Erb, 2011) and anaplerotic reactions in citric
acid metabolism (Krebs, 1941).

Dark CO;, fixation has been reported for a range of soils such as forest
soils (Spohn et al., 2019), agricultural soils (Miltner et al., 2004, 2005;
Wu et al., 2015), paddy soils (Yuan et al., 2012; Wu et al., 2014; Ge et al.,
2016), wetland soils (Nowak et al., 2015; Beulig et al., 2016; Lynn et al.,
2017), temperate grasslands soils (Nel and Cramer, 2019) as well as
semi-arid desert soils (Liu et al., 2018) and arctic tundra soils
(Santriickova et al., 2018). Moreover, the presence of genes involved in
autotrophic fixation of COy via the Calvin cycle has been reported in
temperate forest soils (Kaiser et al., 2016; Dukunde et al., 2019), sug-
gesting that dark CO, fixation may serve as an important source of SOC
and thereby to global carbon storage in temperate forests.

Dark CO, fixation has been shown to be common among both au-
totrophs and heterotrophs in soils (Miltner et al., 2005; Santrickova
et al., 2018; Nel and Cramer, 2019). However, anaplerotic CO, fixation
by heterotrophs is not known to lead to any net carbon accumulation
(Merlin et al., 2003; Alonso-Saez et al., 2010). Consequently, only car-
bon fixed by chemolithoautotrophs is likely to directly affect SOC stocks.
As most of these studies also focused on the top 20 cm of soil with a
typically high SOC content (Yuan et al., 2012; Wu et al., 2014, 2015;
Lynn et al., 2017), reports on the distribution of chemolithoautotrophs
through deep soil profiles are rare. Thus, since high abundances of
chemolithoautotrophs are reported from carbon-limited soils (Nie-
derberger et al., 2015; Li et al., 2018), we speculate that their relative
abundance is higher in deeper soil horizons, characterized by low SOC
content (Jobbagy and Jackson, 2000). This shift in the microbial com-
munity composition towards a higher abundance of chemo-
lithoautotrophs could also affect dark CO fixation rates.

In incubation experiments, dark CO, fixation rates are enhanced by
increasing concentrations of headspace CO; in soil microcosms (Beulig
et al., 2016; Santrickova et al., 2018; Spohn et al., 2019). In
diffusion-dominated soils, soil pore space CO, concentrations vary as a
function of soil depth from 0.04 to 13.0% by volume in the upper several
meters of soil (Amundson and Davidson, 1990). Other studies report
ranges between 1 and 5% of CO; in the soil pore space (Richter and
Markewitz, 1995; Andrews and Schlesinger, 2001). In
nondiffusion-dominated mofette soils, which are characterized by
subcrustal CO, degassing, concentrations can reach even more than 90%
partial pressure CO;y (Beulig et al., 2014), with stimulatory effects on
microbial CO; fixation (Beulig et al., 2016). A systematic approach
evaluating the effect of a broad range of CO5 concentrations on dark CO»
fixation across depth in forest soils is missing.

This study explores dark CO, fixation using a well-characterized
Eutric Cambisol soil plot in the Hainich Forest National Park, Germany,
which is currently regarded as a net carbon sink (Schrumpf et al., 2014).
With the aim to assess the role and mechanisms of dark CO, fixation in
temperate forest soils, we hypothesize that (i) the relative abundance of
chemolithoautotrophs will increase down the soil profile, (ii) dark CO5
fixation rate scales with the abundance of chemolithoautotrophs and
(iii) this process is enhanced under high soil CO, concentrations. We
further propose that dark CO, fixation contributes to microbial biomass
carbon and SOC along the entire soil profile and describe the potential
relevance of this process for temperate forest soils.

2. Materials and methods
2.1. Site description and soil classification

The location of the study site (51°04'46'N 10°27'08'E, 440 m a.s.L.) is
within the “Hainich National Park’, near the city of Eisenach, central

Soil Biology and Biochemistry 150 (2020) 107950

Germany, The vegetation at the sampling site is dominated by a mixture
of old-growth beech (65% Fagus sylvatica L.), ash (25% Fraxinus excelsior
L.) and maple (7% Acer pseudoplantanus L. and Acer plantanoides L.)
trees, with a few interspersed European hornbeams (Carpinus betulus L.),
elm (Ulmus glabra Huds.) and other deciduous species (Knohl et al.,
2003; Molder et al., 2006). The site is located in the footprint area of an
eddy covariance system for monitoring CO exchange between the forest
ecosystem and the atmosphere, and it is also used for monitoring
long-term changes in soil carbon. The “Hainich National Park” is posi-
tioned in a suboceanic/subcontinental climate on a gentle north-facing
slope (2-3° inclination). Mean annual rainfall at the site is 720 mm
and mean annual air temperature is 8.3 °C as in the year 2019
(https://gbov.acri.fr). The soil of the sampled plot is characterized by
high clay (46-76%), and silt (22-57%) contents across a 60 cm depth
gradient. The clay content is increasing with soil depths and the silt
content declining due to a Pleistocene loess layer overlaying the
clay-rich Triassic limestone residue in the subsoil. This slightly acidic
soil is classified as a Eutric Cambisol with a thin mull type litter layer
(IUSS Working Group WRB, 2015; Schrumpf et al.,, 2014). Further
description of the forest vegetation and site can be found in Knohl et al.
(2003), Kutsch et al. (2010), and Schrumpf et al. (2014).

2.2. Sampling design

The first soil sampling campaign was carried out in August 2017, rep-
resenting the middle of the summer season. Soil was sampled in triplicate
cores (1-2 m apart) at one subplot in the footprint of the eddy covariance
tower. A closed auger was driven into the soil with a motor hammer (Cobra
Combi, Atlas Copco AB, Nacka, Sweden) to obtain intact soil cores. The
depth of the borehole and the length of the extracted core were compared to
estimate soil compaction during the coring process. Ignoring the organic
layer and beginning from the mineral horizon, three segments were
extracted from the soil cores with depths chosen to sample comparable
pedogenic horizons in each of the triplicate cores: 0~-12 cm (A horizon),
35-45 cm (BC horizon), and 70-100 cm (C horizon). Soils from each of the
triplicate cores were sieved separately onsite using a 2 mm sieve to remove
stones and roots for the incubation experiments from which subsamples for
DNA extraction were immediately frozen in liquid nitrogen.

For the second sampling campaign, soils were sampled in November
2017. Duplicate cores were sampled from the same subplot as described
above. Soil cores were again cut into three segments according to the
similarity of the horizon among the duplicate cores to obtain samples
from 0 to 12 cm (A horizon), 45-60 cm (BC horizon), and 80-100 ¢cm (C
horizon). Segment length varied slightly between both sampling cam-
paigns. Soils from the same depths of the duplicate cores were mixed and
homogenized prior to sieving.

2.3. Geochemical parameters and '3C isotope measurements of SOC

Total and inorganic carbon and nitrogen concentration of soil sam-
ples were determined on a “Vario Max” system (Elementar Analy-
sesysteme GmbH, Hanau, Germany). Gravimetric water content was
determined by weighing soil samples before and after drying at 105 °C
for 24 h. Additionally, soil pH was determined in a 0.01 M KCl solution
with a soil-to-solution ratio of 1:2.5 using a WTW pH meter (330,
Weilheim, Germany). The 13C isotope ratios of bulk soil samples were
determined using an isotope ratio mass spectrometer (DELTA C; stable
isotope monitoring system; Finnigan MAT, Germany) coupled to an
elemental analyzer (EA 1100, CE Instruments, Milan, Italy) via a ConFlo
I interface. All 13C isotope ratios were then reported in the delta no-
tation (8) that expresses 13¢/12C ratios as 5'°C values in per mil (%o),
which is relative to the international reference material Vienna Pee Dee
Belemnite (V-PDB) (Coplen et al., 2006).
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2.4. 13C-CO; labelling experiments

To determine CO, fixation rates, triplicate incubations for each
sieved soil sample from the August sampling campaign were performed
in sterilized 120 ml serum bottles with butyl rubber stoppers, containing
25 g (wet weight) of soil. Headspace was flushed with synthetic air (75%
N3 and 25% O3), adjusted to 2% (v/v) 13¢_C0, and incubated statically
in the dark at room temperature (20 °C) for a period of 7, 14 and 28 days.
Likewise, triplicate control incubations with 2% (v/v) unlabelled CO,
(*2C-CO,) were set up. To obtain control samples without biological
activity, soil samples were autoclaved thrice for 2 h at 130 °C at 60 bar
and used in the incubation set-ups as described above. To account for
soil respiration and to maintain the same headspace CO, concentration,
the headspace of all incubations and controls was renewed every 3 days
throughout the incubation periods. This was done by flushing out the
headspace with synthetic air and inoculating all incubations and con-
trols with 2% (v/v) 13C—C02 or 2% (v/v) 12C—COz, respectively.

A second labelling experiment was conducted to determine the in-
fluence of increased COy concentrations on CO fixation rates by using
increasing headspace CO, concentrations. Duplicate soil microcosms
were constructed by adding 30 g (wet weight) sieved soil from the
November sampling campaign to sterile 100 ml incubation bottles
sealed with butyl rubber stoppers. Bottles were flushed with synthetic
air and adjusted to 2, 5, 10, and 20% (v/v) headspace CO, concentra-
tions (24.5, 23.75, 22.5, and 20% (v:v) O concentration, respectively).
Microcosms were incubated for 7 days as described above. At the end of
each incubation time, soils were homogenized and split into three parts.
One part was dried at 40 °C and ground for bulk 'C and organic carbon
analysis, the second part was stored at —80 °C for later DNA analysis and
the third was prepared immediately for the extraction of microbial
biomass carbon (MBC) by chloroform fumigation extraction (CFE) using
0.05 M K3S04 according to Vance et al. (1987). To enhance extraction
efficiency and to minimize losses for extracted carbon by microbial
degradation, the modified protocol from Nowak et al. (2015) was used.

2.5. Determination of delta '3C ratios in MBC and mass-balance
calculations

The concentration of carbon in the form of dissolved organic carbon
from all bulk soil samples and soil incubations (including all controls)
was determined in KpSO4 extracts derived from fumigated and unfu-
migated samples (6 g each) after chloroform fumigation extraction using
a “high OC"(Elementar Analysesysteme GmbH, Hanau, Germany). Af-
terwards, the 5'3C ratios were determined by isotope ratio mass spec-
trometry (IRMS) using an isotope ratio mass spectrometer (DELTA C;
stable isotope monitoring system; Finnigan MAT, Germany) coupled to
an elemental analyzer (EA 1100, CE Instruments, Milan, Italy) via a
ConFlo III interface as described above.

By subtracting the amount of the dissolved organic carbon content of
the unfumigated samples (Cyunum) from that of the fumigated samples
(Cqum) and dividing with a correction factor Kgc (of 0.45) (Joergensen
and Mueller, 1996), which accounts for the extraction efficiency, the
microbial biomass carbon (Cp,;) content was determined:

[Cfum — szfum]

Cic [mg} = Krc

The isotope ratio (613C) of microbial biomass carbon (MBC) was then
derived for both the bulk samples (natural abundance levels) and in-
cubations by applying an isotope mass balance:

24

Soil Biology and Biochemistry 150 (2020) 107950

3 3
[] Chum X Chum — ! Cuunfim X Cunfum}
Chim — Cunfium

5" Cyp (%0) =

The actual '3C/*2C ratio was obtained for the mass balance calcu-
lated §'3C values as follows:

]3C 513C
Ere [1000

+ 1} x 0.011180

Where 0.011180 is the 13C/'2C ratio of the international V-PDB standard
(Werner and Brand, 2001; Brand et al., 2010; Meija et al., 2016). The
CO,, fixation rate was calculated by determining the excess 13C content,
which is the increase in '*C/'2C ratio between the labelled and the
unlabelled control normalized to the carbon content of the microbial
biomass (Cpic)-

3
Cuntabelied

13
Cue
Excess *Clmg] = 57244 x C,e —

Clabelied Cuntabelled

X Cpic

The CO, fixation rate was calculated from the excess '*C incorpo-
rated divided by the time of exposure to the label. This rate was
normalized to either the absolute microbial biomass carbon content or
the dry weight of the bulk soil.

2.6. DNA extraction and 16S rRNA gene sequencing

DNA was extracted from 0.25 g of all bulk soil and incubation sam-
ples using the DNeasy PowerSoil DNA Kit (Qiagen, Hilden, Germany)
following the manufacturer’s protocol. Total nucleic acid extraction
efficiency and yield were quantified using a Nanodrop 1000 spectro-
photometer (PeQLab, Biotechnologie GmbH, Erlangen, Germany) and
1% agarose gel electrophoresis.

Polymerase Chain Reaction (PCR) was performed in 20 pl reactions
containing 10 pl HotstartTaq Mastermix (Qiagen Hilden, Germany), 10
uM each of forward (341F) and reverse (785R) primers targeting the V3
to V4 hypervariable regions (Klindworth et al., 2013), 0.67 mg ml -1
BSA (Bovine Serum Albumin), 5.67 pl nuclease-free water, and 5-10 ng
of genomic DNA. The following PCR conditions were used: initial
denaturation at 95 °C for 15 min, followed by 30 cycles consisting of
denaturation (94 °C for 45 s), annealing (55 °C for 45 s) and extension
(72 °C for 45 s) and then a final extension step at 72 °C for 10 min. For
samples with low DNA concentration, 35 cycles of amplification were
used. The PCR products were purified using the NucleoSpin gel and PCR
clean up kit (Macherey-Nagel, Dueren, Germany). PCR products li-
braries were prepared for Illumina sequencing using the NEBNext Ultra
DNA library prep kit for Illumina (New England Biolabs, Hitchin, UK).
Following the manufacturer’s protocol, the ends of the DNA were pre-
pared by adding “end prep” reagents to 55.5 pl of purified PCR products
followed by a PCR thermal cycling step. Afterwards, adaptors were
ligated to the prepared ends and then cleaned up without size selection
as the PCR products were all under 500 bp in length. Enrichment of the
adapter-ligated DNA was carried out in a single PCR cycling step and the
final PCR amplicons were then cleaned using magnetic beads. Details
about the reagents used including the thermal cycle steps and conditions
can be found in the manufacturer’s protocol. The prepared libraries
were then sequenced by Illumina Miseq (Illumina, Inc., San Diego, USA)
(2 x 250 bp) following our inhouse sequencing protocol.

Generated raw sequence data were analyzed using the MOTHUR
sequence analysis pipeline according to Schloss et al. (2009) (htt
p://www.mothur.org) and the MOTHUR MiSeq SOP as of 19th
December 2018. Paired reads were combined, and only sequences be-
tween 360 bp and 500 bp were kept, while sequences outside this range
and with ambiguous bases as well as homopolymer length of above 8 bp
were removed. All sequences were aligned to the SILVA reference
database v132 and sequences with differences of no more than four
bases were pre-clustered. Afterwards, chimeras were removed by
Uchime using the GOLD reference database and sequences were
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classified according to the same SILVA database earlier described.

To predict functional potential (CO. fixation pathways) for the
generated 16S rRNA sequences, representative sequences from OTUs
generated from MOTHUR were analyzed using the version 2 of Phylo-
genetic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt2) software package (Douglas et al., 2019). OTU se-
quences were de-gaped and placed in a reference taxonomic tree using
the Integrated Microbial Genomes database, and KEGG orthologs were
predicted for each OTU based on steps described previously (Barbera
et al., 2019; Czech and Stamatakis, 2019; www.hmmer.org).

2.7. Quantification of the 16Sr RNA, RuBisCO and rTCA marker genes

Quantitative PCR (qPCR) targeting bacterial 16S rRNA genes,
RuBisCO marker genes of the Calvin Benson Basham cycle and the ATP
citrate lyase (acl) genes of the reductive citric acid cycle (rTCA) was
carried out on the Mx3000P instrument (Agilent, C.A, U.S.A) using
Maxima SYBR Green Mastermix (Agilent). For the RuBisCO marker
genes, primer pairs F-cbbL IA/R-cbbL IA, F-cbbL IC/R-cbbL IC and F-
cbbM/R-cbbM were used targeting gene variants cbbL IA, cbbL IC and
cbbM, respectively (Alfreider et al., 2003, 2012), following cycling
conditions previously specified (Herrmann et al., 2015). For the rTCA
cycle, primer pair F-g-acl-Nit/R-g-acl-Nit, which targets the alpha sub-
unit of ATP citrate lyase (aclA) gene and is specific for nitrite oxidizing
and complete ammonia oxidizing (comammox) Nitrospira, was used
(Alfreider et al., 2018). The cycling conditions were: 10 min at 95 °C,
followed by 45 cycles of 45 s at 94 °C, 45 s at an annealing temperature
of 56 °C, 60 s at 72 °C, and then 78 °C for 20 s for data acquisition.
Standard curves were constructed from ten times dilution series of
mixtures of plasmids from 5 x 10 to 5 x 10 copies, each containing
cbbL 1A, cbbL IC, cbbM or aclA inserts for cbbL IA, cbbL IC, cbbM or aclA
qPCR, respectively obtained from groundwater for the RuBisCO gene
variants and from soil for the aclA genes (Herrmann et al., 2015). As a
template, 5 pl of DNA samples in triplicates were used from a mixture of
3 pl DNA (1-3 ng pl’l) template and 22 pl of TE buffer. Samples with
DNA concentrations higher than 10 ng pl~! were pre-diluted 1:10.
Quantifications were considered valid when samples were in the linear
range of the calibration curve (5 x 108 to 5 x 101). For bacterial 16S
rRNA genes, primer pair Bac 8Fmod and Bac 338R (Loy et al., 2002;
Daims et al., 1999) and cycling conditions given as 10 min denaturation
at 95 °C, followed by 45 cycles of 30 s at 95 °C, 30 s at 55 °C and 25 s at
72 °C for data capture (Herrmann et al., 2012) were used. For absolute
quantification of the 16S rRNA gene copies, plasmids containing the 16S
rRNA gene of Escherichia coli were used to construct the standard curves
for 16S rRNA genes as described for the RuBisCO marker genes above.
All primer specifications used in this study can be found in Table S3 of
the supplementary information.

2.8. Sequence data deposition

Generated sequences have been submitted to the NCBI database with

accession numbers: SAMN14151380, SAMN14151381,
SAMN14151382, SAMN14151383, SAMN14151384, and
SAMN14151385.

3. Results

3.1. Dark COg incorporation into SOC and MBC to 1 m depth

We observed an increase of §!3C of SOC and MBC in the incubations of
soil samples with '3CO, among all treatments, in comparison to the
controls (Fig. S1). Dark CO; fixation rates, expressed in relation to soil dry
weight as pg carbon per gram dry weight (dw) of soil per day, decreased
with increasing soil depth, with the highest rates of 0.86 + 0.01 pgC g
(dw) soil~! d~! observed in the top 12 cm depth after 7 days (Fig. 1A). At
70-100 cm depth, a significantly lower rate of 0.06 +1.61 x 10 3 pgCg
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(dw) soil™! d7! (Student’s t-test, P = 6.57 x 10~%) was determined.
However, when expressed in relation to MBC, in pg carbon per gram of
MBC per day, no significant difference in rates was observed across the
depths (P = 0.77), as MBC also declined from about 369.97 + 20.46 pg C
gdw ™! in 0-12 cm depth to 20.15 + 6.25 pg C gdw ™! in 70-100 cm depth
(P=4.69 x 10~%) (Table 1 and Table S1). These normalized rates ranged
from 484.40 + 3.52 pg C gMBC ! d ! at the topsoil to 458.37 + 37.58 g
C gMBC ! d ! in the deepest samples (Fig. 1B).

We observed a decline in the rates of CO, fixation with incubation
time for all soil depths. For the top 12 cm, the rates decreased from 0.86
+ 0.01 pg C g(dw) soil ! d~! at 7 days of incubation to 0.45 + 0.01 pg C
g(dw) soil"1d ! (P=9.87 x 10’3) after 28 days. Interestingly, the ratio
of the rates between the top 12 cm depth, and the two lower depths
remained constant across all incubation times. Compared to the topsoil,
fixation rates were 80% lower in 35-45 cm depth and 93% lower in
70-100 cm after 7 days of incubation and this ratio did not change with
incubation time. When expressed in relation to MBC, rates declined
significantly only at the top 12 cm depth by almost 2-folds from 484.40
+3.52 ug C gMBC ' d ! t0 294.38 + 4.63 pg C gMBC 1 d ™! (P = 0.02)
when incubated for 7 versus 28 days.

3.2. Effect of COz concentration on dark CO; fixation rates

We observed a general increase in 53¢ (Fig. S2) and of dark COy
fixation rates when soil derived from the November sampling campaign
was incubated under increasing CO, headspace concentrations ranging
from 2 to 20% (v:v) (Fig. 2). Across all depths, a linear response was
observed between 2 and 10% COs. For the top 12 cm, rates increased
significantly from 0.53 - 0.01 pg C g(dw) soil ! d~! at 2% CO, to 1.01 +
1.40 x 10~* pg C g(dw) soil 1 d~! at 10% CO,, (Student’s t-test, P = 5.35
x 107%), leveling off at 1.07 + 2.47 x 10~* g C g(dw) soil 1 d ! at 20%
CO, (P = 1.24 x 10’2) (Fig. 2A). Likewise, the CO, fixation rates
expressed in relation to MBC for the same depth was over 2-fold higher at
10% CO, with 608.83 + 25.97 g C gMBC ™ d~! compared to 300.90 +
9.79 ug C gMBC ™' d ! at 2% CO, (P = 7.81 x 10~*) and reached 698.32
+39.01 pg C gMBC ! d ! at 20% CO, compared to rates at 2% CO4 (P =
1.98 x 1073) (Fig. 2B). Similar increases in CO, fixation rates in relation
to soil dry weight and MBC with higher CO4 concentrations were also
observed for the lower depth intervals. Over the total CO5 concentration
range used, the increase in fixation rates was non-linear, indicating a
saturation of the CO5 fixation process in the soil microcosms.

As in our first experiment and independent of the CO; concentration
used, we observed a decrease of CO, fixation rates with increasing soil
depth in relation to soil dry weight, but no significant change was
observed with depth when rates were expressed in relation to MBC
(Fig. 2B). Soils obtained from the August and November campaigns did
not show significant differences in dark CO, fixation rate in relation to
soil dry weight and MBC under similar incubation conditions (i.e, 2%
CO; at 7 days of incubation).

3.3. Contribution of microbial CO; fixation to SOC and MBC

The relative amount of carbon in MBC and SOC derived from CO4
fixation increased with the time of incubation. After 7 days of incubation
with 2% CO2 (v:v), dark CO5 fixation accounted for 0.02 + 2.86 x
1073% of SOC and 0.34 + 0.11% of MBC at the top 12 cm depth (Fig. 3).
After 28 days, this COy derived carbon doubled to 0.03 + 0.01% (Stu-
dent’s t-test, P = 9.58 x 107°) in SOC and to 0.82 = 0.15% (P = 7.62 x
107%) in MBC. With depth, the contribution of newly fixed carbon to
SOC typically decreased slightly, (P = 0.01) but no significant difference
(P =0.74) in the contribution to MBC was observed across depth after 28
days. The increase of headspace CO2 concentrations from 2% up to 20%
(v:v) also increased the relative amount of excess '3C in SOC and MBC
(Fig. 3). In the top 12 cm, e.g., excess 3¢insoc roughly doubled with a
5-fold increase in COy, from 0.01 + 2.88 x 10™*% at 2% '3CO, (v:v) to
0.02 + 4.55 x 10 %% at 10% '°CO, (v:v) (P = 1.67 x 107°), and
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Fig. 1. Dark CO, fixation rate in soil microcosms with 2% 3CO,. Shown are (A) 1>C uptake rates into SOC expressed in pg C g(dw) soil ! d~! (ug carbon per gram
dry weight (dw) of soil per day) and (B) '3C uptake rates in MBC expressed pg C gMBC ' d~! (ug carbon per gram microbial biomass carbon per day) after 7, 14 and
28 days of incubation. Error bars indicate standard deviation of three replicate incubations and are shown only where larger than symbols.

Table 1

Geochemical properties of soil cores obtained from the Hainich national park. Soil pH, soil organic carbon (SOC), carbon/nitrogen (C/N) ratio, microbial biomass
carbon (MBC), and'3C signatures, measured at 3 depth definitions from the Hainich forest soil cores during the August and November sampling campaigns. Reported
values represent the mean of values measured from both campaigns. MBC values are obtained from the November campaign only.

Soil Depth (cm) pH SOC (%) C/N ratio MBC (pg C gdw™ ) SOC 8'3C (%0)

0-12 4.45 + 0.44 3.46 + 0.65 11 + 0.80 369.97 + 20.46 —26.75 + 0.31
35-60 5.73 + 0.18 0.85 + 0.11 9+ 0.52 29.74 + 10.49 —24.72 + 0.50
70-100 7.01 + 0.04 0.44 +0.14 7 +0.81 20.15 + 6.25 —24.69 + 0.60

remained constant at 0.02 & 2.44 x 103% when 13C02 concentration
increased from 2% to 20% (P =1.11 x 10’2). Likewise, the excess 1BCin
MBC in the top 12 cm increased from 0.21 + 6.85 x 1073% at 2% (v:v)
€O, t0 0.43 + 0.02% and 0.49 + 0.03% under 10% and 20% '3CO, (v:v),
respectively (P =7.81 x 10 and P = 1.98 x 1073, respectively). Similar
effects of the increased CO- concentrations were also observed in the
deeper soil depths.

3.4. Metabolic potential for autotrophic CO; fixation in the Hainich forest
soil

Having observed the rates of dark CO, fixation and its contribution to
SOC formation in the Hainich soil, we aimed to identify and characterize the
microorganisms potentially playing the key role in this process. Taxonomic
classification of OTUs revealed Actinobacteria, Proteobacteria, Acidobacteria,
Chloroflexi, and Verrucomicrobia to be the predominant phyla identified
across depth, together making up to 80% of the soil microbial communities
(Fig. S3). These predominantly heterotrophic groups are typically found in
temperate forest soils (Lopez-Mondéjar et al., 2015; Llado et al., 2017).

Fig. 2. Dark CO, fixation rates in soil
microcosms with different 13CO, concen-
trations. Shown are (A) 13C uptake rates into
SOC expressed in pg C g(dw) soil ' d! (ug
carbon per gram dry weight (dw) of soil per
day) and (B) *3C uptakes expressed in MBC in
ug C gMBC™! d~! (ug carbon per gram mi-
crobial biomass carbon per day) after 7 days
of incubation with 2%, 5%, 10% and 20%
13C0O,. Error bars indicate standard deviation
of three replicate incubations and are shown
only where larger than symbols.
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Fig. 3. Contribution of dark CO, fixation to SOC and MBC in soil microcosms with 2% and 20% '3CO, over time. Shown are the excess 'C incorporation in
SOC (A) and MBC (B) expressed as % of SOC and % of MBC at 2% 3CO, and 20% '3CO, after 7 days of incubation (T7-2%, T7-10% and T7-20% respectively) and at
2% 13CO, after 14 (T14-2%) and 28 (T28-2%) days of incubation. The depth definitions, 0-12 cm, 35-60 cm and 70-100 cm represent the depth range sampled for
both campaigns. Error bars denote standard deviation of six replicate incubations from the August and November sampling campaigns (T7-2%), three incubations
from the November campaign (T7-20%) and the August campaign (T14-2%, T28-2%). * denotes P < 0.05, ** denotes P < 0.01 and *** denotes P < 0.001.

Families that dominated the most abundant phyla across the soil profile
included Micromonosporaceae (Actinobacteria), Xanthobacteraceae (Proteo-
bacteria), Roseiflexaceae (Chloroflexi) and Chthoniobacteraceae (Verrucomi-
crobia). The microbial community differed distinctly with depth (Fig. S4).
While members of the Proteobacteria, Acidobacteria, Verrucomicrobia,
Planctomycetes, and Bacteroidetes phyla were observed to decrease in
abundance across depth, bacteria phyla belonging to the Chloroflexi and
Actinobacteria increased with depth and were the most predominant groups
in lower depths.

To explore the metabolic potential for autotrophy, genes for key
enzymes involved in CO; fixation pathways were predicted for bacterial
OTUs by PICRUSt2. Putative autotrophic OTUs comprised up to 10% of
the total bacterial community. Families of the most abundant putative
autotrophic OTUs were identified as Xanthobacteraceae, Nitrospiraceae,
Nitrosomonadaceae, and Mycobacteriaceae and were found to vary in
abundance between the top 12 cm depth and the two lower depth in-
tervals (Fig. 4). The autotrophic CO, fixation genes predicted were
mostly related to the Calvin Benson Bassham (CBB) pathway (Xantho-
bacteraceae, Nitrosomonadaceae, and Mycobacteriaceae) followed by the
reductive citric acid (rTCA) pathway (Nitrospiraceae) and the Wood-
Ljungdahl pathway (WLP) being the least predominant pathway

95 A

90 A

Relative autotroph abundance / %

0-12 35-45

Depth /cm

70 -100 0-12 45 - 60

Depth /cm

80 -100

predicted (Fig. S5). Putative heterotrophs capable of CO, fixation, as
denoted by the abundance of phosphoenolpyruvate carboxylase (PEPC)
genes, were more abundant than the putative autotrophs across depth,
constituting 45-50% of the total microbial community (Fig. S5).

To verify the potential for autotrophic CO, fixation, the abundance of
marker genes for the CBB cycle and the rTCA pathway, RuBisCO (cbbL
IA, cbbL IC, and cbbM) and ATP-citrate lyase alpha subunit (aclA), as well
as of total bacterial 16S rRNA genes was determined using qPCR. In soil
samples retrieved from both sampling campaigns, bacterial 16S rRNA
gene copies were highest at 0-12 cm depth, ranging between 1.48 x
10'% and 2.41 x 10'° gene copies per gram dry weight of soil, and
decreased substantially down the soil profile to between 1.06 x 10 and
2.69 x 10 gene copies per gram dry weight of soil (Table 52). Of the
RuBisCO gene variants, cbbL IA and cbbL IC were detected in the soils,
while cbbM was below the limit of detection (5 x 10° gene copies per
gram soil). Both detected gene variants showed similar distribution
patterns in all soil depths of the two sampling campaigns (Fig. 5).
Variant cbbL IC showed the highest abundance, between 0.18% and
0.40% relative to bacterial 16S rRNA gene copies. In comparison,
abundances of cbbL IA were lower, with values between 0.009% and
0.040%. The aclA gene was detected in all soil depths in the November

Fig. 4. Composition of the bacterial
autotrophic community (family level).
Shown are the relative abundance of
assigned sequences for the most abundant
putative autotrophic bacteria.

(shades of orange bars) in comparison to the
putative heterotrophs (gray bars) of bulk soil
across depths for the August (A) and
November (B) campaigns. Taxonomic selec-
tion is based on 16S rRNA predicted func-
tions by PICRUSt2 (Phylogenetic
Investigation of Communities by Recon-
struction of Unobserved States, version 2).
The scale on the y-axis begins from 85%.
Data represent the mean of three replicate
cores for the August campaign and two
replicate soil samples from homogenized soil
cores for the November campaign.

M Other Autotrophs

B Mycobacteriaceae

m Nitrosomonadaceae
Nitrospiraceae
Xanthobacteraceae
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Fig. 5. Relative abundance of RuBisCO (cbbL IA, cbbL IC, and cbbM) and ATP citrate lyase (aclA) marker gene copies in soil. Shown are the cbbL IA, cbbL IC, and
aclA gene abundance in soil of the August (A) and November sampling campaigns (B) prior to incubation acquired by qPCR. Both are expressed as % of 16S rRNA
gene copies in soil. Error bars indicate standard deviation of the mean of three replicate soil core samples for the August sampling campaign and two replicate soil
samples from homogenized soil cores for the November sampling campaign. BDL denotes gene copies below detection limit.

campaign but was only above the detection limit at the top depth in the
August campaign. This gene abundance was between 0.18% and 0.26%
relative to bacterial 16S rRNA gene copies, showing a uniform distri-
bution across depth. Taken together, the cbbL IA, cbbL IC, and aclA genes
represented around 0.5% of the bacterial 16S rRNA gene copies in all
samples and did not correlate with CO» fixation rates (Fig. S6B).

Interestingly, in the incubated soil samples, we observed a significant
increase of RuBisCO gene copies in comparison to soils at the beginning
of incubation (Fig. S7). This effect was most pronounced for cbbL IA after
7 days of incubation, where gene copy numbers had increased from
0.018 + 0.003%-0.104% + 0.024% relative to bacterial 16S rRNA genes
(Student’s t-test, P = 0.02), and for cbbL IC after 14 days of incubation,
where an increase from 0.39 4 0.05% to 1.3 & 0.10% (P = 1.22 x 107)
had been observed. The abundance of aclA genes, however, was not
different between incubation times. An increase of headspace CO,
concentration had no effect on relative abundances of neither cbbL nor
aclA genes (Fig. S8), even though a significant decrease in the 16S rRNA
genes at the top 12 cm depth (P = 0.002) was observed when CO,
increased from 2% (v:v) to 20% (v:v).

4. Discussion

Our data did not confirm our first hypothesis that the relative
amount of chemolithoautotrophs will increase down the soil profile. The
proportion of the autotrophs constituted a very small fraction of the soil
microbial community with a constant relative gene abundance with
depth (Fig. 5). Their abundance also did not correlate with dark CO»
fixation rates across depth (Fig. S6B), thus contradicting our second
hypothesis that dark CO fixation rates would scale with the abundance
of chemolithoautotrophs across depth. In agreement, the abundance of
genes for autotrophic CO; fixation did not increase under higher (20%)
CO;, concentration (Fig. S8). This could be related to the typically slow
growth rate of autotrophs (Lengeler et al., 1999; Jorgensen and Nelson,
2004; Lipsewers, 2017). However, an increase in autotroph gene
abundance was observed after 7 days of incubation with 2% CO
(Fig. S7), showing the capacity for autotrophs to grow within that short
period. Thus, higher CO; concentration did not affect chemo-
lithoautotrophic growth. This suggests that the change in fixation rates
observed was not caused by an increased abundance of autotrophs.
However, as gene abundance does not necessarily reflect activity, we
cannot completely exclude the contributions of autotrophs to the higher
fixation rates observed. Also, PICRUSt2 predicted low abundances of
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obligate autotrophs such as members of the Nitrospiraceae family
(Fig. 4). Obligate autotrophs specifically require inorganic electron do-
nors like reduced nitrogen, sulfur, or iron compounds as energy sources
for their growth (Brock et al., 2003; Alfreider et al., 2018). These
compounds might be limited in deeper soils (Jones et al., 2018),
restricting the activity of obligate autotrophs. In agreement, previous
studies showed that chemolithoautotrophic CO, fixation can be stimu-
lated in soils when amended with sulfur compounds as electron donors
(Hart et al., 2013; Zhao et al., 2020). Facultative autotrophs like mem-
bers of the Xanthobacteraceae family were the most abundant of all pu-
tative autotrophs identified in this study (Fig. 4). These groups are
usually more widely distributed in soils than their obligate counterparts
(Yuan et al., 2012; Wu et al., 2015; Xiao et al., 2018) due to their
metabolic flexibility and predominantly mixotrophic lifestyle (Kappler
and Nouwens, 2013; Oren, 2014; Xiao et al., 2018). CO; fixation by
facultative autotrophs was shown to be enhanced under higher SOC
(Yuan et al., 2012), therefore, their contributions to dark CO fixation
via the Calvin cycle may be impaired in deeper soils due to the limited
SOC content (Xiao et al., 2018) in addition to the limited availability of
inorganic electron donors required to support their growth. Therefore,
autotrophs using the Calvin cycle, the rTCA pathway, or the
Wood-Ljungdahl pathway seem to contribute little to the high dark CO2
fixation rates observed in the forest soils. The soil microbial biomass was
dominated, not surprisingly, by heterotrophic bacteria varying in their
composition across the soil profile (Fig. S3). This dominance of hetero-
trophs over autotrophs has been previously reported for the Hainich
forest soils (Dukunde et al., 2019) as well as for other soils shown to fix
CO, (Liu et al., 2018; Santrickova et al., 2018) which could hint that
heterotrophs are the main CO;, fixers. Supporting this, PICRUSt2 anal-
ysis predicted a great abundance of phosphoenolpyruvate carboxylase
(PEPC) genes across depth (Fig. S5), which may be indicative of the
heterotrophic CO;, fixation as suggested by previous findings (Bar-Even
et al., 2012; Santrickova et al., 2018). The corresponding carboxylase
genes of these heterotrophs were more abundant than functional genes
of autotrophs in a study targeting CO. fixation in arctic soils
(Santrackova et al., 2018). Heterotrophic CO;, fixation was also shown to
be enhanced under nutrient-limited conditions, potentially playing a
role in cellular maintenance during stationary phase to enable longer
survival under oligotrophic conditions (Alonso-Sédez et al., 2010). This
increasing demand for inorganic carbon during cell starvation was
suggested to result from the cells undergoing major shifts in protein and
lipid composition during stationary growth phase (Merlin et al., 2003;
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Alonso-Séez et al., 2010) and not from de novo synthesis of biomolecules,
which would require additional nutrients, as lipid synthesis is also
known to boost CO5 demand (Cuellar-Bermudez et al., 2015; Sun et al.,
2016; Eloka-Eboka and Inambao, 2017). Taken together, heterotrophs
appear to be key players of dark CO fixation in temperate forest soils.

Our average dark CO, fixation rates with 0.70-0.04 pg C g(dw) soil !
d~! across depths are within the magnitude of other studies covering a
broad range of soils (Table 2) but are 2-6 times higher than those
observed in a similar recent study of Spohn et al. (2019) with temperate
forest soils. However, a direct comparison of the fixation rates is not al-
ways possible, due to differences in incubation conditions or due to the
lack of specific data to convert rates to the same units. The lower values
reported by Spohn et al. (2019) despite the higher SOC and microbial
biomass carbon content of these soils, may have resulted from the lower
incubation temperature or the long pre-incubation time of 10 days prior
to the 7 days of incubation time. In agreement, previous studies have
reported lower CO,, fixation rates at temperatures below 25 °C (Nel and
Cramer, 2019; Zhao et al., 2020) and we also observed a decline in fix-
ation rates with increasing incubation time (Fig. 1). Similarly, our rates
for the topsoil horizon were around 5 times higher than those of agri-
cultural soils incubated for 61 and 81 days by Miltner and colleagues
(2004 and 2005). Our values scale with those reported by Nowak et al.
(2015), who recorded values between 1.07 and 0.14 pg C g(dw) soil 1d!
for the top 40 cm of a mofette soil, decreasing with depth, but were higher
than those of a tropical forest soil (Nowak et al., unpublished result).
Similar to this study, previous studies that included incubations of deeper
soils show a strong decline of dark CO fixation rates with depth
(Table 2). As in our sites, these differences across depth diminished when
rates were normalized to MBC (Figs. 1B and 2B, Nowak et al., 2015;
Spohn et al., 2019). Strong relationships between dark CO;, fixation rates
and microbial biomass carbon exist despite distinct changes in microbial
community structure with depth in Hainich forest soil (Fig. S3 and
Fig. S6A), which are exemplary for most soils. Taken together, this sug-
gests that it is not soil depth per se but microbial biomass, in particular
heterotrophs, that is a determining factor for dark CO; fixation.

The second important driver for dark CO,, fixation appears to be pore
space CO concentration. Our data showed a 2 to 3-fold rise of fixation
rates when CO concentrations increased from 2 to 20% independent of
soil depth (Fig. 2), supporting our third hypothesis that this process is
enhanced under high soil CO, concentrations. The response was linear
between 2 and 10% CO., extending recent results of Spohn et al. (2019)
that reported a ~2-fold linear increase between 1 and 6.1% CO,. The
increase of CO, fixation rates diminished from 10 to 20% CO, concen-
tration. Since Oy concentration throughout the incubation period was
above 20%, this diminishing effect could result from a saturation of the
CO, substrate. This reduced response to high CO, was also shown in
wetland soils exposed to 100% CO5 and explained by substrate satura-
tion (Beulig et al., 2016). Forest soil microbes seem to reach saturation
at lower CO2 concentrations than wetland soils, probably due to com-
munity differences. Wetland microbes are more adapted to
water-saturated anoxic conditions and harbor high fractions of anaer-
obes fixing COy via the reductive acetyl-CoA pathway (acetogens,
methanogens, and sulphate reducers) in addition to others using the
Calvin cycle (Beulig et al., 2016). The linear response across a broad
concentration range suggests that temperate forest soil fixation rates will
respond to fluctuations in soil pore space CO5, which can occur during
both short term (hours to days) and seasonal periods of elevated tem-
perature and soil moisture conditions (Lu et al., 2013).

The effect of increased CO, fixation rates upon elevated CO; conditions
may play a role in the response of temperate forests to global change (Lorenz
and Lal, 2009; Domke et al., 2016). Several studies have demonstrated a 30
to ~100% increase in soil COy production and efflux if atmospheric CO»
levels double, as is likely by 2050 (Hungate et al., 1997; Allen et al., 2000;
Andrews and Schlesinger, 2001; Pendall et al., 2001; Oh et al., 2005), and
which would also affect CO; concentration in soil. For example, in the Duke
forest FACE experiment, Bernhardt et al. (2006), reported that elevating
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atmospheric CO;, concentrations by 200 ppm (>50%) increased soil CO;
concentration by > 7000 ppm (8-15% more) at 100 cm depth. A range of
parameters, including soil diffusivity, the amount and depth distributions of
roots, and microbial activities, as well as rates of soil CO5 production will
affect soil CO; levels (Oh et al., 2005). Despite predicted impacts on soil COy
concentrations, it is unclear whether elevated atmospheric CO, will directly
affect soil microbial biomass, their community structure, or functions (Llado
et al., 2017). Since soil COy concentrations are higher than atmospheric
levels (<400 ppm), microbial response to elevated atmospheric CO, might
be negligible (Dunbar et al., 2012; Brenzinger et al., 2017) especially as
microbes may experience concentrations in microsites that are even higher
than observed in pore space that may be more directly connected to the
atmosphere. Also, inconsistencies exist on the effect of increased CO, on
microbial functional traits from different forest ecosystems (Long et al.,
2012; Schleppi et al., 2012) which may result from differences in local
edaphic conditions. Therefore, such feedback is unpredictable across
temperate forests globally. A potential outcome could be that increased
atmospheric CO; levels may boost net primary productivity (Llado et al.,
2017) with unclear consequences on temperate forest carbon fluxes (Meier
etal., 2015). For example, increased root exudation (Llado et al., 2017) and
litter input (Ahrens et al., 2015) can cause a shift in microbial community
structure and enhance activities (Blagodatskaya et al., 2010; Fransson et al.,
2016). Higher temperatures would further promote microbial SOC
decomposition, leading to increased soil CO; concentration and release (Oh
et al., 2005; Hicks Preis et al., 2018; Kravchenko et al., 2019) that may in
return stimulate dark CO,, fixation rates.

Our data show that up to 0.03% of SOC (1-13 mg C kg™ 1) and up to
1% of MBC (0.2-4 mg C kg’l) were derived from dark CO, fixation
under 2% CO, after 28 incubation days. The low contribution of fixed
carbon to the SOC pool (Fig. 3) is explained by its small proportion of
microbial biomass with less than 5% (Rossner et al., 1996; Dalal, 1998).
When we estimated dark COs fixation rates per unit area m? according
to Xiao et al. (2018) and assuming a bulk density of 1 g cm ™2 (Lorenz
et al.,, 2011), an annual fixation rate of 57.1 + 16.7 g C m~2 yr’1 toa
depth of 1 m was achieved, which scales to 4.3 + 1.3 Gg C yr™* for the

/ g
Y7 o A MBe
‘—Ietero— Auto-" Uptake
trophs  trophs ~25gCm?2yr' (1 m)
MB: <5% SOC (8°0)
L SOC 4 Modulates soil CO,

emissions by ~5.6%

Fig. 6. Conceptual illustration of dark CO, fixation in Hainich forest soils.
Curved squares represent litter, microbial biomass (MB), and SOC pools while
arrows represent fluxes between pools. Photosynthetic CO, fixation is denoted
by dashed black arrows and litter input into SOC can be directly (solid black
arrow) or through decomposition (solid green arrow) by microbial biomass
which is 5% of SOC. A part of the CO, released during decomposition can
diffuse into the atmosphere (solid gray arrows) while 5.6% is fixed by the MB
pool (dashed red arrows) at a rate governed by CO, concentration and the size
of the microbial biomass which upon death, enters the SOC pool (solid brown
arrows). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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total Hainich forest area (76 km?; Knohl et al., 2003). Assuming this
constant rate, it would take ~6 years to completely replace microbial
biomass carbon and about 120 years (0-12 cm) to 220 years (below 70
cm) to replace all SOC in the Hainich forest soil with carbon fixed by
dark CO, fixation. However, considering the mean annual temperatures
in the Hainich forest soils of around 8 °C and assuming a Qi of ~2, that
is, a doubling of rates with a 10 °C rise in temperature (Moyano et al.,
2008), the fixation rate under real field conditions is likely to be ~2.3
times less. This amount to ~25 + 7.2 g Cm 2 yr ! (Fig. 6) and scales to
~1.9 + 0.55 Gg C yr~! for the total Hainich forest area. Under these
conditions, fixation rate was higher than that of Spohn et al. (2019)
extrapolated as ~14 g Cm 2 yr ! at 15 °C down to 70 cm depth. These
rates are likely to be even higher if extrapolated to the same temperature
and may be partly due to contributions from the deeper profiles, which
were not accounted for in the previous studies. Accordingly, we would
expect turnover times to be 2.3 times longer with values ranging from
280 years (0-12 cm) to 510 (below 70 cm) years for SOC and around 14
years for MBC under Hainich forest field conditions. These values are
similar to estimated turnover times of 10-50 years for MBC and 270-880
years for SOC in tropical forest soils to 1 m depth (Nowak et al., un-
published result).

Our calculated annual uptake rates represent gross uptake and not
necessarily evidence of net carbon gain (i.e, without accounting for
carbon losses through heterotrophic respiration), as the Hainich forest
soil also shows very small net carbon increase (Kutsch et al., 2010).
Since gross carbon inputs of 441-452 ¢ C m 2 yr ! and CO, effluxes of
417-442 g Cm 2 yr~! down to 60 cm depth have been reported (Kutsch
et al., 2010), our annual dark CO, fixation rate at 20 °C would account
for ~13% of the forest soil gross carbon input, and thus be responsible
for re-fixing a substantial amount (13%) of respired CO, into SOC.
However, using the temperature corrected rates that more closely reflect
the Hainich forest conditions (8 °C), this amounts to 5.6% of Hainich
forest soil CO5 emissions annually (Fig. 6). This is similar in range to
those reported by Spohn et al. (2019), of up to 4% for temperate forest
soil, and those of Miltner et al. (2005), of 3-5% of net respiration rate in
agricultural soil. Based on our findings, we created a conceptual illus-
tration of dark CO; fixation in the Hainich forest soil (Fig. 6). Here,
photosynthetic CO, fixation promotes litter production. The latter can
enter the SOC pool without passing through the microbial biomass (MB)
pool (Trumbore, 2009) or can be decomposed by heterotrophs in the MB
pool. During decomposition, respiration releases CO5 into the soil air
and a fraction diffuses out into the atmosphere. We predicted that 5.6%
of respired CO in the soil air is fixed by microbial biomass (autotrophs
and heterotrophs) at a rate dependent on the CO; concentration and the
MBC content.

Recycling of respired carbon will change the isotope signatures of
SOC (Ehleringer et al., 2000). Soil pore space CO3, mostly derived from
root respiration (Rastogi et al., 2002), is usually more enriched in 13C
(by around 4%.) than SOC at corresponding depths due to restricted
diffusion of the heavy 13C02 (Cerling et al., 1991). As a result, dark COy
fixation could provide a mechanism for higher §'3C carbon to be
incorporated directly into MBC and SOC in deep soils. This process has
also been proposed as a cause for the commonly observed increase in 13C
signatures of SOC with depth (Santriickova et al., 2018).

Scaling up to a global temperate forest area of 10.4 million km?
(Tyrrell et al., 2012), the rate of dark CO, fixation using temperature
corrected rates measured from the Hainich forest soils at 2% CO, as
reference, can be estimated as 0.26 + 0.07 Pg C yr™! to a depth of 1 m.
This corresponds to 2.3% of the global anthropogenic carbon emissions
in 2018 (~11.5 + 0.9 Pg C; Friedlingstein et al., 2019) respectively.
Based on the >7000 ppm increase in soil CO3 upon a 200 ppm increase
in atmospheric CO3 concentration reported by Bernhardt et al. (2006),
we further evaluated the effect of increased atmospheric CO2 on the
estimated annual dark CO; fixation rates. The 120 ppm increase in at-
mospheric CO3 since 1750 would result in an increase of soil COy by
0.42% (4200 ppm). Based on the 120% increase in fixation rates we
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observed when going from 2% to 10% CO,, dark CO, fixation rates could
currently be 6.3% higher than they were pre-industrially. Therefore, due
to the rise of atmospheric CO,, dark CO, fixation by the modern soil
microbial community now fixes ~0.01 Pg C per year to 1 m depth more
than it did in 1750. However, considering that the relationship between
CO; concentration and fixation rate might depend on environmental
conditions and the microbial community present, and that the
geochemical conditions of all temperate forest soils globally was not
accounted for, these values should be taken as back-of-the-envelope
estimates with some degree of uncertainty.

Our results indicate that dark CO5 fixation by microbial biomass is an
important component of soil carbon fluxes and that the microbial
biomass carbon pool likely represents a relatively dynamic pool of soil
carbon that can respond to global environmental change on decadal to
centurial timescales and thereby moderate the large stores of carbon
found even in deep soils.

5. Conclusions

We estimated an average CO fixation rate of 25 +7.2 g Cm 2 yr !
to a depth of 1 m for Hainich forest soil. Without this process, Hainich
forest soil CO4 emissions would be ~5.6% higher. Mitigation of soil CO2
emissions by re-fixing a part of respired CO, will alter carbon isotope
signatures across the soil profile. Although our global extrapolated rate
at 0.26 + 0.07 Pg Cyr ! is limited to temperate forests soils, it should be
noted that other biomes may also contribute significantly to this process
on a global scale. In addition, autotrophs constituted a small proportion
of the community and showed a constant relative abundance with depth
with no correlation with CO, fixation rates, while heterotrophs were the
dominant groups. Although we cannot evaluate the proportion of carbon
derived from both autotrophic and heterotrophic CO- fixation, hetero-
trophs appear to be the key mediators of this process, with the capacity
to respond to increased pore space CO concentrations with a 2 to 3-fold
increase of the fixation rates. Our findings indicate that mostly hetero-
trophs are responsible for dark CO, fixation and that microbial biomass
and CO; concentration are the main parameters affecting CO, fixation
rates across the soil depth and may thus serve as a proxy to estimate dark
CO-, fixation rate in other temperate forest soils.
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Materials and Methods

Radiocarbon measurements

To measure the radiocarbon content of soil samples, accelerator mass spectrometry (AMS) with a 3-
MYV Tandetron ion accelerator (HVEE, Amersfoort, Netherlands) was used (Steinhof et al., 2004).
Subsamples of soil containing 1 mg of carbon were combusted quantitatively and the developed CO»
was catalytically reduced to graphite at 625 °C by Ha reduction. Radiocarbon data are reported as
A'™C, which is the %o deviation of the '*C/*?C ratio from the international oxalic acid universal
standard (ox1). The A'*C value of the sample was corrected for mass-dependent isotope
fractionation to a common value of -25%o (Mook and van der Plicht, 1999). The A'*C values of the
standards were also corrected appropriately for radioactive decay between 1950 and the year “y” of
the measurement (Nowak et al., 2015; Trumbore, 2009). As expected, the measured bulk '*C values
decreased significantly with depth from 11.80 = 12.06 %o at the top 12 cm to -371.97 = 29.10 %o at
the bottom depth (p = 4.34 x 10®%) (Table S1). This observed decrease in radiocarbon signal with
depth is a common feature in most soils, due to the radioactive decay of '“C to '“N, and reflects the
mean time elapsed since the C in SOC was originally fixed from the atmosphere(Nowak et al., 2015;

Trumbore, 2009).

14
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Results

Supplementary figures and tables
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Figure S1: 6'3C signals of SOC and MBC in microcosms throughout incubation time. Shown

are (A) *C signal in SOC (B) 3C signal in MBC after 7, 14, and 28 days of incubation with 2%

CO.. Incubations with '2C labelled CO; are denoted with empty symbols and incubations with

13C labelled CO; are denoted with filled symbols. Day 0 reflects natural abundant values of SOC

measured from bulk soil. Error bars indicate standard deviation of three replicate incubations and

are shown only where larger than symbols.
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Figure S2: 613C signals of SOC and MBC in microcosms with different CO; concentrations in

soil microcosms. Shown are (A) §'3C signal in SOC and (B) '3C signal in MBC at 2%, 5%,

10% and 20%. CO> concentration expressed as % v:v in microcosm headspace. Filled symbols

depict incubations with >CO; and empty symbols depict incubations with '3CO». Error bars

indicate standard deviation of three replicate incubations and are shown only where larger than

symbols.
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Figure §3: Composition of bacterial community (phylum level) in the Hainich forest soil.
Shown are the relative abundance of assigned sequences of the bulk soil samples across depths
for the August (A) and November (B) sampling campaign. Taxonomic assignments is based on
the SILVA database implemented on the MOTHUR sequence analysis pipeline. Data represent
three replicates cores per depth for the August sampling campaign and the mean of two sample
replicates for the November sampling campaign. Bacteria Phyla containing the most abundant

chemolithoautotrophic groups found are denoted by orange filled circles.
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Figure S4: PCoA of Hainich forest soil bacterial community structure from August and
November sampling campaigns. Plot based on OTU level analysis of 16S rRNA gene amplicons
generated by Illumina Miseq sequencing. Shown are five independent data points per depth for
both the August and November campaign and represented by three replicate soil cores from the
August campaign (dark gray symbols) and two replicate soil samples from a single soil core
from the November campaign (light gray symbols). Soil bacterial community composition shows
significant change with depth for the August sampling campaign only (R’ = 0.59, P = 0.004,

PERMANOVA). This is caused largely by a distinct community in the top 12 cm soil layer (R =
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0.44, P =0.011). The bacterial community in the two lower soil layers, 35 — 45 cm and

70 — 100 cm did not differ significantly from one another (R’ = 0.35, P = 0.10).
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Figure S5: Predicted abundance of carboxylase genes involved in dark CO; fixation. Shown
are the relative abundance of key enzymes involved in dark CO: fixation predicted by PICRUSt2
analysis of bacterial 16S rRNA gene amplicon sequence data. Specific key enzymes are
combined for the Calvin Benson Basham pathway (CBB), reverse tricarboxylic acid pathway
(rTCA), and the Wood-Ljungdahl pathway (WLP). Phosphoenolpyruvate carboxylase (PEPC)

gene is reported for heterotrophic CO; fixation by anaplerotic reactions.
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Figure S6: Correlation of microbial biomass and autotroph abundance (based on RuBisCO
and aclA gene variants) with measured uptake rates. Shown are correlations between the
measured dark CO; fixation rates per gram dry weight (dw) of soil and microbial biomass carbon
(MBC) (A) and between dark CO; fixation per gram microbial biomass and the abundance of
marker genes encoding for RuBisCO (chbL 14, cbbLIC) and rTCA cycle (acl4) (B) measured in

the August and November campaigns across 0 — 100 cm depth profile.
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Figure S7: Abundance of RuBisCO (cbbL 1A, chbL IC) and ATP citrate lyase (aclA) marker
gene copies at 2% v:v CO; in soil. Shown are the cbbL IA, cbbL IC, and aclA gene abundance
based on qPCR from the August sampling campaign at the top 0 — 12 cm depth from days 7, 14,
and 28 incubation with 2% v:v CO» expressed as % of 16S rRNA gene copies. The scale on the

y-axis is logarithmic. Error bars indicate standard deviation of three replicate incubations.
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Figure S8: Abundance of RuBisCO (cbbL 1A, cbbL IC) and ATP citrate lyase (aclA) marker
gene copies at 2% and 20% CO: in soil. Shown are the cbbL 1A, cbbL 1C, and aclA gene
abundance based on qPCR analysis from the November sampling campaign at the top 0 — 12 cm
depth after 7 days incubation with 2% v:v and 20% v:v CO; expressed as % of 16S rRNA gene
copies. The scale on the y-axis is logarithmic. Error bars indicate standard deviation of three

replicate incubations.
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Table S1: Geochemical properties of soil cores obtained from the Hainich national park from
two sampling campaigns. Soil pH, moisture content, soil organic carbon (SOC), carbon/nitrogen
(C/N) ratio, microbial biomass carbon (MBC), and natural abundance '3C and '*C signatures of
SOC, reported for 3 depths definitions for the August and November campaign. Reported
average values for the August campaign are individual and mean values of three replicate cores.
3!3C and A'C values of the individual cores from the August campaign represent the mean of
analytical replicates. All reported values for the November campaign represent the mean of three

sample replicates. “nd” denotes samples where no measurement was determined.

Sampling Moisture MBC
Campaign/  Depth pH Content  SOC(%)  CN  (ngCed  MBC  §uc () AMC (%)
. (cm) o 1 8°C (%o)
Soil cores (%) w)
-26.60 =
0-12 il 2460 44 1 nd nd 009% 3204440
25105 30040+
b 35-4 57 18.62 1.03 0 nd nd 0.05 3.30
25005 30940«
70- 100 0 o176 0.72 7 nd nd Pyt oo
2710+
0-12 » . 418 12 nd nd T 3030+3.80
2464+ 29220+
2 35-45 57 20.64 0.7 8 nd nd 0.21 20
25165 367.00 %
%D 70-100 7.0 21.32 0.31 8 nd nd 0.21 3.60
-27.20
= -
E 0-12 53 07 2.89 13 nd nd ToE 26.00+380
2555+ 14700+
3 35-45 54 23.79 0.85 9 nd nd 0.01 3.20
23505 38840 &
70-100 7.0 2526 0.4 8 nd nd 0.40 3.80
47+ 2706+ 382+ 12+ 2697 +
. 0-12 0.60 323 0.82 0.93 nd nd 0.32 17.7+18.23
on
& 56+ 2102+ 086+ 25104 24957+
z P 0.14 261 017 ~ 0*082  nd nd 0.45 89.15
698t 2278+  049< 2455+ 35403+
70-1000 55 216 021 8061 nd nd 0.92 40.86
310+ I+ 36997 2529+  -2653+
0-12- 424+ 303 0.01 003  £2046 077 0.07 48+1.56
3 0.06
(5]
e
£ 0.86+ 2074+ 1911+ 2434+ 3974+
g 45-60 588+ 250 0003 0006 Tio49 5.49 0.05 113
2 0.01
039+ 2015+ 2274+ 2484+ 38285+
80-100  7.04+ 235 R ey o e o
0.04
nd: not determined
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Table S2: Quantification of 16S rRNA, cbbL 1A, chbL IC, chbM and aclA marker genes.

Shown are the gene copies for the 16S rRNA, cbbL 1A, cbbL IC, cbbM and ac/A marker genes

expressed per gram dry weight of soil and their ratios (chbL 1A, cbbL 1C, and acl4 only)

expressed as a % of 16S rRNA gene copies in bulk soil for both the August and November

sampling campaign. Data is based on quantitative PCR analysis. Errors indicate standard

deviation of the mean of three replicate soil cores samples for the August campaign and two

replicate soil samples from a homogenized soil core for the November campaign. BDL denotes

gene copies below detection limit.

cbbL 1A

cbbL 1C

Sampli / / acld/
" Depth(em)  16SIRNA  chbLIA  hbLIC  cbbM  acld 165 165 165
campai rRNA

RNA  RNA X
e w o P
0-12 241x100%  420x10°%  9.13x107+ o 405x107+ 0.018= 0386+ 0.178=
-lecm 8.31x 10° 524x10°  231x 107 822x10°  0.003 0.048 0.063
]
on t 4 6
& 3.16x 108+  970x10*+  1.06x 10°+ 0014+ 0250+
< 35-45cm 3.53x 108 9.18x10°  358x10° DDk BDL 0.002 0.100 BDL
t
70-100cm 06X 10°% BDL BDL BDL BDL BDL BDL BDL
4.58x 10
0-12em 148x 1010+ 231x10°% 336x 107 o 281x107+ 0016 0227+ 0220+
2.14x 10° 257x 104 4.44x10° 197x10°  0.0021  0.003 0.016
5
£ 4S-c0em | OOTXI0E  BAAXI0':  177x10°% o 246x10°% 0009+ 0185+ 0257+
g 1.50 x 108 356x 100 6.89x 10 149x10°  0.0023  0.022 0.024
Z
20— 100 269x10°%  101x10°+ 698x10°% o0 491x10°% 0037+ 0220+ 0181
Sem g 88 x 107 317x 104 7.44x 10 1.61x10°  0.0023  0.022 0.014
BDL: Below Detection Limit
10
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Table S3: Primer specifications used for bacterial quantification and detection of CO; fixation

pathways.
Pathway / . > 2» 1 2 fi
Function Target gene  Primer name Sequences (5° -3) bp Ta References
, cbbL IA f  CGGCACSTGGACCACSGTSTGGAC .
RubisCO 620 54 Alfreider et
form IA al., 2003
cbbL IA r GTARTCGTGCATGATGATRGG
CBB-cvele RUbsCO cbbL IC f TGGTGCATCTGVCCGGCRTG Allfreziggget
Y ub1s 552 55 al., - o
form IC Alfreider et
cbbL IC r GAACATCAAYTCKCAGCCCTT al., 2012
RUBISCO cbbM_f GGCACCATCATCAAGCCCAAG s 53 Alfiidere
form II cbbM r TCTTGCCGTAGCCCATGGTGC al., 2003
ATP citrate aclA_Nit-f TCSTTCGGCGTCATYACCAAG i
FTCA-cycle lyase 4AcA 320 56 Allfre;%elrset
. . al.,
(Nitrospira) g aclA_Nitr GCCSGCATGRCCGAAYTTCAT
Bac_341F CCTACGGGNGGCWGCAG .
Klindworth
165 rRNA 44455 o
Phylogenetic Bac_785R GACTACHVGGGTATCTAATCC v
identification too v B8 Fmod AGAGTTTGATCMTGGCTCAG Da”l“;;; al,
s 510 52
qPCR Bac 338 r Loy et al.,
338 2002

1bp: size of primer product; 2Ta: Annealing temperature
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ABSTRACT

Keywords:

Soil organic carbon
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13C0, labelling
Anaplerotic reactions
Deciduous

Coniferous

Soils are the largest terrestrial organic carbon pool and the largest terrestrial source of atmospheric CO. Non-
phototrophic CO, fixation by microbes re-fixes and recycles CO; respired in soils. Our previous study showed
that in temperate deciduous forest soil profiles, rates of dark CO, fixation were proportional to microbial
biomass, irrespective of soil depth. However, the amount and quality of organic matter entering different soil
depths vary for different temperate forest types and these influence microbial communities with unknown
consequences for CO, fixation rates. To test whether differences in the amount and quality of SOC caused by tree
species affect dark CO fixation rates with depth, we conducted a study using acidic soils from two forest plots
from the Schorfheide-Chorin Exploratory, Germany. These soils, dominated by either beech (deciduous) or pine
(coniferous) tree stands differ in their SOC content and quality. We traced the incorporation of 2% (v:v) 13¢c_co,
label into microbial biomass and estimated the CO, fixation rates relative to microbial biomass carbon content
(inpgCg MBC ! d~1) across the soil profiles. The rates of dark CO, fixation per g MBC were similar across the
beech soil profiles, but significantly lower in the pine soils at the B2 and BC horizons, suggesting that while dark
CO;, fixation rates are linked to MBC in deciduous forest soils, other factors influence dark CO fixation rates in
coniferous forest soils. The pine subsoils had low SOC content and quality, with a microbial community enriched
with heterotrophic fermenters like Chloroflexi that are predicted to have a lower potential for heterotrophic CO2
fixation compared to the other dominant bacteria phyla. In contrast, the beech soil profiles, characterized by
higher SOC inputs, featured higher fractions of copiotrophs like Proteobacteria, Acidobacteria, and Actinobacteria
predicted to have high heterotrophic CO- fixation potential. We thus speculate that in contrast to the beech soils,
lower SOC inputs in the pine subsoils affected the community composition, leading to lower CO; fixation rates.
We further made comparisons to soils dominated by mixed deciduous trees and featuring a higher MBC and SOC
content. Over this range of temperate forest soils, CO» fixation rates were highest in the mixed deciduous forest
soils, with MBC and Shannon index (used as a proxy parameter for community composition) showing the
strongest correlations with the varying CO; fixation rates. Our study suggests that predictions of dark CO; fix-
ation rates need to consider tree-species specific or site-specific conditions, as these may alter root carbon inputs
and affect microbial community composition and their metabolic CO- fixation potentials in soil.

1. Introduction

non-phototrophic assimilation of CO by microbes, has been estimated
to fix ~0.3 Pg C/yr, corresponding to 3-6% of annual soil CO, emissions

Soils are the largest terrestrial organic carbon pool on Earth (Batjes,
1992), storing around 1500 Pg C in the top 1 m depth (Jobbagy and
Jackson, 2000). The microbial degradation of plant litter in soils releases
CO back into the atmosphere (Rastogi et al., 2002; Kravchenko et al.,
2019). A portion of this COy, however, is re-fixed through dark CO,
fixation in soil and thereby reduces the amount of CO, emitted from soils
(Miltner et al., 2005; Santriickova et al., 2018). This process, the

in temperate forest soils (Spohn et al., 2019; Akinyede et al., 2020).
Dark CO; fixation is carried out by both chemolithoautotrophs and
heterotrophs via various metabolic pathways. Chemolithoautotrophs fix
CO2 using one of the six known autotrophic pathways (Berg, 2011;
Fuchs, 2011), with the Calvin Benson Bassham (CBB) pathway being the
most important in soils (Tcherkez et al., 2006; Wu et al., 2014). This
pathway depends on the activity of the key enzyme RuBisCO (ribulose-1,
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5-bisphosphate carboxylase oxygenase). Of the different RuBisCO forms,
only form I and form II variants are known to participate in bacterial
autotrophy (Berg, 2011). Form I RuBisCO is common among obligate
and facultative autotrophic bacteria, e.g., Proteobacteria (Tolli and King,
2005). Form II RuBisCO is found in facultative anaerobic bacteria like
Thiobacillus spp. (Alfreider et al., 2003). The CBB pathway has a high
energy cost (Bar-Even et al., 2012). Hence, alternative energy-efficient
pathways, like the reductive citric acid cycle (rTCA) and the Wood
Ljungdahl pathway (WLP), are employed by soil microbes (Beulig et al.,
2016; Liu et al., 2018). Due to the demand for reduced inorganic com-
pounds, temperature, and oxygen preferences (Hiigler and Sievert,
2011), other known autotrophic pathways are less common in soils.
Additionally, heterotrophic bacteria in soils also fix COy (Akinyede
et al., 2020; Santrickova et al., 2018) via carboxylation reactions in
citric acid metabolism (Krebs, 1941; Erb, 2011).

Both chemolithoautotrophic and heterotrophic bacteria fixing CO;
are ecologically and phylogenetically diverse (Berg, 2011; Hiigler and
Sievert, 2011; Saini et al., 2011; Braun et al., 2021), with different
factors influencing their metabolism. Thus, various environmental fac-
tors are known to affect CO; fixation rates (Berg, 2011; Hiigler and
Sievert, 2011). In soils, extrinsic factors such as CO, concentration
(Beulig et al., 2016; Spohn et al., 2019; Akinyede et al., 2020), water
content, temperature (Nel and Cramer, 2019), soil organic carbon (SOC)
(Miltner et al., 2005; Santrickova et al., 2018), and the availability of
electron donors (Hart et al., 2013) have been linked to dark CO, fixation
rates. In a recent study, dark CO», fixation rates correlated with microbial
biomass, and this was independent of observed changes in the com-
munity structure with depth in a temperate deciduous forest soil (Aki-
nyede et al., 2020). Additionally, in cropland soils, organic carbon
content was described to best predict the variations in CO5, fixation rates
observed between eroding and depositional topsoils due to the potential
effect of soil organic carbon (SOC) on the proportion of the autotrophic
bacterial community (Xiao et al., 2018).

SOC is an important regulator of soil microbes (Dalal, 1998; Su et al.,
2020), serving as the most important carbon source (Llado et al., 2017).
Thus, variations in the amount and quality of SOC correlate with mi-
crobial biomass (Cleveland and Liptzin, 2007; Fierer et al., 2009; Liddle
et al., 2020). SOC composition and content is mainly influenced by tree
species (Vesterdal et al., 2013; Guo et al., 2016), with root inputs sug-
gested as the dominant source of SOC in temperate forests (Rasse et al.,
2001, 2005). Differences in tree species lead to distinct patterns in depth
distributions of SOC content and its decomposition rates (Vesterdal
et al., 2008; Binkley and Giardina, 2014; Joly et al., 2017; Achilles et al.,
2020). Shallower rooting depths of coniferous trees introduce the largest
proportion of carbon inputs to the top 10 cm depth of soils. Thus, easily
degradable rhizodeposits are mostly restricted to the topsoil (Finzi et al.,
1998; Vesterdal et al., 2013; Achilles et al., 2020). Deciduous trees,
however, have higher root biomass (Finér et al., 2007; Ostonen et al.,
2007) and distribute more of the easily degradable root-derived carbon
into deeper soil layers (15-30 cm) (Vesterdal et al., 2013; Cha et al.,
2019). Furthermore, the degradability of SOC is lower in topsoils under
coniferous than deciduous tree species (Don and Kalbitz, 2005; Cuss and
Guéguen, 2013) due to a higher portion of complex carbon substrates
like lignin as well as the higher C/N ratios of the originating above-
ground litter (Vesterdal et al., 2008; Thieme et al., 2019). These dif-
ferences in SOC vertical distribution and quality also affect bacterial
community composition across soil depths (Hackl et al., 2005; Urbanova
et al., 2015; Nacke et al., 2016). Here, we compare dark CO, fixation
rates in acidic deciduous and coniferous soil profiles to test whether
differences in soil organic matter inputs, quality, and their influence on
microbial communities lead to differences in CO5 fixation rates with
depth.

We examined dark CO. fixation rates using soil plots in the
Schorfheide-Chorin Biodiversity Exploratory, Germany, having a sandy
texture and acidic pH (Fischer et al., 2010; Kaiser et al., 2016). Two soil
plots differing in their dominant tree species (beech and pine) and soil
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characteristics were selected. The beech plot was reported to have 30%
higher mineral SOC content and >40% higher root decomposition rates,
as well as 30% lower mineral soil C/N ratios than the pine plot (Solly
et al., 2013; Kaiser et al., 2016; Schoning et al., 2019), indicating a
higher SOC input and quality in the beech compared to the pine plots
(Bauhus and Khanna, 1999; Lai et al., 2016; Achilles et al., 2020). Based
on these plots, this study aimed to test whether differences in the
amount and quality of SOC caused by tree species will affect dark CO»
fixation rates across soil profiles. We traced the incorporation of *CO,
label into microbial biomass carbon and soil organic matter in soils
dominated by beech and pine trees down to 1 m depth and estimated the
CO-, fixation rates relative to microbial biomass carbon content (ug C g
MBC'd ™) and to soil dry weight (ug C g (dw) soil 1 d~1) across the soil
profiles. Additionally, we analysed the soil microbial community
structures and used open-source tools for predicting genomic potential
of known CO;, fixation pathways, and identified potential biogeochem-
ical factors that may influence rates of dark CO; fixation in temperate
forest soils.

2. Materials and methods
2.1. Site description and soil classification

The study sites (SEW 49: N52°56/32.6' E13°49'38.0' and SEW 17:
N52°53'07.6' E13°53/28.3") are two plots (beech and pine respectively)
located within the forested area of the Schortheide-Chorin Exploratory,
North-eastern Germany (3-140 m a.s.l.) (Fischer et al., 2010). The
Schorfheide-Chorin Exploratory is a part of the German Biodiversity
Exploratories established to investigate the relationships between land
use, biodiversity changes, and ecosystem functioning in forests and
grasslands of central Europe (Fischer et al., 2010; https://www.biodi
versity-exploratories.de). While beech (Fagus sylvatica. L.), pine (Pinus
sylvestris L.), and oak (Quercus spp. L.) can be dominant tree species of
mature age class forests of the Schorfheide-Chorin region (Fischer et al.,
2010; Kaiser et al., 2016), the two study plots investigated are each
composed of only beech and pine trees. Each of the experimental plots
has a size of 100 x 100 m, located ~8 km apart. Mean annual precipi-
tation (MAP) at these sites ranges between 500 and 600 mm annually
and mean annual air temperature (MAT) is between 8.0 and 8.5 °C
(Fischer et al., 2010). Soils are generally characterized by a high sand
content (89%) due to the dominance of glacio-fluvial or aeolian sand
with glacial till as the main geological substrate, resulting in a young
glacial landscape (Fischer et al., 2010; Kaiser et al., 2016). Soils are
mostly acidic (pH < 5), have low moisture and SOC content (Kaiser
etal., 2016, Table 1), and are classified as Cambisols (Fischer et al., 2010;
1USS Working Group WRB, 2015; Kaiser et al., 2016). Further descrip-
tion of the forest sites can be found in Fischer et al. (2010), Kaiser et al.
(2016), Thieme et al. (2019), and the Biodiversity Exploratory website
(https://www.biodiversity-exploratories.de).

The soils in our previous study were sampled from a mixed deciduous
(mostly beech) forest in the Hainich region, also part of the German
Biodiversity Exploratories, located in central Germany, having a higher
MAP but similar MAT. These soils were higher in pH, clay content, SOC,
and microbial biomass carbon content. Data from this previous study
(Akinyede et al., 2020) are used here to compare with those from the
two new sites in the Schorfheide-Chorin Exploratory.

2.2. Sampling design

Soil sampling was carried out on December 2, 2018 (beginning of the
winter season). With the aid of a closed auger (84 mm in diameter)
driven into the soil with a motor hammer (Cobra Combi, Atlas Copco AB,
Nacka, Sweden), three replicate soil cores were sampled (individual
cores: 1-2 m apart) from each of the two plots (beech and pine). All soil
cores were taken ~2 m away from the base of the trees to avoid direct
impact from stem flow and to prevent larger roots from impeding the soil
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Table 1

Biogeochemical properties of bulk soil cores obtained from the beech and pine plots. Soil pH, moisture content, soil organic carbon (SOC), total nitrogen (TN), carbon/
nitrogen (C/N) ratio, microbial biomass carbon (MBC), MBC/SOC ratio, natural abundance 8'3C of SOC and MBC, A'*C signatures of SOC, 16S rRNA gene copies, and
Shannon index for the beech and pine soils. Values are the mean of 3 replicate soil cores taken during the sampling campaign.

Plot Depth pH Moisture SOC N Cc/N MBC (ug  MBC 5'%s0C 51°MBC AYC (%)  16STRNA  Shannon
(Dominant (Horizon) (%) (%) (%) ratio Cg /S0C (%o0) (%o0) (copies/g index (H)
tree species) dw™) (%) dw™)
Beech AB 3.54 7.96 + 1.54 0.09 15.60 224.70 1.47 —27.19 —24.65 91.00 + 1.97 x 5.86 +
+ 0.44 + +0.01 +1.21  +4887 +0.06 +0.15 +0.26 29.39 10 + 0.05
0.11 0.40 5.02 x 10°
BC 3.74 3.95 + 0.40 0.02 17.19 3018+ 076 -26.52 -23.55 —66.67 +  2.94 x 5.82 +
+ 0.60 + + +206  9.22 +0.1 +0.41 +1.75 52.49 10° + 0.09
0.19 0.13 0.009 1.42 x 10°
C 3.57 2.74 + 02+  0.02 12.19 35.21 + 1.83 —26.26 —23.60 -103.33 9.57 x 5.82 +
+ 1.04 0.04 + +1.84 7.84 +£051 +0.50 +1.32 + 64.47 10% + 0.22
0.28 0.003 2.96 x 108
Pine AB 3.16 8.91 + 2.33 0.09 24.34 215.15 0.94 -27.19 —24.03 39.73 + 1.77 x 4.89 +
+ 2.76 + +0.03 +£023 +6335 +014 +0.17 +0.63 18.42 10%° + 0.04
0.38 0.79 5.30 x 10°
B2 4.30 3.10 + 0.57 0.03 20.81 90.64 + 1.58 —25.90 —25.71 —85.23+  2.67 x 5.23 +
+ 1.64 + + +0.30 16.98 +0.06 +0.2 +0.72 39.50 10° + 0.10
0.03 0.08 0.004 7.37 x 108
BC 4.54 1.30 + 0.08 BDL BDL 4448+ 537 —25.14 —24.30 -163.43 2.41 x 453 +
+ 0.22 + 3.88 +0.91  +0.07 +0.45 +77.57 10% + 0.15
0.05 0.01 5.18 x 107

BDL: Below Detection Limit.

coring process. To estimate soil compaction during the coring process,

the length of the borehole and the extracted cores were measured and e

compared, and soil compaction was minor with ~7%. The organic layer A%C = C sampte, 25 % 1000 )
was removed before coring, and sampling began from the mineral ho- ( (yil%omm)

rizon. The soil cores were then cut into 3 segments according to the 0.95.¢ X exp

similarity of the horizon boundaries among the triplicate cores to obtain oxL,

samples representing the AB horizon (0-15 cm), BC horizon (24-65 cm),
and C horizon (57-100 cm) for beech plot, and the AB horizon (0-10 2.4. 3c_co, labelling experiment, determination of delta 13¢ ratios in

cm), B2 horizon (23-44 cm), and BC horizon (40-80 cm) for the pine microbial biomass carbon (MBC), and mass-balance calculations of COz
plot. Afterwards, samples from the soil core segments of both plots were fixation rates

sieved using a 2 mm sieve to remove stones and roots prior to use for
incubation experiments in soil microcosms. Fresh samples were also
taken for later geochemical analysis and DNA extraction (stored in
liquid nitrogen).

As in our previous study (Akinyede et al., 2020), rates of dark COy
fixation were determined using 3C-CO, labelling incubations. Tripli-
cate incubations for each sieved soil sample (30 g wet weight) obtained
from all three soil cores for both the beech and pine plots were set up in
sterilized 100 mL serum bottles sealed with butyl rubber stoppers. The
headspace of the serum bottles was flushed with synthetic air (75% N2
and 25% O-), adjusted to 2% (v/v) (—~20,000 ppm of CO3) 13¢_C0,, and
incubated statically for 7 days in the dark at room temperature (20 °C).
At the same time, control incubations with 2% (v/v) unlabelled CO,
(12C—C02) were performed in triplicate. To maintain similar CO2 and
isotopic concentrations in the microcosms, the headspace of all micro-
cosms was flushed with synthetic air and inoculated with 2% (v/v)
13C_CO, thrice within the 7-day incubation period as described in Aki-
nyede et al. (2020). Data from previous incubation studies conducted at
the same sites (Schoning et al., 2013a) indicated that the amount of
dilution of the isotope label in the 2 days between flushing events

2.3. Geochemical parameters, 5'3¢C and radiocarbon (A”C)
measurements

Total and inorganic carbon and nitrogen content, pH, and gravi-
metric water content of soil samples were determined as previously
described (Akinyede et al., 2020). The 3¢ signature of total organic
carbon was analysed using an elemental analyser coupled to an isotope
ratio mass spectrometer according to Akinyede et al. (2020). The *3C
isotope ratios were reported in the delta notation (5) expressed as 5'3C
values (13C/12C ratios) in per mil (%o), in relation to the international
reference material Vienna Pee Dee Belemnite (Coplen et al., 2006).

# amounted to only a few ppm, and so we ignored this in our calculation of
5BC | %o | = Hfsﬂ — 1] x 1000 @) CO, fixation rates. At the end of the 7-day incubation period, soil in-
e cubations were sacrificed and soils from all incubations were sub-

reference

sampled and prepared for bulk '3C and organic carbon analysis. The
extraction of microbial biomass carbon (MBC) and 13¢C was done using
the chloroform fumigation extraction (CFE) method with 0.05 M K3SO4
(Nowak et al., 2015; Vance et al., 1987). The 513C ratios in the extracts
were determined by isotope ratio mass spectrometry (IRMS) (Nowak
etal., 2015; Akinyede et al., 2020). Portions of the soil samples were also
stored at —80 °C for later DNA analysis.

To determine the microbial biomass carbon content for all labelled
and unlabelled samples, the carbon concentration in the form of dis-
solved organic carbon was first determined in KpSO4 extracts in two
fractions per sample: chloroform-fumigated and unfumigated fractions.

The radiocarbon content of the soil samples was measured by
accelerator mass spectrometry (AMS) with a MICADAS system (Ionplus,
Dietikon, Switzerland) using graphite preparation method described by
Steinhof et al. (2017). As with the 3¢ isotope ratios, radiocarbon values
were reported as the %o deviation of the 1*C/12C ratio from the inter-
national oxalic acid universal standard (ox1) in A'C. The A'*C value of
the sample was then corrected appropriately as previously described
(Mook and Van der Plicht, 1999; Trumbore, 2009).
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The MBC contents for both the labelled and unlabelled samples were
calculated as the carbon released into 0.05 M KySO4 solution after
chloroform treatment of fumigated (Cp,) sample minus that released
from unfumigated (Cunsum) samples, divided by a correction factor Kgc
(of 0.45) that accounts for the extraction efficiency (Joergensen and
Mueller, 1996):

[Cim — Cunpon]

MBC[mg] = Koo

3)
The amount of 13C label uptake, that is, the 513C in per mil (%o) of
microbial biomass carbon (MBC) was derived by applying an isotope
mass balance to '3C signals measured for both the fumigated and
unfumigated DOC (Spohn et al., 2019; Akinyede et al., 2020):

13 13
Chim X Chum — 6 Cunin X Cunfim

5] 3 0/ — 5
Cutn (%) Cron — Conpim “

Using the derived 51%¢C (%o), the 13¢/12¢ ratios for MBC was then
calculated for all treatments (*3C labelled) and controls (:3C unlabelled/
natural abundance) based on the '3C/!2C ratio of the international V-
PDB standard with 0.011180 (Werner and Brand, 2001) as follows:

I3C |:513C

= 1000+1] x 0.0111802 (©)]

Subsequently, the excess 13C was derived, which is the increase in
13¢/12C ratio between the '3C labelled treatment and the unlabelled
controls (*3C natural abundance level) normalized to the carbon content
of the microbial biomass (MBC):

13 13

C
Excess PC [mg] = X MBC[mg] — 5~
labelled unlabelled

x MBC|mg] (6)

This was divided by the incubation time to derive the CO, fixation
rates per gram of MBC (g MBC! d’l) (Spohn et al., 2019; Akinyede
et al., 2020).

For CO, fixation rates in the total soil pool, the B¢c/12¢ ratio
measured in the bulk soil for all treatments and controls was derived
using the 13C signals measured in the bulk soil and the 1C/'2C ratio of
the V-PDB standard as similarly described for '*C/*2C ratio of MBC in
equation (5). By taking the difference of the derived 'C/*2C ratios be-
tween the labelled treatment (1°C labelled) and unlabelled controls (13C
unlabelled/natural abundance), each normalized to the soil carbon
content, the excess 1°C (mg) fixed to the soil pool was obtained as
described in equation (6). Subsequently, the CO; fixation rates per gram
of soil dry weight (g (dw) soil™* d~1) were calculated by dividing the
excess 12C in the soil pool by the incubation time (Akinyede et al., 2020).

2.5. DNA extraction, 16S rRNA gene sequencing, and PICRUSt2 analysis

DNA was extracted from 0.25 g of all bulk soil samples using the
DNeasy PowerSoil DNA Kit (Qiangen, Hilden, Germany) and following
the manufacturer’s instructions. Prior to Illumina Miseq sequencing,
DNA was amplified by Polymerase Chain Reaction (PCR) using forward
(841F) and reverse (785R) primers targeting the V3 to V4 hypervariable
regions (Klindworth et al., 2013). The following PCR conditions were
used; initial denaturation at 95 °C for 45 min, followed by 27 cycles
consisting of denaturation (94 °C for 45 s), annealing (55 °C for 45 s) and
extension (72 °C for 45 s) and then a final extension step at 72 °C for 10
min. All samples were run on a 1% agarose gel to ensure all amplicons
were ~500 bp in length as described in the NEBNext Ultra DNA library
prep kit for Illumina (New England Biolabs, Hitchin, UK). Further details
on the reagents used as well as library preparation process are found in
the manufacturer’s protocol. Subsequently, the prepared libraries were
sequenced by Illumina Miseq (Illumina, Inc, San Diego, USA) (2 x 250 bp
following our inhouse sequencing protocol). The raw sequence data
were analysed using the MOTHUR (v.1.39) sequence pipeline (Schloss
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et al., 2009; http://www.mothur.org) and the MOTHUR MiSeq SOP as
of September 9, 2019. After paired reads were combined, sequences
were trimmed leaving only sequences with lengths between 360 bp and
500 bp. Sequences were aligned to the SILVA reference database v132
(Quast et al., 2013) after which all sequences with differences of four
bases or less were pre-clustered with a 0.03 cut-off for the OTU assign-
ment, and chimeras removed using Uchime and the GOLD reference
database (Edgar et al., 2011). On MOTHUR, taxonomic classification
against the SILVA database as well as OTU binning was performed, and
alpha diversity index (Shannon) of bacteria community structure was
also determined.

Functional potential for CO, fixation was predicted for all generated
16S rRNA sequences. The representative sequences from OTUs gener-
ated from MOTHUR were analysed using version 2 (v2.2.0 beta) of the
PICRUSt (Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States) software package (Douglas et al., 2020). PIC-
RUSt2 prediction combines the use of multiple high-throughput and
open-source tools for predicting genomic potential based on environ-
mentally sampled 16S rRNA gene sequences (Douglas et al., 2020).
Functional prediction involves phylogenetic placement, hidden-state
prediction, and gene abundance tabulation for each sample. Here,
OTU sequences are taken as input, used as the basis of the functional
predictions, and gene family and pathway abundances are produced as
the output. Using HMMER (www.hmmer.org), de-gapped OTU se-
quences were aligned to a reference taxonomic tree containing 20,000
full 16S rRNA gene sequences from prokaryotic genomes obtained from
the Integrated Microbial Genomes database. After this, EPA-ng (Evolu-
tionary Placement Algorithm) and GAPPA tools were used to determine
the best position of these placed OTUs in a reference phylogeny and to
visualize phylogenetic placement data for the most likely OTU place-
ment (Barbera et al., 2019; Czech and Stamatakis, 2019). This resulted
in a phylogenetic tree containing both the reference genomes and the
sampled OTUs. This was used to infer (based on the KEGG database)
individual gene family, and gene copy numbers for each OTU. Using the
derived KEGG Orthology (KO) numbers for different key genes involved
in CO;, fixation, the six known autotrophic pathways namely: the Calvin
Benson Bassham (CBB) pathway, the reductive citric acid (rTCA)
pathway, the Wood Ljungdahl (WLP) pathway, the 3-hydroxypropiona-
te/malyl-CoA (3HP) cycle, the 3-hydroxypropionate/4-hydroxybutyrate
(HP/HB) cycle, and the dicarboxylate/4-hydroxybutyrate (DC/HB)
cycle were deduced. Genes targeting heterotrophs involved in COy
assimilation via anaplerotic carboxylation reactions in the TCA cycle as
well as via the serine cycle were also predicted.

2.6. Quantification of the 16S rRNA, RuBisCO, and rTCA marker genes

Gene abundances of bacterial 16S rRNA were determined by quan-
titative PCR (qPCR) on the Mx3000P instrument (Agilent, C.A, U.S.A)
using Maxima SYBR Green Mastermix (Agilent). Primer pair Bac 8Fmod
and Bac 338R was used to target the 16S rRNA genes (Loy et al., 2002;
Daims et al., 1999) using cycling conditions and standards described in
(Herrmann et al., 2012). Based on the most prevalent pathways pre-
dicted by PICRUSt2: the CBB pathway, and the rTCA pathway, we also
determined the abundance of functional genes belonging to these
selected CO fixation pathways by qPCR. To quantify genes for the CBB
pathway, primer pairs F-cbbL IA/R-cbbL IA, F-cbbL IC/R-cbbL IC,
F-cbbM/R-cbbM were used to target the RuBisCO marker genes, cbbL IA,
cbbL IC (form I RuBisCO), c¢bbM (form II RuBisCO) respectively
(Alfreider et al., 2003, 2012; Herrmann et al., 2015). For the rTCA
pathway, primer pair F-g-acl-Nit/R-g-acl-Nit, targeting the alpha sub-
unit of the ATP citrate lyase (aclA) gene (encoding the ATP citrate lyase
enzyme) was used. This primer pair is specific for nitrite-oxidizing and
complete ammonia-oxidizing (comammox) bacteria like Nitrospira
(Alfreider et al., 2018). All genes were quantified employing cycling
conditions and standards previously described in Akinyede et al. (2020).
As no reliable standardized qPCR protocols and primer sets were
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available to target key genes of the WLP pathway as well as the
remaining known autotrophic and heterotrophic CO; fixation pathways,
the presence of these pathways was based on PICRUSt2 predictions only.

2.7. Statistical analysis

Statistical analyses were conducted using the R environment
(v.3.6.1) and RStudio (v1.1.463). The CO fixation rates per gram of soil
and per gram of MBC as well as all soil geochemical parameters were
compared separately for the pine and beech soil plots across the three
horizons using one-way ANOVA and Tukey’s test. Comparisons between
the beech and pine plots at corresponding depths were done by Student’s
t-test. When comparing the CO; fixation rates over a broader range of
deciduous and coniferous forest plots across the profiles, all datasets
generated in this study were combined with those obtained from the
Hainich forest (Akinyede et al., 2020) and differences were analysed
also using ANOVA and Tukey’s test. To analyse the contributions of soil
abiotic and biotic properties to the variations in dark CO;, fixation rates
among the combined forest plots, multiple stepwise regression model
was performed. As we combined two different datasets in the regression
model, the possibility for random effect resulting from the different
sampling periods was tested and found to be insignificant. Even when
tested as a fixed effect (predictor) in the full and final model, the sam-
pling period explained less than 3% (P < 0.001) of the variation and this
is likely due to stronger variations in other measured parameters. Thus,
we ignored sampling period in the full and final model. Categorical
variables like depth and vegetation correlated strongly with some of the
measured parameters. Since the effect of depth and vegetation on soil
microbial communities is due to changes in abiotic properties, we aimed
to test for direct causal relationships. As a result, depth and vegetation
were excluded from the regression model. When accounting for the total
community composition, the use of individual bacteria taxon was
avoided due to the risk of overfitting the regression model. Thus, in the
absence of a definite parameter, Shannon diversity index was used as a
proxy variable for the variations in the total community between the
forest plots, though we do not infer that Shannon index per se is a pre-
dictor of CO», fixation rates. Overall, seven abiotic (SOC, MBC, MBC/SOC
ratio, AC, water content, pH, C/N ratio) and three biotic (autotroph
bacterial abundance (cbbL IC), PEPC abundance, and Shannon index)
parameters were selected as predictors in the full model. All predictors
were checked for multicollinearity, leaving only variables with variance
inflation factors (VIFs) of <10 (Hair et al., 2014). Thus, a total of seven
predictors (MBC, Alc, pH, C/N ratio, autotroph bacterial abundance
(cbbL IC), PEPC abundance, and Shannon index) were used in the final
model.

To determine the variations in the bacterial community between the
beech and pine plots, beta diversity was measured by performing Prin-
cipal Coordinate Analysis (PCoA) based on Bray-Curtis dissimilarity
using the vegan package in R (Oksanen et al., 2008). Thus, the bacterial
community from all soil samples in the beech and pine plots were
clustered based on their similarity/dissimilarity. The significance of the
factors accounting for OTU variances shown in the PCoA plot both be-
tween the two study plots and across depth was determined by per-
forming Permutational —Multivariant  Analysis of Variance
(PERMANOVA) using “adonis” functions with 999 permutations. The
effects of measured geochemical parameters and CO; fixation rates on
the variation in the bacterial communities between the plots were
analysed by generating Non-metric Multidimensional Scaling (NMDs)
plots also based on Bray-Curtis dissimilarity, using the “envfit” function
as described previously (Kaiser et al., 2016). All functions used for the
analyses of the bacterial community structure are contained in the vegan
package in R. Differences in the abundance of all predicted and quan-
tified genes involved in CO, fixation between the beech and pine plots
and across depth were also analysed using ANOVA and Tukey’s test. For
all tests conducted, differences with P < 0.05 were considered statisti-
cally significant.
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2.8. Nucleotide sequence deposition

All generated sequences obtained in this study are deposited in NCBI
databases with accession numbers: SAMN19324419, SAMN19324420,
SAMN19324421, SAMN19324422, SAMN19324423, and SAMN19324424
under bio project accession number: PRINA607916.

3. Results
3.1. Lower soil layers of pine plots have lower dark CO; fixation rates

An increase of 5!3C of SOC and MBC was observed in all incubations
of beech and pine soils amended with 3C-CO,, in comparison to the
controls (Fig. S1). The calculated dark CO5 fixation rates decreased
significantly with depth in both the beech (P = 2.9 x 10~!%, ANOVA and
Tukey’s test) and pine soils (P = 7.2 x 107'%) in relation to soil dry
weight (expressed as pg C g (dw) soil 1d™h (Fig. 1A). In the beech soils,
fixation rates decreased by a factor of 4 from 0.18 + 0.06 ug C g (dw)
soil ™! d! in the AB horizon to 0.044 + 0.007 pg C g (dw) soil ™ d ! in
the lower BC horizon (P = 7.2 x 10~°, Student’s t-test). Compared to the
top AB horizon (P = 2.6 x 10’5), values ~7 times lower with 0.023 +
0.005 pg C g (dw) soil * d~! were observed in the lowest C horizon of the
beech soils. Rates in the pine plot were 14 times lower in the lowest BC
horizon at 0.01 4 0.002 pg C g (dw) soil ! d~* compared to the top AB
horizon with 0.14 + 0.03 pg C g (dw) soil ! d™! (P = 1.4 x 1077).
Differences in rates between pine and beech soils at comparable depths
were significant only in the lower BC horizons (P = 5.2 x 10’8).

When expressed in relation to MBC content (as pg C g MBC 1 d 1),
dark CO, fixation rates were similar across depths for the beech soils (P
= 0.19) (Fig. 1B) with values ranging between 348.3 + 1325 ugC g
MBC~! d7! (AB horizon) and 277.9 + 105.7 pg C g MBC™* d~! (C ho-
rizon). Similar fixation rates of 266.9 + 28.2 ug C g MBC™! d! were also
observed in the top horizon (AB) of the pine soils (P = 0.07). Signifi-
cantly lower rates were observed in the B2 (88.0 + 23.3 g C g MBC™!
d™,P=5.6 x 107°) and BC (40.3 + 26.2 pjg Cg MBC 1 d 1, P =7.2 x
107'2) horizons compared to the top AB horizon of the pine plot. These
rates, almost an order of magnitude lower than any other rates observed
in this study, suggested that factors other than microbial biomass are
required to explain dark CO; fixation rates in the deeper soil layers of the
pine plot.

3.2. Pine plots have lower contributions of dark CO fixation to SOC and
MBC at depth

After 7 days of incubation, the fraction of SOC derived from dark CO,
fixation in the beech soils ranged between 0.0083 + 0.004% (AB hori-
zon) and 0.0091 =+ 0.001% (C horizon), and no significant difference in
this relative fraction was observed between the depths (P = 0.47)
(Fig. 2A). Similarly, the excess °C in MBC in the beech soils maintained
uniform proportions across depths (P = 0.19), ranging between 0.24 +
0.09% (AB horizon) and 0.19 + 0.08% (C horizon) (Fig. 2B). In the pine
soils, however, contributions of incorporated 13C labels increased
significantly from 0.0045 + 0.001% of SOC in the AB horizon to 0.0074
4+ 0.001% in the BC horizon (P = 4.9 x 10_6). In contrast, 13¢ incor-
poration in MBC decreased with depth in the pine soils from 0.19 +
0.02% in the AB horizon to 0.03 + 0.02% in the BC horizon (P = 7.2 x
10712, Across the entire soil profiles, the relative fraction of 3¢ in soC
was 1.8-fold higher in the beech plot than in the pine plot (P = 3.2 x
107%). In comparison, the relative fraction of 13C in MBC was 2.7-fold
higher also at the beech plot (P = 9.6 x 107°). As carbon losses
through respiration were not accounted for, calculated CO; fixation
rates and contributions to SOC/MBC represent gross inputs and are no
evidence of net carbon gains.
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3.3. Selected soil biogeochemical properties differ between the beech and
pine soil profiles

We aimed to determine if the lower fixation rates in the deeper pine
soils were related to differences in soil properties other than microbial
biomass, especially microbial community composition (Table 1). All
measured soil parameters described showed similar values before and
after the incubation period for both the beech and pine soils. The pine
plot featured a higher SOC content than the beech plot in the top AB
horizon (P = 0.009). Both soils displayed a decline in SOC content with
depth. This decline in SOC across depth was noticeably greater across
the top and bottom profiles of the pine than the beech (P = 2.8 x 107%)
soils and led to beech soils having higher SOC contents in the BC horizon
(P=3.6 x 10"5). C/N ratio was much higher in the pine than the beech
soils across depth with up to 24.34 + 0.23 and 15.6 + 1.2 respectively in
the top AB horizon (P = 4.47 x 107!!). SOC in the pine plot featured a
higher fraction of older carbon compared to the beech plot, as evident

from the significantly lower A*C values across the soil profiles (R? =
0.83, P = 3.4 x 107>, ANCOVA).

MBC content, representing the soil microbial biomass, showed a
sharper decrease with depth in the beech plot than in the pine plot,
leading to significantly lower values in the BC horizon of the beech soils
than in the BC horizon of pine soils (P = 0.002). In the topsoil, however,
similar MBC contents were observed in both plots (P = 0.7). Bacterial
16S rRNA gene copy numbers, an index of soil bacterial biomass, also
decreased significantly across depth in both the beech (P = 6.1 x 107%)
and the pine (P = 0.03) soils. However, no significant differences be-
tween beech and pine soils were observed at the top AB (P = 0.58) and
lower BC (P = 0.08) horizons. Thus, the higher MBC content in the lower
pine depths may be caused by other microbial groups than bacteria, like
fungi (Awad et al., 2019).

MBC/SOC ratio at the top horizon of both soils were 0.9% and 1.5%
for pine and beech soils respectively, increasing significantly to about
5% in the deep pine soils (P = 6.6 x 10~7) and only slightly to ~2% in
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the deep beech soils (P = 0.04). As with MBC, a significantly higher
MBC/SOC ratio was observed in the BC horizon of the pine than the
beech soils (P = 4.9 x 1077), while this ratio was higher in the AB ho-
rizon of the beech compared to the pine soils (P = 3.8 x 1077).

Bacterial diversity decreased with depth in the pine plot, with
Shannon index (H') declining from 4.89 + 0.04 in the AB horizon to
4.53 + 0.15 in the BC horizon (P = 0.005). In contrast, the diversity with
depth was more uniform in the beech plot with Shannon index ranging
between 5.87 + 0.05 in the AB horizon to 5.82 + 0.22 in the C horizon
(P = 0.6). Collectively, beech soils showed higher bacterial diversity
than pine soils at both the comparable AB (P = 4.2 x 10’4) and BC
horizons (P = 0.02).

3.4. Soil properties explain variations in dark CO3 fixation rates

For the beech and pine soils, linear correlation analysis showed that
MBC, SOC content and A*C values, and water content formed positive
correlations with measured uptake rates per gram dry weight of soil.
Fixation rates normalized to MBC were mostly correlated with Shannon
index (Fig. S2A), suggesting an influence of community composition.
This was supported by the observed correlation of rates per gram of MBC
with the community beta diversity (R?=0.99, P = 0.001; Fig. S2B). To
account for a broader range of soil characteristics, the data on dark CO,
fixation rates and soil biotic and abiotic properties from both the beech
and pine soils in this study were combined with those from our previous
study (Akinyede et al., 2020) for a mixed deciduous forest in the Hainich
Exploratory region (65% Fagus sylvatica. L.), a soil characterized by
lower acidity, clay-rich texture, and higher SOC and MBC content. Rates
of dark CO fixation expressed both per gram of soil dry weight and per
gram of MBC for identical experimental conditions were higher for the
Hainich forest soils than observed in the current study (P = 2.5 x 107°
and P = 3.2 x 10~ ! for rates per gram dry weight of soil and per gram of
MBC, respectively). When expressed per gram of soil weight, rates to 1 m
depth were 0.22 + 0.06 pg C g (dw) soil ! d~! in the beech and 0.17 +
0.03 g (dw) soil 1 d~! for the pine forest soil profiles, 4 to 5 times lower
than those measured in the Hanich forest soils with 0.87 + 0.24 g (dw)
soil 1 d~ ! across 1 m depth (Fig. 3). To determine the contributions of
the measured soil biogeochemical parameters to the variations in dark
CO4, fixation rates observed across the three forest plots, multiple step-
wise regression analysis was performed. Multiple stepwise regression
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Fig. 3. Biogeochemical predictors of dark CO, fixation rates in beech, pine
(Schorfheide-Chorin), and Hainich forest soils. Shown are the relative contri-
butions (%) of measured soil biotic and abiotic properties (pie chart) as
determined by multiple stepwise regression model to CO. fixation rates
expressed as pg C g (dw) soil ! d~! (bar chart). Data used are obtained from
incubation and geochemical measurements from the beech and pine plots
(Schorfheide-Chorin Exploratory) and a mixed-deciduous plot from the Hainich
Exploratory region (Akinyede et al., 2020). *** denotes P < 0.001, ns denotes
not significant.
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analysis with predictors in the final model revealed that MBC was the
most important contributing factor, explaining 70.3% (P < 0.001) of the
variations observed in the CO; fixation rates (per gram dry weight of
soil) between the three forest soil plots across all depths (RZ = 0.78, P =
2.2 x 10719 (Fig. 3). The Shannon index, representing community
composition, was the second-best predictor and explained 7.4% (P <
0.001) variation.

3.5. The bacterial community structure varies between beech and pine
soils

As the bacterial diversity in the soil explained some of the observed
differences in dark CO; fixation rates across the beech and pine soil
profiles, we further investigated the bacterial community structure by
amplicon sequencing targeting bacterial 16S rRNA genes. Principal co-
ordinate analysis (PCoA) at operational taxonomic unit (OTU) level
revealed changes in the bacterial community structure with soil plot (R?
= 0.303, P = 0.001, PERMANOVA) and soil depth (RZ = 0.300, P =
0.002) (Fig. 4A). The effect of depth on the bacterial community
structure was stronger in the pine plots (RZ = 0.76, P = 0.004) compared
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Fig. 4. Bacterial community structure (PCoA) and composition (Phylum level)
of the beech and pine soil profiles. Shown are (A) PCoA of soil bacteria com-
munity structure based on OTU level analysis of 16S rRNA gene amplicons and
(B) the relative abundance of assigned bacterial sequences of the bulk soil
samples across depths obtained from the beech and pine soils. In the PCoA plot,
3 independent data points per depth are shown for both the beech (light gray
symbols) and pine (dark gray symbols) soil plots. Phylum level taxonomic
assignment in the bar plot is based on the SILVA database implemented on the
MOTHUR sequence analysis pipeline. Data represent 3 replicate soil cores per
depth for both soil plots. Phyla with green circular symbols contain the most
abundant potential CO, fixing communities found in this study. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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to the beech plots (R? = 0.51, P = 0.022). This observed change in the
community between both soil plots was largely a result of distinct
communities in the lower horizons (R? = 0.62, P = 0.001), whereas the
bacterial communities inhabiting the AB horizon did not differ signifi-
cantly between the beech and pine soils (R? = 0.61, P = 0.1).

Taxonomic classification of the bacterial OTUs identified Actino-
bacteria, Proteobacteria, and Acidobacteria as the most dominant bacterial
phyla in both soils (Fig. 4B), constituting 60-80% of the bacterial
community. Strikingly, while these three groups were uniformly
distributed across the beech soil profiles (P = 0.15, P = 0.19, and P =
0.13, respectively), they decreased strongly in relative abundance with
depth in the pine soils (P = 0.04, P = 0.001, and P = 0.01, respectively).
Instead, members of the Chloroflexi phylum dominated the bacterial
community at the B2 and BC horizons of the pine plot, with relative
abundances of up to 36%. This represented a 7-fold increase compared
to the AB horizon of the pine soils, suggesting that Chlorofiexi were the
major group driving the differentiation in community structure
observed in the PCoA. Members of this group also increased with depth
in the beech soils (P = 0.01) but made up no more than 13% of the entire
beech soil community, hence were ~3 times more abundant in the pine
than the beech soils at the lower BC horizon (P = 4.1 x 10’4).

3.6. Beech soils have a higher potential for CO2 fixation than pine soils

Based on the observed differences in the community structure, we
used measures of genetic potential for CO; fixation to further understand
the differences between the beech and pine soils. PICRUSt2 was used to
predict genes for key enzymes involved in chemolithoautotrophic and
heterotrophic CO; fixation for all 16S rRNA bacterial OTUs present in
both the beech and pine forest plots. OTUs of putative autotrophs
constituted <20% of the total bacterial community in both the beech
and pine soils (Fig. S3A). Most of the autotrophic CO, fixation genes
predicted were related to the CBB pathway and this pathway was pre-
dicted in ~15% of the total bacterial community. Putative autotrophs
using the CBB pathway decreased significantly with depth in the pine
soils from 13.6 =+ 0.5% in the AB horizon to 3.8 + 0.2% in the BC horizon
(P = 1.3 x 10~*). No significant difference in the proportion of OTUs
predicted with the CBB pathway was found across the beech soil hori-
zons, with values between 14.6 + 0.9% at the top AB depth and 11.2 +
2.0% at the lower C horizon (P = 0.09). The WLP and rTCA pathways
were the least predominant autotrophic pathways predicted, consti-
tuting ~2% and <1% respectively of the total bacterial community in
the beech and pine soils. Predicted key genes for the remaining known
autotrophic CO; fixation pathways: the 3HP cycle, the HP/HB cycle, and
the DC/HB cycle were not detected in both soil plots. Together, all
predicted autotrophic genes correlated with CO., fixation rates expressed
per gram of MBC in the pine plots, but the beech plots showed no such
correlations (Fig. S4A).

To verify putative chemolithoautotrophs able to fix CO3, marker
genes belonging to the CBB (RuBisCO (cbbL IA, cbbL IC, cbbM)) and rTCA
(aclA) pathway were quantified by qPCR. All autotroph genes detected
constituted <3% of the bacterial 16S rRNA gene copies across depth for
both the beech and pine soils (Fig. S5). The cbbL IC genes were the most
abundant, reaching values between 1.06 + 0.66% and 2.25 + 1.14%
relative to 16S rRNA gene copies (Table S1). We found no difference in
cbbL IC gene abundance between soils (P = 0.59) and across the beech
(P = 0.09) and pine (P = 0.43) soil profiles. Other RuBisCO and aclA
genes constituted <0.3% and <0.2% of the 16S rRNA gene copies
respectively and no correlations between the RuBisCO and aclA genes
with CO, fixation rates were found.

We further explored the potential for CO fixation by type II meth-
anotrophs using PICRUSt2. Members of this group, which are also pre-
sent in soils (Lee et al., 2015a), can derive ~60% of their cell carbon
from CO; fixation mostly via the serine cycle (Yang et al., 2013). As
genetic markers for type II methanotrophs, fractions of predicted pmoA
and mmoX genes made up <1% of the total bacterial community in the
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beech and pine soils.

As a marker for putative heterotrophs with CO, fixation potential,
phosphoenolpyruvate carboxylase (PEPC) and pyruvate carboxylase
(PC) genes (Fig. S3B) were predicted by PICRUSt2 in 30-70% of the total
community in both the beech and pine soils. Remarkably, the predicted
PEPC and PC genes decreased significantly in abundance with depth in
the pine soils from 69.5 + 9.8% in the AB horizon to 30.5. + 6.8% in the
BC horizon (P = 0.007) and correlated with CO5 fixation rates expressed
per gram of MBC (Fig. S4B). No significant difference in the distribution
of these genes was observed across the beech soil horizons, with values
between 63.5 + 1.6% in the top AB depth and 55.8 + 5.1% in the C
horizon (P = 0.11). Accordingly, no correlation with fixation rates per
gram of MBC was observed in the beech plot.

Taken together, the predicted PEPC and PC genes involved in het-
erotrophic CO;, fixation were the most prevalent of all the CO fixation
pathways predicted, being over 4 times more abundant than the pre-
dicted autotrophic genes. Thus, the relative proportion of PEPC and PC
genes among each of the dominant bacteria phyla identified was further
explored. Among the dominant bacteria phyla, ~90% of all Proteobac-
teria, up to 73% of all Actinobacteria, and 60% of all Acidobacteria were
predicted to possess PEPC or PC genes. In contrast, only 7-25% of
members of Chloroflexi were predicted to possess these genes. The
observed decline of the potential for heterotrophic CO; fixation in the
lower depths of the pine plots could thus be explained by the increasing
abundance of Chlorofiexi in these soils (Fig. 5).

4. Discussion

In our previous experiments, we observed that rates of dark CO5
fixation in soils of a mixed deciduous forest strongly correlated with the
MBC content, suggesting MBC content to be a main predictor for dark
CO-, fixation rates in temperate forest soils (Akinyede et al., 2020). As
variations in the amount and quality of SOC strongly influence microbial
communities, we tested whether such differences in SOC caused by tree
species will also affect dark CO; fixation rates with depth. The rates of
dark CO, fixation per gram of MBC were uniform across soil depth for
the beech forest plot as well as the topsoil of the pine forest plot but were
significantly lower in the subsoils of the pine forest plot. These lower
rates in the pine subsoils indicated that other factors besides the abun-
dance of the microbial biomass control dark CO, fixation rates in soils
under coniferous trees. Previous studies have also reported differences
in dark CO, fixation rates between spruce and beech soils and suggested
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Fig. 5. Relative proportion of bacterial community based on the presence and
absence of PEPC/PC carboxylase genes for each dominant phylum in the beech
and pine soil profiles. Shown are the relative abundances of bacterial taxa with
(filled bars) and without (striped bars) PEPC/PC carboxylase genes across 3
horizons in the beech and pine soils. Taxonomic selection is based on 16S rRNA
predicted functions determined by PICRUSt2 (Version 2 of the Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States). Data
represents 3 replicate soil cores per depth in both the beech and pine soil plots.
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differences in the soil microbial community to be the reason (Spohn
et al., 2019). Here we showed that pine soil profiles have stronger shifts
in the bacterial community structure with soil depth and overall lower
bacterial diversity than the beech soils. The pine subsoils were partic-
ularly enriched in Chloroflexi but strongly depleted in Proteobacteria,
Acidobacteria, and Actinobacteria that formed the dominant groups in the
beech soils. As the distribution of bacterial communities through the soil
profile is also a reflection of their functional traits (Khlifa et al., 2017;
Llado et al., 2017), this suggests that the lower fixation rates in the deep
pine layers may have been evoked by community shifts in favour of
groups having a lower capacity to fix CO». In agreement, a much lower
proportion of PEPC and PC genes was predicted for Chloroflexi as
opposed to Proteobacteria, Acidobacteria, and Actinobacteria, which dis-
played a higher proportion of these genes. The products of these genes
mark central entry points of CO, into the microbial metabolism in
anaplerotic reactions during heterotrophic growth, which we found to
be the lifestyle of the overwhelming majority of the soil microbes
(Akinyede et al., 2020). Thus, we speculate that while the higher
abundance of PEPC/PC genes in Proteobacteria, Acidobacteria, and Acti-
nobacteria in the beech soils may explain the higher CO, fixation rates
observed in these soils, the lower abundance of the PEPC/PC genes in
Chloroflexi suggests that they fix no or less CO2 during heterotrophic
growth. The dominance of Chloroflexi in the pine subsoils could thus
offer an explanation for the lower fixation rates observed.

Chlorofilexi encompasses a metabolically versatile group of bacteria
(Nierychlo et al., 2019; Speirs et al., 2019). Various Chloroflexi members
are known to fix CO, by anoxygenic photosynthesis (3HP cycle) (Pierson
and Castenholz, 1992; Berg, 2011; Hanada, 2014), but due to the lack of
light, this lifestyle is not feasible in deep, mineral soil horizons. Che-
molithoautotrophic growth via the Wood-Ljungdahl pathway was re-
ported for some strains (Hug et al., 2013; McGonigle et al., 2019), but is
unlikely due to the oxygen sensitivity of the key enzymes and the limited
availability of suitable electron donors like Hy in these soils (Berg, 2011;
Beulig et al., 2014, 2016). When growing heterotrophically, Chloroflexi
are typically fermenters able to break down complex plant-derived
polymers, like polysaccharides, N-acetylglucosamine, organic acids,
protein hydrolysate, and pyrogallol (Okabe et al., 2005; Xia et al., 2007,
2016; Kragelund et al., 2007, 2011; Hug et al., 2013; Wasmund et al.,
2014). Acetate (acetyl-CoA) typically is the end product of fermentation,
formed from pyruvate or phosphoenolpyruvate via pyruvate:ferredoxin
oxidoreductase (PFOR) (Hug et al., 2013; Klatt et al., 2013; Sewell et al.,
2017). These organisms typically feature a partial or non-functional
“horseshoe” TCA cycle lacking succinyl-CoA synthetase (Wood et al.,
2004; Berg, 2011; Hug et al., 2013; Vuillemin et al., 2020). Thus,
acetyl-CoA is usually assimilated via the glyoxylate pathway, a variant
of the TCA cycle (Wood et al., 2004; Kremer et al., 2019). During this
process, acetyl-CoA is directly converted to malate via the cleavage of
isocitrate to succinate and glyoxylate using isocitrate lyase and malate
synthase as key enzymes (Erb et al., 2010; Kremer et al., 2019). Hence,
no carboxylation reactions are required to generate oxaloacetate.

Contrastingly, members of the Proteobacteria, Acidobacteria, and
Actinobacteria found in soils are typically copiotrophic in nature,
preferring more labile forms of organic carbon (Eilers et al., 2010; Llado
et al., 2017). The primary product from their catabolic breakdown of
organic carbon is mainly PEP and pyruvate (Romano and Conway, 1996;
Liu et al., 2013; Martins et al., 2019). A complete TCA cycle is common
in many strains (Moreno and Moriyo, 2006; Lee et al., 2015b; Eichorst
et al., 2018; Martins et al., 2019), and PEPC/PC genes are present in
many members of these groups (Santriickova et al., 2018; Akinyede
et al.,, 2020). Hence, assimilation of PEP and pyruvate involves the
generation of oxaloacetate, (Berg, 2011; Lee et al., 2015b; Thakur and
Sen, 2016; Eichorst et al., 2018; Martins et al., 2019), the TCA cycle
intermediate (Erb, 2011). Transformation to oxaloacetate involves the
carboxylation of PEP or pyruvate which is catalysed by carboxylase
enzymes, PEPC/PC (Kornberg, 1965; Owen et al., 2002; Bar-Even et al.,
2010; Erb, 2011). These carboxylation reactions thus allow the use of
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CO;, as a carbon source during heterotrophic growth.

Low CO- fixation rates in soils have also been linked to a low
abundance of facultative and/or obligate autotrophs (Wu et al., 2014,
2015; Lynn et al., 2017; Xiao et al., 2018). Predicted and quantified
genes linked to the CBB pathway (Kaiser et al., 2016) were generally low
in abundance in both the beech and the pine soils. Also, type II meth-
anotrophs constituted a minute proportion of the communities in both
plots, likely due to the acidic conditions (pH < 5). Type II methano-
trophs thrive mostly under circumneutral to basic (pH 6-9) pH condi-
tions (Nguyen et al., 2021), and occur mostly in upland soils and in the
oxic-anoxic interface of wetland soils like rice paddies where both ox-
ygen and methane are present (Macalady et al., 2002; Lee et al., 2015a;
Hakobyan and Liesack, 2020). Thus, the observed low fraction of au-
totrophs and type II methanotrophs in both plots support our specula-
tion that the higher abundance of heterotrophs lacking PEPC and PC
genes in the pine subsoils might explain the lower CO, fixation rates
observed. However, as the abundance of a gene does not necessarily
reflect activity in that they do not provide information on their tran-
scriptionally activity or level of expression (Milanese et al., 2019), the
genomic potential for CO; fixation described here cannot be directly
linked to the CO, fixation activity. Thus, reported correlations with
fixation rates may only be used to speculate about the potential key
players involved.

Much of the SOC available to microbes for heterotrophic growth in
soils is derived from specific sources associated with the tree cover: litter
input and root exudation (Nguyen, 2003; Rasse et al., 2005). Although
significant inputs from fungal biomass turnover have also been reported
(Liang et al., 2019; Wallander et al., 2004), tree-species specific differ-
ences in fungal biomass as potential SOC sources are mostly found in the
topsoil (Wallander et al., 2004; Awad et al., 2019). Decomposing litter of
soils dominated by coniferous trees feature lower fractions of labile
dissolved organic carbon (DOC) than those under deciduous trees (Don
and Kalbitz, 2005), but this effect is mostly restricted to the topsoil
horizons (Achilles et al., 2020). The specific root lengths and root area of
coniferous trees are smaller than those of deciduous tree species (Finér
et al., 2007; Ostonen et al., 2007). Deep roots contribute significantly to
the large carbon stocks in forest subsoils (Jobbagy and Jackson, 2000;
Rasse et al., 2001, 2005), suggesting that soils under shallow-rooted
coniferous trees will receive lower carbon inputs from root exudates
compared to subsoils of deep-rooted deciduous trees. Accordingly, we
observed a steeper decline in SOC content in the lower depths of the pine
than in the beech soils. High carbon contents in deep soil horizons affect
microbial communities and enhance microbial mineralization of forest
soil organic matter via root-induced priming effect (Tefs and Gleixner,
2012; Adamezyk et al., 2019; Llad¢ et al., 2017). Such positive priming
enhances the decomposition of not just labile but also older, complex
organic carbon pools (Zhang et al., 2019). Thus, as opposed to the beech
soils, the lower carbon inputs in the deep pine horizons might have
influenced the microbial community composition leading to an overall
slower decomposition rate and hence, accumulation of older, complex
organic carbon fractions. In agreement, we observed lower A*C sig-
natures of SOC and higher C/N ratios with depth in pine soils suggesting
that the pine soils contained older organic carbon substrates of lower
quality when compared to the beech soils. These pine soils with a lower
clay content also showed 20-30% lower mineral soil respiration rates
(both as absolute values and relative to SOC content), and >2 folds
lower enzymatic activities (e.g., N-acetyl-glucosaminidase and phos-
phatase) compared to the beech soils (Schoning et al., 2013a, 2013b;
Kaiser et al., 2016), likewise indicating a lower organic carbon input and
quality (Bauhus and Khanna, 1999; Craine et al., 2010; Veum et al.,
2014; Meyer et al., 2018). Such differences in SOC content and quality
were shown to affect microbial CO fixation rates in soils (Miltner et al.,
2005; Santriickova et al., 2018). Accordingly, the variations in bacterial
community structure observed in forest soils under different tree species
as reported here and by previous studies (Urbanova et al., 2015; Nacke
et al., 2016; Dukunde et al., 2019) are often linked to such differences in
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organic carbon input and quality (Thoms et al., 2010; Urbanova et al.,
2015; Kaiser et al., 2016; Llado et al., 2017; Liu et al., 2019a, 2019b).

Coniferous trees tend to exert a greater influence on microbial
community structure than deciduous species (Hackl et al., 2005; Nacke
etal., 2016). In agreement with our results, fermenting organisms using
complex carbon substrates such as Chloroflexi and Firmicutes were
repeatedly shown to dominate the bacteria community in coniferous
soils (Baldrian et al., 2012; Uroz et al., 2013; Nacke et al., 2016; Llad6
et al.,, 2017). Conversely, microbial groups like Proteobacteria, Acid-
obacteria, and Actinobacteria tend to be less enriched in coniferous than
deciduous soils (Filers et al., 2010; Urbanova et al., 2015). Thus, based
on our observations, we speculate that the variations in SOC input be-
tween the beech and pine soils and the known influence on community
composition might explain the differences in the CO, fixation rates be-
tween the beech and pine soil profiles (Fig. 6).

Furthermore, it should be considered that the extraction of MBC was
based on the chloroform fumigation method which does not distinguish
between active and dormant microbes (Blagodatsky et al., 2000). Thus,
lower CO, fixation rates per gram of MBC in the pine than in the beech
subsoils despite higher MBC/SOC ratios could also indicate that a larger
portion of the extracted MBC in pine subsoils was not active, possibly
due to the lower SOC input. As we did not measure respiration rates or
the proportion of the active bacterial community in the beech and pine
soils, this hypothesis would need to be proven in further studies.

Over a broader range of soil characteristics under deciduous and
coniferous tree stands, fixation rates both per gram of soil dry weight
and per gram of microbial biomass were higher in the Hainich forest
soils than observed in our current study. A potential explanation for this
is the higher MBC and SOC input, as the Hainich soils, despite differ-
ences in texture and pH, displayed a similar proportion of potential
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Fig. 6. Conceptual illustration of dark CO, fixation in temperate deciduous vs
temperate coniferous forest soils. The distinct root system of each tree species
determines the vertical distribution of SOC input and quality through the soil
profile (black arrows). The deeper root systems typical of deciduous trees in-
crease the rate of delivery of younger SOC at deeper soil depths compared to
soils with shallower-rooted coniferous trees. This influences the bacterial
composition of the microbial biomass (MB) pool that normally decreases with
depth (denoted by the decreasing size of circles across the horizon). The
resultant effect is a relatively uniform microbial community composition across
the beech soil depths (dark red arrows) as opposed to the pine soils (orange
arrows) which select for a different community composition in the deeper
profiles that have a low CO, fixation potential. Hence, this leads to lower CO,
uptake rates per gram of MBC in the pine than in the beech subsoils (bright red
arrows). Overall, MBC and community composition showed the strongest cor-
relations (green arrows) with dark CO, fixation rates. Fluxes of CO, between
the soil and the atmosphere are denoted by gray arrows. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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functional communities involved in CO, fixation, including type II
methanotrophs, when compared to this study (Akinyede et al., 2020). It
should be noted that the samples from the Hainich forest were taken in
summer when microbial activities and root inputs might be higher
(Lopez-Mondéjar et al., 2015). Thus, it is likely that a larger portion of
microbes was potentially active, and fresh inputs from root exudation
were probably also larger than in winter when samples from the beech
and pine plots were taken. This might also add to the higher MBC in the
Hainich forest soil compared to the other two plots. Multiple stepwise
regression revealed that MBC showed the strongest correlation with CO2
fixation rates across the three compared forest plots while Shannon
index formed the second strongest correlations. This highlights the
importance of microbial community composition and their metabolic
CO; fixation potentials on CO; fixation dynamics. SOC content and
quality, being tree species-specific, could affect CO, fixation rates in the
beech and pine forest soils via influence on microbial communities and
their CO,, fixation activities. Such tree-species specific effects might also
exist in other temperate forest soils.

5. Conclusions

Dark CO; fixation rates per unit of MBC were uniform through de-
ciduous beech soil profiles but lower in the deeper horizons of soils
dominated by coniferous pine trees. The pine subsoils featured a
different bacterial community structure which was accompanied by a
much lower potential for heterotrophic CO fixation when compared to
the beech subsoils. We speculate that lower SOC inputs in the deeper
pine horizons favoured the dominance of oligotrophic bacteria phyla
that feature a lower heterotrophic CO, fixation potential and hence,
lower CO fixation rates. The acidic coniferous and deciduous soil plots
displayed lower rates than soils of mixed deciduous forest with higher
pH, MBC, and SOC content. Among these forest plots, MBC and Shannon
index also showed the strongest correlations with CO fixation rates,
suggesting that microbial community composition and their CO; fixa-
tion potential in soils influenced dark CO; fixation rates. As SOC is a
regulator of microbial communities and their activities in soil, differ-
ences in the amount and quality of SOC, as evoked by tree species, may
affect the metabolic potential for CO, fixation and exert a strong influ-
ence on dark CO-, fixation rates between the beech and pine forest soils.
Finally, this study suggests that the influence of tree-derived SOC inputs
on microbial communities might also exist in other temperate forest
soils, and thus, may play an important role in the dynamics of dark CO,
fixation in temperate deciduous and coniferous forest soils.
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Figure S1: 6'3C signals of SOC and MBC in soil incubations supplemented with 2% 3CO.
Shown are (A) '3C signal in SOC and (B) '*C signal in MBC after 7 days of incubation with
2% COz in beech (light gray bars) and pine (dark gray bars) soils. Treatment incubations with
13C labelled CO; are denoted with filled symbols while control incubations with '*C are
denoted by patterned symbols. Error bars indicate the standard deviation of incubations from

three replicate soil cores.
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Figure S2A: Correlation between dark CO: fixation rates and soil abiotic and biotic
properties in beech and pine soils. Shown are multiple correlations between measured dark
CO:» fixation rates (per gram dry weight (dw) of soil and per gram of MBC and some
measured soil geochemical properties (SOC, C/N ratio, A'*C, pH, moisture content, MBC,
MBC/SOC, and Shannon index) obtained from the beech and pine soil plots of the
Schorfheide-Chorin Exploratory. Red colours denote negative correlation and blue colours
denote positive correlation. The intensity of the colours and size of the circles represent the
strength of the correlation. Rr / g (dw) soil' d ! and Rr / g MBC™' d ! denote fixation rates
normalised to soil dry weight and MBC respectively. Correlation is by Pearson’s ranking, *

denotes P < 0.05.
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Figure S2B: Correlation of microbial community structure with dark CO; fixation rates
and the most correlated soil abiotic properties in beech and pine soils. NMDS plot is based
on OTU level analysis (Bray Curtis dissimilarities) of bacterial 16S rRNA gene amplicons
generated by Illumina Miseq sequencing. Plot shows significant statistical correlation of the
bacterial community structure with CO> fixation rates per gram of MBC; Rr /g MBC'd ! (R?
=0.99, P =0.001), with SOC (R’ =0.72, P =0.001) and with A'*C (R =0.97, P = 0.001),
indicated by red arrows. The beech soil samples are represented by light gray symbols while
the pine soil samples are denoted by dark gray symbols. Samples at each depth are

represented by three data points which are distinguished by the different symbols.
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Figure S3: Predicted relative abundance of carboxylase genes involved in autotrophic and
heterotrophic CO; fixation in the bulk soil. Shown is the relative abundance of genes coding
for the key enzymes involved in (A) autotrophic CO; fixation and (B) heterotrophic CO»
fixation, predicted by PICRUSt2 analysis of bacterial 16S rRNA gene amplicon sequence
data in the bulk soils of beech and pine soil plots across 1 m depth. Phosphoenolpyruvate
carboxylase (PEPC) and Pyruvate carboxylase (PC) genes are reported for heterotrophic CO2
fixation by anaplerotic reactions. Key genes coding for RuBisCO enzymes, carbon monoxide
dehydrogenase and acetyl COA synthase enzymes, and ATP citrate lyase enzyme are
reported for autotrophic CO; fixation by the CBB, WLP, and rTCA pathway respectively.
Gene abundances are expressed as % of bacterial 16S rRNA gene copies in soil. Error bars

indicate the standard deviation of bulk soil samples from three replicate soil cores.
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Figure S4: Correlation of predicted CO; fixing genes (based on PICRUST?2 predictions)
with measured uptake rates in beech and pine soils. Shown are correlations between dark
CO:» fixation rates per gram of MBC and (A) CO; fixing autotroph gene abundances (CBB,
WLP, and rTCA pathway) and (B) CO: fixing heterotroph gene abundance
(Phosphoenolpyruvate carboxylase (PEPC) and Pyruvate carboxylase (PC) genes) measured
in bulk soils of the beech and pine soil plots across 1 m depth profiles. Gene abundances are

expressed as % of bacterial 16S rRNA gene copies in soil.
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Figure S5: Measured relative abundance of RuBisCO (cbbL IA, cbbL IC, and chbM) and
ATP citrate lyase (aclA) marker genes involved in dark CO; fixation in the bulk soil.
Shown are the cbbL 1A, cbbL 1C, cbbM, (CBB pathway), and acl4 (rTCA pathway) gene
abundance in soils of the beech (A) and pine (B) plots across 1 m depth prior to incubation
acquired by qPCR. Gene abundances are expressed as % of bacterial 16S rRNA gene copies
in soil. Error bars indicate the standard deviation of bulk soil samples from three replicate soil

cores. BDL denotes gene copies below detection limit.
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Table S1: Quantification of 16S rRNA, cbbL 1A, cbbL IC, chbM, and aclA marker genes.

Shown are c¢bbL 1A, cbbL 1C, cbbM, and aclA marker genes expressed per gram dry weight

of soil and (g dw!) their ratios (chbL 1A, cbbL 1C, and aclA only) expressed as a percentage

(%) of total bacterial 16S rRNA gene copies for both the beech and pine soil plots. Data is

based on quantitative PCR (qPCR) analysis. Errors indicate the standard deviation of the

mean of three replicate soil cores in both soil plots.

Plot (Dominant

Beech Pine
tree spp.)
Depth (Horizon) AB BC C AB B2 BC
cbbL 1A 1.04x 107+ 1.99 x 10+ 1.68x 10+ 284x107+ 2.13x10°+ 423x10°+
(copies/g dw™) 3.43 x10° 1.29 x10° 9.99 x10° 2.34x107 1.35x10° 1.84x10°
chbbL 1C 4.41x 108+ 2.54x 107+ 149x 107+ 4.05x10%+ 4.17x107+ 3.64x10°+
(copies/g dw™) 1.08 x10% 4.97 x10° 6.93 x10° 2.69 x108 4.32 x10° 1.28 x108
cb b%{‘;o]ﬁ’ fes/g BDL BDL BDL BDL BDL BDL
aclA (copies/s  8.68x10°= 287x10°+ 1.43x10°+
dw) 6.59 x10° 2.03 x10° 5.55x10° BDL BDL BDL
cbbL 1A/ 16S
TRNA (%) 0.05+0.02 0.05+0.01 0.20+0.17 0.15+0.10 0.05+0.04 0.11+0.12
chbbL 1C/ 16S
TRNA (%) 2.25+0.56 1.06 £ 0.66 1.50+0.37 225+1.14 1.63 +0.40 1.48 £0.30
acld / ;;f PRNA004£003  0.10£005  0.16=0.07 BDL BDL BDL
0,
BDL: Below Detection Limit.
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Abstract. Globally, soil temperature to 1 m depth is pre-
dicted to be up to 4 °C warmer by the end of this century, with
pronounced effects expected in temperate forest regions. In-
creased soil temperatures will potentially increase the release
of carbon dioxide (CO;) from temperate forest soils, result-
ing in important positive feedback on climate change. Dark
CO; fixation by microbes can recycle some of the released
soil CO,, and CO; fixation rates are reported to increase
under higher temperatures. However, research on the influ-
ence of temperature on dark CO, fixation rates, particularly
in comparison to the temperature sensitivity of respiration in
soils of temperate forest regions, is missing. To determine the
temperature sensitivity (Q10) of dark CO; fixation and res-
piration rates, we investigated soil profiles to 1 m depth from
beech (deciduous) and spruce (coniferous) forest plots of the
Hummelshain forest, Germany. We used '3C-CO, labelling
and incubations of soils at 4 and 14 °C to determine CO> fix-
ation and net soil respiration rates and derived the Q¢ val-
ues for both processes with depth. The average Q1o for dark
CO; fixation rates normalized to soil dry weight was 2.07 for
beech and spruce profiles, and this was lower than the mea-
sured average Q1o of net soil respiration rates with ~ 2.98.
Assuming these Q¢ values, we extrapolated that net soil res-
piration might increase 1.16 times more than CO, fixation
under a projected 4 °C warming. In the beech soil, a propor-
tionally larger fraction of the label CO;, was fixed into soil
organic carbon than into microbial biomass compared to the
spruce soil. This suggests a primarily higher rate of micro-
bial residue formation (i.e. turnover as necromass or release

of extracellular products). Despite a similar abundance of the
total bacterial community in the beech and spruce soils, the
beech soil also had a lower abundance of autotrophs, imply-
ing a higher proportion of heterotrophs when compared to
the spruce soil; hence this might partly explain the higher
rate of microbial residue formation in the beech soil. Further-
more, higher temperatures in general lead to higher microbial
residues formed in both soils. Our findings suggest that in
temperate forest soils, CO; fixation might be less responsive
to future warming than net soil respiration and could likely
recycle less CO, respired from temperate forest soils in the
future than it does now.

1 Introduction

Most of Earth’s terrestrial carbon stock is found in soils, with
~ 36 % occurring in the top 1 m depth of forest soils (Job-
bagy and Jackson, 2000) based on the new carbon inventory
of the global soil carbon pool (Hugelius et al., 2014; Schuur
et al., 2015). Decomposition of soil organic carbon (SOC)
provides one of the largest sources of carbon dioxide (CO;)
to the atmosphere (Rastogi et al., 2002; Lal, 2004). Microbes
can refix 3 %—6 % of CO, in temperate forest mineral soils
before its release to the atmosphere (Akinyede et al., 2020;
Spohn et al., 2019), through so-called dark CO, fixation
(Miltner et al., 2005; Santrickovd et al., 2018). Dark CO;,
fixation in soils is mediated by chemolithoautotrophic bac-
teria, largely via the Calvin—-Benson-Bassham (CBB) path-
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way (Niederberger et al., 2015; Wu et al., 2014), the Wood—
Ljungdahl pathway (WLP), or the reverse tricarboxylic acid
(rTCA) pathway (Beulig et al., 2016; Liu et al., 2018). Het-
erotrophic bacteria can also contribute to dark CO, fixa-
tion via anaplerotic carboxylation reactions associated with
central microbial metabolism (Erb, 2011). The genetic po-
tential for both autotrophic and heterotrophic CO, fixation
has been demonstrated in various soils (Miltner et al., 2005;
Santriickovd et al., 2018) including temperate forest soils
(Akinyede et al., 2022a, 2020; Kaiser et al., 2016).

The biomass of microbial communities serves as the entry
point of carbon fixed from CO, into SOC, which includes
both the intact microbial biomass carbon (MBC) pool and re-
leased microbial residues (Miltner et al., 2004, 2005; Spohn
et al., 2019). Microbial residues constitute any non-living or-
ganic material of microbial origin including necromass and
extracellular metabolites (Geyer et al., 2020). Since the trans-
formation of CO; and release of the fixed carbon via mi-
crobial residues vary for different microbial groups (Berg et
al., 2011; Miltner et al., 2005), the composition and abun-
dance of microbial communities play a vital role in CO;
fixation rates in soils. High CO; fixation rates in soils have
been reportedly associated with higher abundance of obligate
autotrophs and specific bacterial groups like Proteobacteria
(Long et al., 2015; Xiao et al., 2018). As the microbial com-
munities fixing CO, are sensitive to changes in edaphic con-
ditions (Berg, 2011; Hiigler and Sievert, 2011), various biotic
and abiotic predictors of CO; fixation rates have been iden-
tified. Factors like CO, concentration (Beulig et al., 2016;
Spohn et al., 2019; Akinyede et al., 2020), SOC content and
quality (Miltner et al., 2005; Santrickovd et al., 2018; Xiao
et al., 2018; Akinyede et al., 2022a), and pH (Santrickov4 et
al., 2005; Long et al., 2015) affect dark CO; fixation rates in
many soils including those of temperate forests.

Here, we focus on temperature as a factor determining soil
CO; fixation rates. Biological processes are generally faster
under higher temperatures due to accelerated rates of enzy-
matic reactions (Arrhenius, 1889; Van ’t Hoff, 1898; David-
son and Janssens, 2006). Hence, temperature presumably af-
fects dark CO; fixation rates but also the rates of CO; pro-
duction through decomposition. If moisture is not limiting,
warmer temperatures increase CO, emission from temperate
forest soils (Melillo et al., 2017, 2011, 2002; Walker et al.,
2018; Winkler et al., 1996), and the degree of response is
similar to depths of 1 m (Hicks Pries et al., 2017; Soong et
al., 2021). Such responses coincide with a reduction in the
total SOC pool and have been mostly attributed to increased
microbial respiration (Melillo et al., 2011). The net change in
total CO; efflux from soil (net soil respiration) includes the
effects of temperature on both CO; production (decomposi-
tion) and CO; fixation. These effects may change with soil
depth from the relatively organic carbon-rich surface soils to
the more carbon-limited deeper soils.

A previous study describing the influence of temperature
on CO; fixation rates described ~ 10 times higher fixation
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rates at 25 °C than at 4°C in a range of mostly Alisol and
Retisol soils in afro-temperate forest and grassland ecosys-
tems of the lower-latitude regions (Nel and Cramer, 2019),
suggesting potentially large temperature effects on CO; fix-
ation rates. However, a systematic study comparing the re-
sponses of dark CO; fixation and net soil respiration from
temperate forest soils is currently lacking. The relative tem-
perature responses of these processes are important because
globally, soil temperatures are projected to warm by ~ 4 °C
until 2100 (based on simulations under the Representative
Concentration Pathway (RCP) 8.5 scenario; IPCC, 2013;
Soong et al., 2020).

The temperature sensitivity (Q1¢), the increase in reaction
rates for a 10 °C rise in temperature, is a commonly reported
value when describing the response of soil microbial pro-
cesses to higher temperatures (Davidson and Janssens, 2006;
Fang et al., 2005; Leifeld and Fuhrer, 2005). Hicks Pries et
al. (2017) reported a Q1o of 2.4 for net respiration rates in
temperate coniferous forest soil. Similar Q¢ values of be-
tween 2 and 3 for net respiration rates have also been de-
scribed for other soil environments (Conant et al., 2008; Li
et al., 2021). Considering that dark CO; fixation rates and
soil respiration rates increase with temperature as described
above and that dark CO, fixation rates have been shown to
correlate linearly with net soil respiration rates (Miltner et
al., 2005; Santrickova et al., 2018), the Q¢ values of dark
CO, fixation rates with depth might correlate with those of
net soil respiration rates.

This study describes the temperature sensitivity (Q1¢) of
dark CO; fixation rates and compares it to that of net soil
respiration rates across soil profiles of deciduous and conif-
erous forests, the two temperate forests based on vegetation
(Dreiss and Volin, 2014; Adams et al., 2019). Soils of two
acidic forest plots from the Hummelshain forest, Germany,
dominated by beech (deciduous) and spruce (coniferous) tree
species were incubated under two temperature conditions (4
and 14 °C). We used a '3CO,-labelling approach to quantify
dark CO, fixation rates. We also measured net soil respira-
tion rates and determined the Q1o values of both processes
across depth. We thus hypothesize that the Qo values of
dark CO; fixation rates with depth correlate with those of net
soil respiration rates. Using the derived Q1o values, we eval-
uated the potential changes in dark CO, fixation rates and
net soil respiration rates under projected increase in global
soil temperature. We further explored the microbial commu-
nity composition in the beech and spruce soil, with the aim
to assess potential differences in the community that might
influence dark CO, fixation rates and, thereby, its Q¢ across
temperate forest soil profiles.
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2 Materials and methods
2.1 Site description and soil classification

The study sites (beech plot 50°45'28.0” N, 11°37'21.0" E;
spruce plot 50°45’30.0” N, 11°37'23.0” E) are located within
the forested areas of the Hummelshain municipality (~
362ma.s.l.) in Thuringia, central Germany. The study site
was established on a former coniferous forest, and it involved
the planting of European beech trees within Norway spruce
and Scot’s pine stands. The main purpose for this conver-
sion was to counteract the low pH of the topsoil under the
coniferous stands and, thus, biologically activate the forest
floors (Graser, 1928). The mean annual rainfall in this area
is about 630 mm, and the mean annual air temperature is
around 7.8 °C (Achilles et al., 2020). The two study plots lo-
cated < 1km apart are dominated by European beech (Fagus
sylvatica L.) and Norway spruce (Picea abies (L.) H.Karst.)
tree stands, respectively, and feature similar soil geology
(Achilles et al., 2020). The soils are mostly sandy (40 %—
50 % sand and silt) with a clay enrichment with depth (Ta-
ble 1; Eckelmann et al., 2006; Bormann, 2007) due to the Tri-
assic sandstone bedrock in the Hummelshain area (Achilles
et al.,, 2020). The soils in this region are predominantly
quartz-rich (50 %—-60 % quartz), consisting of sandstones and
silt—-mud stones, and are classified as Luvisols with an F-
mull-over-loess layer (IUSS Working Group WRB, 2015;
Achilles et al., 2020). Both soils feature a low pH (< 4) and a
high C/N ratio (Table 1). The beech soil was slightly lower in
SOC, MBC, total nitrogen (TN), and moisture content than
the spruce soil across depth. The beech soil profile also fea-
tured a lower clay but higher sandy texture when compared to
the spruce soil profile. Further description of the forest sites
and the soil characteristics in the Hummelshain locality can
be found in Achilles et al. (2020).

2.2 Sampling design

The sampling was carried out in September 2020, towards
the end of the summer season. By driving in an 84 mm wide
closed auger into the soil with the aid of a motor hammer
(Cobra Combi, Atlas Copco AB, Nacka, Sweden), 6 replicate
soil cores, 1-2 m apart, were obtained from each of the sam-
pling plots, leading to a total of 12 soil cores for the beech
and spruce plots. To avoid direct impact from stem flow and
to prevent larger roots from impeding the soil coring process,
all soil cores were taken ~ 2 m away from the base of the
trees. Soil sampling began from the mineral horizon, and the
organic layer was ignored. Three segments were extracted
from each soil core by depths chosen according to the simi-
larity of the horizon among all replicate cores to obtain sam-
ples representing the AB horizon (0-20 cm), Bv horizon (20—
55 cm), and BvT horizon (55-100 cm) for the beech plot and
the AB horizon (0-20 cm), Bv horizon (20-55 cm), and BvT
horizon (55-92cm) for the spruce sample plot. Soil sam-
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ples from the same depth intervals of each of the six repli-
cate cores were homogenized in pairs to yield three replicate
cores each for the beech and spruce forest plot. Afterwards,
all soil samples were sieved using a 2 mm sieve to remove
stones and roots prior to the incubation experiments. Fresh
subsamples for later DNA extraction and geochemical anal-
ysis were also taken and immediately stored by freezing in
liquid nitrogen.

2.3 Geochemical parameters and isotope
measurements

The total and inorganic carbon and nitrogen concentration,
pH, and gravimetric water content as well as carbon isotope
signatures of all soil samples were determined as previously
described by Akinyede et al. (2020) with values reported in
Tables 1 and S1 in the Supplement. The '3C signature of
the bulk soil total organic carbon was analysed using an ele-
mental analyser isotope ratio mass spectrometer (EA-IRMS)
(EA 1110, CE Instruments, Milan, Italy) coupled to a Delta™
IRMS (Thermo Finnigan, Bremen, Germany) through a Con-
Flo IIT interface. The extraction of microbial biomass carbon
content was performed by chloroform fumigation extraction
(CFE) (Nowak et al., 2015; Vance et al., 1987) using 0.05M
K>S04 following methods described previously (Akinyede
et al., 2020). The microbial biomass carbon content (MBC)
extracted as the chloroform soluble carbon content was de-
rived by taking the difference between the dissolved organic
carbon (DOC) content in the unfumigated (Cypfum) and the
fumigated soil extract fractions (Cgymy) for all soil samples.
Values from all samples were divided by a correction fac-
tor Kgc (of 0.45) that accounts for the extraction efficiency.
This factor corrects for the incomplete release of carbon from
the living microbial cells into the solution and is widely ap-
plied to different soils (Joergensen and Mueller, 1996; Jo-
ergensen et al., 2011; Wu et al., 1990) as CFE only mea-
sures the fraction of microbial biomass rendered extractable
in K>SOy solution after lysis with chloroform, which is likely
the very labile microbial fraction (e.g. the cytoplasm) (Ocio
and Brookes, 1990; Wu et al., 1990). The MBC content was
thus calculated as follows:

MBC (mg) = M 1)

Kec

Despite previous studies showing no strong variations in
the Kgc of 0.45 between soils or incubation temperatures
(Martens, 1995; Joergensen et al., 2011), we cannot exclude
possible effects resulting from differences in CFE efficiency
on our results, especially in comparisons of the rates across
the different soil depths or between the beech and spruce
soils.

To determine the §13C signature of the bulk soil MBC,
the 13C signature of the DOC from the fumigated and unfu-
migated CFE fractions was analysed using an isotope ratio
mass spectrometer (DELTA V IRMS, Thermo Fisher Scien-
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Table 1. Geochemical properties of soil cores obtained from beech and spruce soil plots at the Hummelshain forest. Soil pH, moisture
content, soil organic carbon (SOC), carbon / nitrogen (C/N) ratio, microbial biomass carbon (MBC), total nitrogen (TN), MBC / SOC ratio,
natural abundance of 13C of SOC and MBC, bacterial abundance (16S rRNA gene copies), and soil texture class are reported for three depths
definitions for the beech and spruce soils of the Hummelshain forest. Each reported value represents the mean of three replicate soil cores
taken from bulk soils during the sampling campaign. The abbreviation “dw” denotes dry weight.

Depth — horizon (cm)

Beech ‘ Spruce

AB (0-20) Bv (20-55)  BVT (55-100) \ AB (0-20) Bv (20-55)  BvT (55-100)
pH 3.324+0.08 3.47+0.03 3.134+0.03 2.84+0.03 3.16+0.02 3.07£0.06
Moisture (%) 8.65+1.30 8.28+0.84 11.27+1.41 10.34 £2.22 10.95 £0.66 1427 £1.07
SOC (%) 0.90+0.12 0.28+0.11 0.124+0.03 1.56 +0.07 0.33+0.13 0.214+0.05
C/N ratio 2042+ 1.77 11.23+£3.02 5.59+0.83 19.13+£1.02 9.97+2.37 6.38+1.02
MBC (ugCg~! (dw)) 74.14+3.08 21.924+6.53 14.26 +6.30 84.83+9.42 25.394+12.85 19.43+6.71
TN (%) 0.04 +0.004 0.02 +0.002 0.02 +0.002 0.08 +0.005 0.03 +0.005 0.03+0.002
MBC/SOC (%) 0.84+0.15 0.804+0.09 1.054+0.34 0.554+0.08 0.74+0.10 0.96 +£0.07
§13C-S0C (%) —27.14+£041 —-2596+0.16 —25374+0.27 | —27.62+0.16 —25.53+0.31 —25.25+0.14
§13C-MBC (%0) —23.62+0.97 —2245+0.59 —22714+0.22 | —21.57+0.64 —22.05+0.85 —22.67+0.66
16S rRNA 1.83x 107 + 70x108+  1.19x108+ | 240x10°+  547x10%+  3.89x 108+
(copiesg™! (dw)) 8.18 x 108 2.37 x 108 1.06 x 108 3.68 x 108 2.67 x 108 222 x 108
Soil texture class Highly silty Loamy silty Slightly clay Loamy sandy = Medium clayey Loamy clay
(Eckelmann et al., sand (Su4) sand (Slu) loam (Lt2) silt (Uls) silt (Ut3) (T1)
2006; Bormann, 2007)

tific, Bremen, Germany) coupled to a high-performance lig-
uid chromatography (HPLC) system (UltiMate 3000, Dionex
Softron GmbH, Germering, Germany) via an LC IsoLink in-
terface (Thermo Fisher Scientific, Bremen, Germany). All
13C isotope ratios were reported in the delta notation (§) ex-
pressed as 813C values (13C/12C ratios) in per mil (%o), rel-
ative to the international reference material Vienna Pee Dee
Belemnite (V-PDB) (Coplen et al., 2006).

13
% sample |

13¢
]

§13C %o) = x 1000 )

reference

Afterwards, the §'3C in per mil (%o) of microbial biomass
carbon (MBC) was derived by applying an isotope mass bal-
ance to the measured '3C signals measured for all fumigated
and unfumigated DOC fractions from CFE as previously de-
scribed (Akinyede et al., 2020).

§1Cup (%0) =
[813Cfum X Cfum - 513Cunfum X Cunfum]

Cfum - Cunfum

3

2.4 13C-CO;-labelling incubation experiment

The CO, fixation rates were determined using microcosm in-
cubations. Four replicates for each sieved soil sample (60 g
wet weight) obtained from all six soil cores in both the
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beech and the spruce sampling plots were placed in steril-
ized 1000 mL serum bottles, closed with butyl rubber stop-
pers. The large headspace-to-soil-volume ratio was chosen
to ensure minimal changes in the headspace CO, concentra-
tion and the '3C isotope signatures as no further additions
to the headspace CO, were performed throughout the incu-
bation period with labelled '*CO,. The four replicate jars
were split into two pairs of two replicates each prior to a 4d
preincubation period. The first pair was preincubated at 4 °C
and the second at 14 °C. Before preincubation, all jars were
opened for several minutes to allow the CO; concentration
in the jar to equilibrate with the ambient concentration. After
the preincubation period, gas samples were obtained with the
aid of a gas syringe for CO, measurement. Afterwards, the
jars were opened, and homogenized soil samples were sub-
sampled for (1) the determination of total and organic car-
bon and nitrogen content as well as '>C isotope signatures
of the bulk soil, (2) extraction to determine initial microbial
biomass carbon content and its '3C isotope signature, and (3)
storage for later DNA analysis.

The remainder of the soil (~ 30 g) was placed in the incu-
bation jar, which was then flushed with synthetic air (75 %
N3 and 25 % O3). One replicate of each temperature set was
adjusted to 2 % (v/v) 13C-CO» in the headspace, and the sec-
ond replicate was adjusted to 2 % (v/v) headspace '2C-CO,
concentration, serving as treatments and controls, respec-
tively. All soils exposed to the 2 % (v/v) '3C-CO,, and con-
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trols were then incubated statically in the dark for 21 d under
the same temperature as used in the preincubation phase (4
and 14 °C). At the end of the incubation period, microcosms
were opened and soil samples from all incubations were split
into three parts, and geochemical parameters were analysed
as after the preincubation phase. Parameters like SOC, MBC,
the C/N ratio, and water content measured after incubation
for the beech and spruce plots are described in Table S2 in the
Supplement and did not differ with temperature and through-
out the incubation period. In addition, the §'3C signals of
MBC and SOC from all incubated soil samples were mea-
sured as done for the bulk soil prior to the start of the rate
measurements.

2.5 Determination of CO; fixation rates, respiration
rates, and temperature sensitivity (Q1¢)

To calculate the CO, fixation rates for all soil incubations
at both 4 and 14 °C, the actual '3C/12C ratio taken up into
the total soil pool and into microbial biomass carbon (MBC)
pool was measured as described in Sect. 2.3. This was de-
rived from the measured and derived '3C values (for all
treatments (13C labelled) and controls (!3C unlabelled/nat-
ural abundance)) of SOC and MBC, respectively.

The 13C/'2C ratios were calculated based on the 3C/!2C
ratio of the international V-PDB standard as done previously
(Akinyede et al., 2020, 2022a), where 0.0111802 is taken
as the 13C/12C ratio of the international V-PDB standard
(Werner and Brand, 2001):

13C [513C

1 1| x0.0111802. 4
i2c 1000+]X @

Subsequently, the excess '3C ratio for the soil pool and the
MBC pool was derived from the increase in the 13C/!2C ratio
between the !3C-labelled treatment and the '2C-labelled con-
trols (13C natural abundance level) normalized to the respec-
tive carbon content of the soil and of the microbial biomass
(MBC) as follows:

13
Clabelled

excess 13C (mg) = s

x MBC/SOC
labelled

13 Cunlabelled

— _umabered « MBC/SOC. 5)
12Cunlabelled

These values were then divided by the incubation time and
expressed per gram of the bulk soil dry weight and per gram
of microbial biomass carbon to obtain the CO, fixation rates
per gram of soil dry weight (g~! (dw) soild™!) and per gram
of MBC (g~ MBCd ™), respectively.

Following Spohn et al. (2019), the net respiration rates for
all soil preincubations were determined based on the differ-
ence in the CO, concentrations of the glass jars measured at
the beginning and at the end of the incubation period using a
gas chromatograph system for trace gas analysis of air sam-
ples (Agilent 6890 GC FID ECD PDD, USA). Gas samples
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were taken from the headspace of the jars using a gas syringe
attached to 250 mL evacuated vials. A period of 30 s was al-
lowed for the gas vials to equilibrate with the incubation jars,
after which the gas vials were disconnected from the vials
and connected via a gas line to the gas chromatograph system
for CO, measurement (in ppm). Using the ideal gas equation,
net soil respiration rates were calculated according to Dossa
et al. (2015), expressed as micrograms of carbon per gram
of soil dry weight per day. As net respiration rates represent
CO, produced minus CO; fixed, the total CO, production
or decomposition rates were subsequently derived by adding
the net respiration rates to the CO, fixation rates measured
for all beech and spruce soil samples.

The temperature sensitivities of the CO; fixation (per unit
soil and MBC) and net respiration rates (per gram of soil
only), as well as the decomposition rate (per gram of soil
only), were determined by calculating Q¢ values according
to Leifeld and Fuhrer (2005):

(6)

ky (%)
Qo= [H] ,

where 7> and 77 denote the higher and lower temperatures
(in °C) at which the soils were incubated, and k, and k; rep-
resent the corresponding derived CO; fixation rates, net res-
piration rate and decomposition rates for temperatures 7, and
T1, respectively.

2.6 DNA extraction and 16S rRNA gene sequencing

DNA was extracted from 0.25 g of all bulk soil and incu-
bation samples using the DNeasy PowerSoil DNA kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s pro-
tocol. For Illumina MiSeq sequencing, libraries of amplicon
sequences of bacterial /6S rRNA genes were generated. All
libraries were prepared with the NEBNext Ultra DNA Li-
brary Prep Kit for Illumina (New England Biolabs, Hitchin,
UK) using a two-step barcoding approach. For the first step,
forward (Bact_341F) and reverse (Bact_785R) primers tar-
geting the V3 to V4 hypervariable regions of the bacterial
16S rRNA gene were used (Klindworth et al., 2013). For Illu-
mina sequencing, the primers were modified with an adaptor
overhang which allowed for barcoding in a second PCR step.
During the first PCR step, all DNA samples (> 10nguL~")
were amplified in a 20 uL reaction volume containing 10 uM
of each primer, 0.67 uyguL~' of BSA (bovine serum albu-
min), 5.67 uL nuclease-free water, and 10 puL HotStarTaq
Master Mix (Qiagen, Hilden, Germany). The PCR conditions
used consisted of an initial denaturation at 95 °C for 45 min,
followed by 26 to 30 cycles of denaturation (94 °C for 45 s),
annealing (55 °C for 45 s), and extension (72 °C for 45 s) and
then a final extension step at 72 °C for 10 min. While sam-
ples from the AB and Bv horizon were amplified using 26 to
27 cycles, a few samples from the BvT depth with low DNA
concentration were amplified using 30 cycles with the same

Biogeosciences, 19, 4011-4028, 2022
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cycling conditions. All amplified sequences from the first
PCR step were barcoded in a second PCR step using 1 pL
of the initial PCR products, 0.5 uM of barcoded primer set
from Illumina (sequences provided in Table S4 in the Sup-
plement), and Ruby Taq Master Mix (Jena Bioscience, Ger-
many) following the cycling conditions of 6 cycles at 95°C
for 45, 55°C for 45 s, and 72 °C for 45 s for denaturing, an-
nealing, and extension steps, respectively. All samples were
analysed by gel electrophoresis using 1 % agarose gel to en-
sure all amplicons were ~ 500bp in length. Subsequently,
prepared libraries were sequenced on a MiSeq (Illumina, Inc,
San Diego, CA, USA) using v3 chemistry (2 x 250 bp).

The raw sequences generated were analysed using mothur
(Schloss et al., 2009; http://www.mothur.org, last access:
19 January 2021) and the mothur MiSeq SOP as of 19 Jan-
uary 2021. Paired reads were combined, and sequences were
trimmed, saving only sequences with the desired length of
between 360 and 500 bp. Trimmed sequences were aligned
to the SILVA reference database v132 release (Quast et al.,
2013), and sequences with differences of up to four bases
were pre-clustered. Chimeras were removed using UCHIME
and the GOLD reference database implemented in mothur
(Edgar et al., 2011). Subsequently, the taxonomic classifica-
tion of the sequences against the SILVA database was per-
formed.

2.7 Determination of chemolithoautotrophic CO,
fixation potential in the Hummelshain forest soils

To determine the potential for chemolithoautotrophic CO>
fixation among all soil samples, the abundance of functional
genes involved in autotrophic CO, fixation was first pre-
dicted for all bacteria communities. Here, the representa-
tive sequences from operational taxonomic unit (OTUs) gen-
erated from mothur were analysed using version 2 (v2.2.0
beta) of the PICRUSt (Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States) soft-
ware package (Douglas et al., 2020). All OTU sequences
were de-gapped and placed in a reference taxonomic tree
based on the Integrated Microbial Genomes database. EPA-
ng and GAPPA tools were used to determine the best po-
sition of these placed OTUs in the reference phylogeny
(Barbera et al., 2019; Czech and Stamatakis, 2019; http:
/lwww.hmmer.org, last access: 19 January 2021) after which
KEGG orthologues for key enzymes involved in dark CO,
fixation were predicted for each OTU. Using the derived
KEGG Orthology (KO) numbers for different key genes for
CO,, fixation, the six known autotrophic pathways were de-
duced for all samples as previously done (Akinyede et al.,
2022a, 2020). These include the Calvin—Benson—Bassham
(CBB) pathway (or Calvin cycle), the reductive citric acid
(rTCA) pathway, the Wood-Ljungdahl pathway (WLP),
the 3-hydroxypropionate—malyl-CoA (3HP) cycle, the 3-
hydroxypropionate—4-hydroxybutyrate (HP/HB) cycle, and
the dicarboxylate—4-hydroxybutyrate (DC/HB) cycle.
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Based on PICRUSt2 predictions, the abundance of func-
tional genes belonging to two CO, fixation pathways, the
Calvin cycle and the rTCA pathway, were determined by
quantitative PCR for the bulk soil as well in all soil samples
incubated at 4 and 14 °C. Gene abundance of bacterial /65
rRNA, RuBisCO marker genes (cbbL 1A, cbbL IC, cbbM)
for the Calvin—Benson-Bassham cycle and ATP citrate lyase
genes, and aclA belonging to the reductive citric acid cycle
was determined by quantitative PCR (qPCR) on the CFX96
Touch Real-Time PCR system (Bio-Rad, Singapore) using
Maxima SYBR Green Master Mix (Agilent, CA, USA).
Primer pair Bac 8Fmod-Bac 338R was used to target the /165
rRNA genes (Loy et al., 2002; Daims et al., 1999), while F-
cbbL TA-R-cbbL 1A, F-cbbL IC-R-cbbL 1C, and F-cbbM-R-
cbbM were used to target both the form-I (cbbL IA and chbL
IC) and form-II (chbM) RuBisCO marker genes (Alfreider et
al., 2012, 2003), which is specific to both obligate and facul-
tative chemolithoautotrophic bacteria groups like Proteobac-
teria (Selesi et al., 2005). Primer pair F-g-acl-Nit-R-g-acl-
Nit was used to target the alpha subunit of the ATP citrate
lyase (aclA) gene, which is specific to nitrite-oxidizing bacte-
ria and complete ammonia-oxidizing (comammox) bacteria,
e.g. Nitrospira (Alfreider et al., 2018). All cycling conditions
and standards used for quantification are found in Akinyede
et al. (2020) and Herrmann et al. (2012, 2015). Due to the
absence of a reliable standardized qPCR protocol and primer
sets to target genes for the WLP and the rest of the other
autotrophic pathways, the presence of these pathways was
based only on the predictions by PICRUSt2.

2.8 Statistical analysis

We compared the CO; fixation rates per gram of soil and
per gram of MBC between all soil samples incubated at 4
and 14 °C using Student’s ¢ test. To compare the respective
Q10 values between the beech and spruce profile and across
individual horizons, analysis of covariance (ANCOVA) and
one-way ANOVA with Tukey’s test were conducted, respec-
tively. To compare other parameters between the beech and
spruce soil profiles, e.g. net soil respiration rates between
4 and 14°C and 13C signal of SOC and MBC, ANCOVA
was also conducted. When comparing parameters between
the beech and spruce soils using ANCOVA, soil depth also
accounted for the variability in the measured parameters and
was used as the covariate in the analysis. When deriving the
CO;, fixation and net soil respiration rates under projected fu-
ture temperatures increase (from 8 to 12 °C), the mean Qg
values for the beech and spruce profiles were used in the Q19
equation described in Eq. (6) of the method in Sect. 2.5. As
rates at 4 °C were low and, in some samples, below the de-
tection limit (e.g. net respiration rates at the beech soil BvT
depth), the rates per gram of soil measured at 14 °C were
used (as ky, T>) in the Q¢ equation to derive rates at 8 °C
(k1, T1). The derived rates at 8 °C were then used (as ki,
Tp) for the subsequent derivation of rates at 12°C (k2, T»).
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Following Geyer et al. (2020), we quantified the proportion
of excess 13C transferred into the SOC pool from the MBC
pool via microbial residues as the total amount of excess '3C
fixed in the SOC pool minus the excess '>C fixed in the intact
MBC pool.

The variations in the bacterial community between the
beech and spruce soil and with temperature were determined
by measuring the beta diversity. Beta diversity was mea-
sured by performing principal coordinate analysis (PCoA)
based on Bray—Curtis dissimilarity using the package ve-
gan contained in R (Oksanen et al., 2008). Here, the bac-
terial communities from all beech and spruce soil samples
were clustered based on their similarity and dissimilarity be-
tween the soils and with temperature. To determine the sig-
nificance of the factors accounting for OTU variances shown
in the PCoA plot between the two soils, across individual
soil depth, and between temperatures, permutational multi-
variant analysis of variance (PERMANOVA) was performed
with 999 permutations using “adonis” functions. Differences
in the abundance of all predicted and quantified CO, fixation
genes between the beech and spruce soil were analysed using
ANOVA and Tukey’s test. For all statistical tests, differences
with p < 0.05 were considered statistically significant. All
statistical analyses were conducted with the R environment
(v.3.6.1) and RStudio (v1.1.463).

3 Results

3.1 Effects of temperature on dark CO; fixation rates
in beech and spruce soils

All soil incubations exposed to '*CO, were significantly
enriched in 8'3C relative to the controls at both 4 and
14 °C, indicating dark CO, fixation (Fig. S1 in the Sup-
plement). In the top depths of both the beech and the
spruce soils, significantly higher CO; fixation rates were ob-
served at 14°C than at 4°C. For the top AB horizon of
the beech soil, CO, fixation rates expressed in relation to
soil dry weight (ug Cg~! (dw) soild~!) (Fig. 1a) were almost
2 times higher with 0.033 4 0.006 ugCg~! (dw)soild~! at
14°C compared to 0.01840.006 ugCg~" (dw)soild~! at
4°C (p = 0.04; Student’s ¢ test). Similarly, the top AB depth
of the spruce soil also featured ~ 2 times higher fixation rates
at 14°C with 0.03040.003 ugCg~! (dw)soild~! than at
4°C with 0.014 £0.002ugCg~" (dw) soild™" (p = 0.005).
In the lower depths, however, no significant differences in
fixation rates expressed per gram of soil dry weight were ob-
served between soils incubated at 4 and 14 °C for either the
beech soils (p =0.3 and p = 0.6 at the Bv and BvT hori-
zons, respectively) or the spruce soils (p = 0.2 and p = 0.4
at the Bv and BvT horizons, respectively). While we ob-
served an expected decrease in fixation rates per gram of
soil with depth in both soils due to the decreasing SOC con-
tent, there were no significant differences in rates between
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the beech and spruce soil, neither at 4 nor at 14 °C. Across the
depth profiles, changes in rates with temperature did not dif-
fer between the spruce (1.5-3.2-fold changes) and the beech
soil (0.9-2.7-fold changes) (p = 0.08) as both soils showed
a 70 %-90 % increase in the '3C signal with temperature
(Fig. S1).

When expressed in relation to microbial biomass car-
bon (MBC), dark CO, fixation rates in the top AB hori-
zon of the spruce soil were 1.6 times higher at 14°C
with 145.95+27.13ugCg~' MBCd~! than at 4°C with
88.29+17.12ugCg ' MBCd ™! (p =0.04) (Fig. 1b). For
the beech soil, however, values in the top AB depth were
similar at 4 and 14°C (p =0.3) with 108.18 +8.82 and
125.114+23.76 uygC g~ MBCd ™!, respectively. In the lower
horizons, no significant differences between temperature
treatments were observed for the two soils. Rates expressed
per gram of MBC were approximately constant with depth,
excepting the BvT horizon of the beech soil, which had lower
rates. Taken together across depth profiles, stronger differ-
ences with temperature were observed for the spruce (1.3—
2.6-fold changes) than the beech soil (0.9-1.4-fold changes)
(p =0.003). These differences in rates reflect the observed
difference in the '3C signals of MBC with temperature be-
tween the soils. While up to a 124 % increase in the '*C sig-
nal of MBC was found for the spruce soil, the beech soil
showed no more than a 23 % increase in the '3C signal of
MBC with temperature (Fig. S1). These differences between
the beech and spruce soil suggest that drivers of dark CO,
fixation may differ between soils.

3.2 Q9 of dark CO; fixation rates for beech and
spruce soil profiles

The Q10 values, the factor by which CO, fixation rates dif-
fered with the 10°C rise in temperature, were 1.81 +0.17
across depths (for rates per gram of soil) for the beech soil,
and 2.34 £ 0.21 for the spruce soil (Fig. 2a) with a mean Qg
value of 2.07 & 0.34 for all beech and spruce soils. Both the
beech and the spruce soils showed large variability in the
Q10 values with depth with values ranging from 1.97 4+ 0.84
at the AB depth and 1.63 +0.86 at the bottom BvT depth
of the beech soil to 2.11+£0.07 and 2.53+0.70 through
the spruce soil profile. Thus, no significant differences be-
tween corresponding depths of both soil profiles were ob-
served (p =0.81, p =0.32, and p = 0.23 for the AB, By,
and BvT horizons, respectively). However, differing trends
across individual depths for the beech and spruce soil were
observed, with Q19 values decreasing with depth in beech
soil but increasing with depth in spruce soil (R% =0.92,
p=3.2x10"%, ANCOVA).

We also calculated the Q1o for rates per gram of MBC,
as the microbial cells are responsible for dark CO; fixation
and should be primarily affected by temperature. Compared
to the Q19 based on soil dry weight, the Q¢ based on MBC
was lower in the beech soil (p = 0.008), which is linked to
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Figure 1. Dark CO, fixation rate measured from soil microcosms supplemented with 2 % 13C02 at 4 and 14 °C. Shown are (a) 13C uptake
rates in soil expressed in pgC g~ ! (dw) soild ! (micrograms of carbon per gram dry weight (dw) of soil per day) and (b) !3C uptake rates
into MBC expressed in pgCg~! MBCd~! (micrograms of carbon per gram of microbial biomass carbon per day) after 21 d of incubation
with 2 % 13C02 at 4 (blue bars) and 14 °C (red bars) across three horizons of the beech and spruce soils. Error bars indicate the standard
deviation of incubations from three replicate soil cores. * denotes p < 0.05.
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Figure 2. Temperature sensitivity (Q1q) of dark CO, fixation rate measured from soil microcosms supplemented with 2 % 13C02 at
4 and 14°C. Shown are the Q¢ (temperature sensitivity) values of dark CO, fixation rates derived from fixation rates expressed in
(@) ugCg~! (dw)soild~! (micrograms of carbon per gram dry weight (dw) of soil per day) and in (b) pgCg~ ! MBCd~! (micrograms
of carbon per gram of microbial biomass carbon per day) after 21 d of incubation with 2% 13CO, across three horizons in the beech and
spruce soils.

the smaller differences in the '3C signal of MBC and calcu-
lated CO», fixation rates with temperature. For the spruce soil,
no difference between the Q1o based on MBC and the Qg
based on soil dry weight was observed (p = 0.13). As a re-
sult, the spruce soil profile featured a higher mean Q¢ based
on rates per gram of MBC with 1.9 £0.63 (Fig. 2b) than the
beech soil profile with 1.1 +0.20 across depth (p = 0.003;
ANOVA and Tukey’s test).

Biogeosciences, 19, 4011-4028, 2022

3.3 Allocation of 13C in the beech and spruce soils

As both the fixation rates and Q¢ values differed between
the beech and spruce soil, we aimed to determine if this was
reflected by differences in the partitioning or transfer of the
fixed 13C via microbial residues between the MBC and SOC
pools. On average, the '3C signals of the MBC pool were
significantly lower across the beech soil profile compared to
the spruce soil profile at 14°C (R2 =091, p =5.24 x 1078,
ANCOVA) with no clear difference observed between forest
types at 4 °C (Fig. S2 in the Supplement). In contrast, the 13C
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signatures measured in SOC were on average higher in the
beech than in the spruce soil across depth for soils incubated
both at 4 and at 14°C (R? = 0.98 and p = 3.90 x 102 for
4°C and R2=0.96 and p =1.05 x 107'° for 14°C, AN-
COVA). As a result, a higher proportion of fixed 13C was
found to be allocated to the MBC pool in the spruce soil
with up to 64 % compared to the beech soil with up to 32 %
(Fig. 3). Hence, in the beech soil, a greater amount of 3¢
allocation into the SOC pool was observed compared to the
spruce soil. In general, higher temperatures were associated
with a larger increase in '3C allocation to SOC compared to
MBC pools in the beech and spruce soils (Fig. 3). For in-
stance, at the AB depth of the beech soil, 13¢C fixed into SOC
increased from 67 % to 81 %, and in the spruce soil, it went
up from 36 % to 63 %.

3.4 Effects of temperature on net soil respiration rates

In addition to the CO, fixation rates, we also determined
net soil respiration rates during the preincubation phase. As
expected, net respiration rates across all beech and spruce
soil samples were 20-70 times higher than CO; fixation
rates (p =0.005) with values as high as 2.89 £1.26 and
2.31+£0.9ugCg~! (dw)soild~! at 14 °C at the top AB hori-
zon of the beech and spruce soils, respectively. Net respi-
ration rates were higher in all soils incubated under 14 °C
than at 4°C for both the beech (R2 =0.73, p = 0.03, AN-
COVA) and spruce (R?2=0.58, p =0.02, ANCOVA) pro-
files (Fig. 4). As rates were highly variable across replicates,
no significant differences between the beech and the spruce
soil or with depth were observed.

In response to warming, the Q19 values of net respiration
rates per gram of soil for the beech and spruce soils were
2.87+0.81 and 3.06£0.78, respectively. Taken together,
the mean Q1o for net respiration rates across the beech and
spruce soil profiles at 2.98 £0.69 was significantly higher
than the Qo of fixation rates relative to soil dry weight
(R?=0.95, p=3.0x 1073, ANCOVA). Values ranged be-
tween 2.29 + 0.004 and 3.44 £ 1.43 across the two AB and
Bv depths in the beech soil and between 2.60 4+ 0.12 and
3.96 +3.38 across all three depths of the spruce soil. Due
to the high variations in net respiration rates among the soil
samples, the Q¢ values did not differ significantly between
the beech and spruce soil and across the individual depth pro-
files. As net respiration rates were much higher than CO,
fixation rates, the derived decomposition rates were nearly
the same as the net respiration rates for the beech and spruce
soils. Hence the Q¢ values were also similar, having a mean
value of 2.95 4 1.34 (Table S3 in the Supplement).

3.5 Bacterial communities of the Hummelshain forest
soils

The lower '3C allocation in MBC but higher allocations
to SOC for beech than for spruce soils indicated a higher

https://doi.org/10.5194/bg-19-4011-2022

4019

turnover of fixed *C from MBC to SOC in the beech soil
compared to the spruce soil. We thus further checked if
this higher turnover was accompanied by differences in the
overall bacterial community composition and abundance. We
investigated the /6S rRNA gene amplicons at OTU level
and determined /6S rRNA gene copies by qPCR (Table 1
and Fig. S3 in the Supplement). Principal coordinate analy-
sis (PCoA) revealed differences in the composition between
the beech and spruce soil (R*?=0.23, p =0.001, PER-
MANOVA, Fig. 5a). This was most pronounced in the top
AB horizon (R2 =0.67, p =0.003). Furthermore, the bac-
terial community composition also differed with soil depth
(R2 =0.30, p =0.001). As expected, the microbial abun-
dance decreased with depth in both soils (Table 1). However,
no difference in the microbial abundance between soils was
observed at comparable depths. With respect to temperature,
no shifts in the community composition were found in either
beech (R =0.014, p =0.99) or spruce (R =0.015, p =
0.98) soils (Fig. 5b). Likewise, the microbial abundances did
not differ with temperature (Table S2).

3.6 Abundance of genes for CO; fixation

Based on presumed differences in residue formation and in
the community composition between the soils, we speculate
that the potential key players in the beech soil were com-
posed of a higher proportion of groups with faster life cycles
when compared to the spruce soil. As the rich SOC content in
forest soils generally promotes faster growth of heterotrophs
over chemolithoautotrophs, we further hypothesized that the
beech bulk soil contains lower fractions of autotrophs com-
pared to the spruce soil. We used PICRUSt2 to predict and
quantify the genetic potential for CO; fixation in both soils
to test this hypothesis. Predicted autotrophic OTUs made up
~ 11 % of the total bacterial community in all samples. Most
of the autotrophic OTUs were predicted to possess genes af-
filiated with RuBisCO of the CBB pathway for CO; fixation,
with ~ 9 %, while genes of the WLP and the rTCA pathway
were predicted in ~ 2 % and 0.1 % of the OTUs, respectively.
The spruce bulk soil featured higher abundances of OTUs
predicted to possess the RuBisCO gene than the beech bulk
soil (Fig. 6a), with significantly higher proportions in the AB
horizon (p = 0.007).

Quantitative PCR of marker gene coding for the CBB (Ru-
BisCO (cbbL 1A, cbbL IC, cbbM)) and the rTCA pathway
(ATP citrate lyase alpha subunit (aclA)) was performed to
confirm the predicted potential for autotrophic CO; fixation.
Of the detected gene variants, the chbL IC gene was the most
abundant with up to 5% of the bacterial /6S rRNA gene
copies in both soils, whereas other RuBisCO and ac/A genes
constituted less than 1 % (Fig. S4 in the Supplement). The
proportions of cbbL IC genes across the depths were signif-
icantly higher in the spruce than in the beech soil at 4 and
14°C (p =0.007, p = 1.03 x 107, respectively) (Fig. 6b).
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Figure 3. Proportion of fixed carbon recovered in MBC and SOC pools of the beech and spruce soils. The pie charts show the relative
proportions of microbially derived 13CO, into MBC (orange fractions) and SOC (brown fractions) pools expressed as a percentage of the
total fixed carbon after 21 d of incubation with 2 % 13C02 for soils incubated at (a) 4 and (b) 14 °C across three horizons (AB, Bv, BvT) in

beech and spruce soils. Values are the mean of three replicate incubations.
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Figure 4. Net respiration rates and Qg values measured from soil microcosms incubated at 4 and 14 °C. Shown are (a) net respiration rates
in beech and spruce soils expressed in ugC g1 (dw) soild~! (micrograms of carbon per gram dry weight (dw) of soil per day) at 4 (blue
bars) and 14 °C (red bars) and (b) Q¢ (temperature sensitivity) of net respiration rates measured after 4 d of preincubation in beech soils
(yellow bars) and spruce soils (green bars) across depth. Error bars indicate the standard deviation of incubations from three replicate soil

cores. BDL and ND denote values “below the detection limit” and values “not determined”, respectively.

In the bulk soil, however, this was only observed in the BvT
horizon (p = 0.03).

4 Discussion

This study shows that the derived Q¢ values of dark CO,
fixation rates per gram of soil, with a mean value of 2.07
across the beech and spruce soil depths, were significantly
lower than the average Q1o of net soil respiration rates per
gram of soil with 2.98 for both soils, which suggests that soil

Biogeosciences, 19, 4011-4028, 2022

respiration is more sensitive to warming than CO» fixation.
Our Q19 values of net soil respiration rates fall in the range
of those reported for agricultural soils (1.5) and temperate
mixed forest soils (3.1) (Fang et al., 2005; Conant et al.,
2008; Hicks Pries et al., 2017; Li et al., 2021). For Q¢ val-
ues of dark CO, fixation rates, a similar value of ~ 2.5 was
extrapolated for afro-temperate forest soils (Nel and Cramer,
2019).

Comparing the responses of dark CO, fixation and net soil
respiration to temperature for the same soil is important in

https://doi.org/10.5194/bg-19-4011-2022

79



80

R. Akinyede et al.: Temperature sensitivity of dark CO, fixation in temperate forest soils

(a)
A
0.2 o Beech
> Y " AB
~ 0.1 A\ Bv
f,\c; = O BVT
< 0.0
< Spruce
S -0.1 = HAB
a H | ABv
-0.2 u @BvT
-0.3 =
-0.25 0.00 0.25
PC 1 (28.9%)
(b)
=
‘ Beech
0.2 A B W4cc
9 A m M4
2 A
<
Q
~ 0.0 Spruce
& ‘ A4c°C
A H AtacC

0.00 0.25

PC 1 (29.9%)

-0.25

Figure 5. Bacterial community composition and community struc-
ture from beech and spruce bulk soil. Shown are the bacterial com-
munity structure of (a) the beech (yellow symbols) and spruce
(green symbols) bulk soils before incubation and of (b) beech and
spruce soils incubated with 2 % 130, at 4 (blue symbols) and
14 °C (red symbols). PCoA plots are based on OTU level analysis
(Bray—Curtis dissimilarity) of /6S rRNA gene amplicons generated
by Illumina MiSeq sequencing with three independent data points
per depth obtained from beech and spruce soils.

understanding the dynamics of SOC fluxes within the con-
text of global climate change. Since dark CO; fixation can
recycle up to 4 % of CO; respired from temperate forest soils
(Spohn et al., 2019), higher CO, fixation rates might as well
be affecting the magnitude of SOC losses from temperate for-
est soils under warming. By assuming a Q1 of 2.07 and 2.98
for dark CO; fixation rate and net soil respiration rates, re-
spectively, we extrapolated the effect of future warming on
the forest SOC fluxes. With a 4 °C increase in mean annual
temperate forest soil temperature (~ 8 now to 12 °C by 2100)
to 1 m deep by the end of this century (IPCC, 2013; Soong
et al., 2020), dark CO; fixation rates to 1 m depth would in-
crease by 33 % while net soil respiration rates would increase
by 55 %. This indicates that future increase in net soil respira-
tion might be 1.16 times higher than CO; fixation upon 4 °C
warming. Hence, the potential for dark CO; fixation to recy-
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cle or modulate carbon respired from temperate forest soils
could decrease under future warming scenarios. However,
the temperature response of dark CO, fixation and respira-
tion in soils is likely also affected by varying temperatures
occurring in different temperate forest biomes. Differences in
carbon allocation between MBC and SOC also show that not
all components of the soil carbon cycle will have the same re-
sponse to soil temperature changes. Furthermore, higher tem-
perature might alter primary production and root exudation,
resulting in changes in soil carbon inputs and, consequently,
soil pore space CO; concentrations and effluxes (Jakoby et
al., 2020; Way and Oren, 2010; Yin et al., 2013). Thus, the
estimates presented here are associated with a range of un-
certainty.

Our measured soil CO, production in all soil incubations
does not represent decomposition rates but the net soil respi-
ration rates, as these rates include the effects of temperature
on both CO; production (decomposition) and CO, fixation,
with both processes occurring simultaneously (Braun et al.,
2021). Thus, to accurately derive the decomposition rates,
CO, fixation rates have to be added to measured net soil
respiration rates. Although our measured CO, fixation rates
were very small with only marginal effects on the Q¢ of soil
CO; production, that is, a Q19 of 2.98 vs. 2.95 for net soil
respiration and decomposition rate, respectively, dark CO;
fixation may result in an overestimation of Q¢ of decom-
position rates if only net soil respiration is measured. This
is especially the case in scenarios where high CO, fixation
rates are expected.

Unexpectedly, the two soils, beech and spruce, showed dif-
ferences in their temperature response. Although Q¢ values
for CO; fixation rates per gram of soil were similar between
the beech and spruce topsoil, the Q¢ values differed in their
depth trends, with decreasing Q1o with depth in the beech
soil and increasing Q19 with depth in the spruce soil. Fur-
thermore, while both soils showed similar temperature re-
sponses in terms of rates of CO; production per gram of soil,
the temperature effect of CO, fixation rates expressed per
gram of MBC was smaller in the beech than in the spruce
soil. The lower Q¢ in the beech soil was accompanied by
higher proportions of newly fixed 1*C in the SOC pool but
lower proportions in the MBC pool when compared to the
spruce soil, especially for soils incubated at 14 °C. This sug-
gested that there was a higher transfer of microbially derived
carbon from the MBC pool into the SOC pool in the beech
soil. Through microbial residue formation, fixed '3C is trans-
ferred from the MBC into the SOC pool (Geyer et al., 2020;
Miltner et al., 2012). A higher rate of residue formation in the
beech soil will lead to a lower fraction of fixed '3C remain-
ing in the MBC pool and, thereby, an underestimation of the
CO, fixation rates per gram of MBC when compared to the
spruce soil. Hence, a higher rate of microbial residue transfer
in our 21 d incubations might explain the lower Q¢ of fixa-
tion rates per gram of MBC in the beech than in the spruce
soil. Such rapid residue formation is not uncommon in soils
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Figure 6. Relative abundance of RuBisCO genes in the beech and spruce soil. Shown are the relative abundances of (a) predicted and
(b) quantified RuBisCO genes coding for the CBB pathway in the beech and spruce soil. Data in (a) are based on predictions by PICRUSt2
analysis of bacterial /6S rRNA gene amplicon sequence data for the beech and spruce bulk soil, while data in (b) are acquired by qPCR of
¢bbL IC genes for both soils incubated at 4 and 14 °C. *, **_and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively.

as it was observed in as little as 6 h in a temperate forest soil
(Geyer et al., 2020). Microbial biomass can also turn over
as necromass within a few days to weeks in soils (Kistner et
al., 2021; Miltner et al., 2012) with turnover times of 18-21d
reported in agricultural soils (Cheng, 2009) and 33 d in tem-
perate forest soils (Spohn et al., 2016). Thus, the formation
of microbial residues can be observed within the timescale of
our incubation experiment.

Accelerated microbial residue formation in the beech com-
pared to the spruce soil might have been related to differ-
ences in soil abiotic parameters, in particular, factors dif-
ferentially affecting either the lifespan (turnover) of micro-
bial cells or the formation of extracellular metabolites from
living cells. The biggest difference between the soils was
soil texture, with lower clay and higher sand content in the
beech compared to the spruce soil. Soil texture is known
to affect microbial biomass turnover in soils (Van Veen et
al., 1984; Sakamoto and Hodono, 2000; Prévost-Bouré et
al., 2014), with high-clay-content soils often associated with
slow biomass turnover into necromass compared to low-clay-
content soils (Ali et al., 2020; Gregorich et al., 1991; Van
Veen et al., 1985) due to the capacity of clay-rich soils to
protect or preserve microbial cells, reducing overall the death
rate (Van Veen et al., 1985, 1984). Interaction of microbial
biomass with the negatively charged clay mineral particles
was suggested as the mechanism causing biomass stability
(Ali et al., 2020; Six et al., 2006). Clay—microbe interac-
tions may promote microbial growth by maintaining an op-
timal pH range (Stotzky and Rem, 1966) and helping to ad-
sorb metabolites inhibitory to microbial growth (Martin et
al., 1976). The fine particles and small pore space charac-
teristic of clay-rich soils also lead to a higher water-holding
capacity (Fan et al., 2004; Jommi and Della Vecchia, 2016;
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Miltner et al., 2009; Tsubo et al., 2007), resulting in the ob-
served higher moisture content in the spruce compared to
the beech soil. This higher moisture typical of clay-rich soils
might partly be responsible for protecting microbes against
moisture limitations when compared to sandy soils (Meis-
ner et al., 2018; Schniirer et al., 1986; Bitton et al., 1976).
Furthermore, small pores also restrict the access of higher
organisms like protozoa, providing protection against preda-
tion (Elliott et al., 1980; Rutherford and Juma, 1992). Micro-
bial protection promotes recycling or transfer of microbial
extracellular products among the living communities, thus
preventing further release into the soil pool (Gregorich et al.,
1991). All of these mechanisms imply that the formation of
microbial residues in the more clay-rich spruce soils should
be slower than in the beech soil, as we observed. Due to the
presence of larger mineral surface areas of clay in the spruce
soils, association with clay surfaces can also lower residue
formation and the amount of '3C label transferred would be
a smaller proportion of total SOC. However, as the mineral
composition of the soils was not measured, we cannot verify
this assumption.

The higher microbial residue formation in the beech soil
was accompanied by a different community composition and
a lower proportion of genes for chemolithoautotrophic CO,
fixation. Considering that both soils featured a similar abun-
dance of the total bacterial community, this implied a higher
proportion of heterotrophs among the beech soil communi-
ties. Growth of heterotrophs is favoured by high quantities of
simple and complex carbon substrates released as root exu-
dates (Huang et al., 2022; Li et al., 2018; Lladé et al., 2017,
Vijay et al., 2019), whereas soils are usually deficient in re-
duced inorganic compounds (Jones et al., 2018) required as
energy sources for autotrophic growth (Brock et al., 2003;
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Berg, 2011). The redox potential of half reactions utilized
by chemolithoautotrophs for energy often leads to lower en-
ergy yield than commonly observed for heterotrophs, caus-
ing chemolithoautotrophs to grow more slowly (Hooper and
DiSpirito, 2013; Madigan et al., 2015; In’t Zandt et al.,
2018). As cell growth correlates with microbial residue for-
mation (Geyer et al., 2020; Hagerty et al., 2014; Kist-
ner et al., 2021), it is likely that heterotrophs in soils also
form residues at faster rates than their chemolithoautotrophic
counterparts. Hence, the suggested higher proportion of het-
erotrophs in the beech soil could also explain the higher
rate of microbial residue formation observed when com-
pared to the spruce soil. In both the beech and the spruce
soil, the majority of the chemolithoautotrophic genes were
affiliated to facultative autotrophs or mixotrophs which can
also utilize SOC as a carbon source for growth (Yuan et al.,
2012). This versatility allows them to be more active or grow
faster than obligate autotrophs (Madigan et al., 2015). Hence,
mixotrophs might contribute to microbial residue formation
into the SOC pool especially in the beech soils.

The proportion of labelled carbon transferred to the SOC
pool increased with temperature in both beech and spruce
soils and across all depths, indicating higher inputs of mi-
crobial residues under warming. Higher temperatures have
been often reported to increase inputs of microbial residues
into soil (Ding et al., 2019; Hagerty et al., 2014; Li et al.,
2019). Increasing soil temperature by 10°C (15 to 25°C)
has been reported to double the specific death rate of mi-
crobial communities in soil due to increased protein turnover
(Joergensen et al., 1990). Increased microbial residue forma-
tion of soil microbial biomass has been suggested to result
from higher rates of enzymatic activities or changes in the
abundance and composition of the soil microbial community
(Ding et al., 2019; Hagerty et al., 2014). However, we did
not find changes in the composition and abundance of the
microbial community with warming in both the beech and
the spruce soils during this short incubation time. Previous
studies have shown that even after 4 or 5 years of warming,
no increase in bacterial and fungal biomass is observed for a
temperate forest soil (Schindlbacher et al., 2011) and it can
take up to a decade to detect temperature-related changes in
the soil community composition (Rinnan et al., 2009, 2007).
In agreement, DeAngelis et al. (2015) revealed that 5 °C soil
warming had a significant impact on bacterial community
structure in mixed deciduous temperate forest soils only af-
ter 20 years of warming. Some authors have suggested that
soil communities are more likely driven by gradual warming-
induced changes in aboveground plant biomass and compo-
sition and associated shifts in carbon substrate, moisture, and
nutrient conditions rather than just by elevated soil tempera-
ture effects (Sarathchandra et al., 1989; Rinnan et al., 2007,
Frey et al., 2008; DeAngelis et al., 2015). This indicates that
increases in dark CO, fixation in temperate forest soils as
a response to short-term warming may not be caused by an
increased microbial abundance or a shift in community com-
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position but likely by an increase in the formation and release
of microbial residues.

5 Conclusion

In response to warming, we measured an average Q1o of 2.07
for CO; fixation rates per gram of soil across 1 m depth pro-
files for soils dominated by deciduous beech and coniferous
spruce trees. As net soil respiration rates across depth dis-
played a higher mean Q19 of 2.98, we estimated that net soil
respiration might increase 1.16-fold more than CO, fixation
rates under projected warming scenarios of 4 °C. The ob-
served higher 13C signatures in the SOC pool of the beech
soil suggested higher microbial residue formation, and this
was reflected in the lower Q¢ values for CO; fixation rates
per gram of microbial biomass for the beech than for the
spruce soil. Also, the higher allocation of CO,-derived car-
bon to the SOC pool at higher temperatures indicates that
warming primarily results in an increased residue formation
of microbial cells. Findings from this study indicate that dark
COs, fixation in temperate forest soils might be less respon-
sive to future warming than net respiration and, as a result,
could recycle less CO, respired from temperate forest soils
in the future than it does now.
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Supplementary methods

Determination of natural C isotope signatures of the beech and spruce soil.

The radiocarbon signature of the bulk soil samples was measured using the accelerator mass spectrometry (AMS)
with a 3-MV Tandetron ion accelerator (HVEE, Amersfoort, Netherlands) according to Steinhof et al. (2017). As
with the 13C isotope ratios, radiocarbon ratios were reported as the %o deviation of the '*C/'2C ratio but from the
international oxalic acid universal standard (ox1) in A™C. All A'™C value of the sample was then corrected
appropriately as previously described (Trumbore, 2009; Mook and Van der Plicht, 1999). The measured bulk '“C

values of the beech and spruce soils are described in Table S1.
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Figure S1: §'3C enrichment of SOC and MBC in soil microcosms supplemented with 2% '3CO: together with 2CO;
labelled controls at 4 and 14 °C. Shown are (a) '>C signal in SOC and (b) *C signal in MBC after 21 days of incubation with
2% '3CO2at 4 and 14°C across three horizons in beech (yellow bars) and spruce (green bars) soils. Incubations with 1*C labelled
CO (treatment) are denoted with filled bars while incubations with >C (control/natural abundance) are denoted by shaded

bars. Error bars indicate the standard deviation of incubations from three replicate soil cores.
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Figure S2: 8'3C signals of SOC and MBC in soil microcosms supplemented with 2% 3CQO; at 4 and 14 °C from beech
and spruce soils. Shown are (a) '3C signal in SOC and (b) '3C signal in MBC after 21 days of incubation with 2% 3CO at 4
and 14°C across three horizons in beech (yellow bars) and spruce (green bars) soils. Error bars indicate the standard deviation

of incubations from three replicate soil cores. * denote p < 0.05, ns denote not significant.
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Figure S3: Bacterial community composition from beech and spruce soil. Shown are phylum-level relative abundances of
assigned sequences for (a) the beech and spruce bulk soils and for (b) beech and spruce soils incubated with 2% '3COz at 4
and 14°C. Bar plots are represented by three replicate soil cores per depth. Taxonomic assignment of OTUs is based on the
SILVA database implemented on the MOTHUR sequence analysis pipeline. Data represent 3 replicate soil cores per depth for

the beech and spruce soils.
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Figure S4: Abundance of chemolithoautotrophic marker genes potentially involved in dark CO: fixation in the beech
and spruce bulk soi profiles. Shown are the abundances of RuBisCO (cbbL 1A, cbbL 1C, and chbbM) and ATP citrate lyase
(aclA) genes relative to total bacterial abundance (/65 rRNA gene copies) in the beech and spruce bulk soils. Data acquired by
qPCR. The scale on the x-axis is logarithmic (base 10). Error bars indicate the standard deviation of incubations from three

replicate soil cores.

Table S1: The A'C signatures of SOC (%o) measured for soil cores obtained from beech and spruce soil plots at the
Hummelshain forest. Each reported value represents the mean of three replicate soil cores taken from bulk soils during the

sampling campaign.

Plot Depth AFC-SOC (%)
(Horizon)
AB 2.68+7.48
Bv -61.00 £ 30.96
S
g B -170.10 £ 0.75
AB 16.64 + 18.18
. By -92 98 +28.82
9
S BT -201.89 76,59
75}
5
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Table S2: Geochemical properties of soil cores obtained from beech and spruce soil plots at the Hummelshain forest
measured under two temperature conditions. Soil organic carbon (SOC), Total nitrogen (TN), carbon/nitrogen (C/N) ratio,
microbial biomass carbon (MBC), Moisture, and /6S rRNA gene copies reported for 3 depths definitions for the beech and

spruce soils at 4 and 14 °C. Each reported value represents the mean of three replicate soil cores taken after the soil incubation

period.
Beech Spruce
Depth (Horizon) AB Bv BvT AB Bv BvT
4°C 0.89 + 0.27 + 0.12 + 1.50 £ 0.23 £ 0.30+
0.09 0.10 0.02 0.05 0.04 0.14
SOC (%)
14 °C 0.89 + 0.29 + 0.13 & 1.56 0.25+ 0.30
0.1 0.11 0.03 0.04 0.05 0.14
4°C 0.04 £ 0.03 + 0.02 + 0.07 £ 0.03 + 0.03 +
0.003 0.004 0.002 0.01 0.002 0.005
TN (%)
14 °C 0.04 + 0.03 + 0.02 £ 0.08 £ 0.03 £ 0.03 +
0.001 0.003 0.003 0.002 0.002 0.003
4°C 20.82 + 10.12 + 522+ 19.99 + 8.74 + 9.32+
0.64 3.24 0.51 1.96 1.37 3.24
C/N ratio
14 °C 19.81 £ 10.62 + 5.16 + 19.23 + 9.12 + 9.25+
2.54 2.82 0.93 0.39 1.44 3.55
4°C 5491+ 24.04 + 12.72 + 101.53 + 28.97 + 27.61
MBC 491 2.61 1.78 19.5 9.56 8.50
-1
(g C gdw) goc  4161E 2390+ 1581+  73.69+ 1312+ 2662+
2.95 7.06 2.51 17.81 3.95 5.86
4°C 8.92 + 11.09 + 11.96 + 7.71 £ 11.23 £ 11.29 +
1.68 1.32 2.48 1.68 2.83 1.97
Moisture (%)
14 °C 7.49 £ 731+ 10.65 + 7.12 £ 7.42 £ 10.72
1.3 0.44 1.31 1.00 0.75 1.07
296x 109 849x108 1.17x108 2.19x109 2.76x 108 2.92x 108
4°C + + + + + +
168 rRNA 9.69x 108 550x108 427x108 5.68x108 1.32x108 1.89x 108
(copies/gdw™)

323x109 8.67x108 1.52x108 254x109 2.74x108 2.98x 108
14 °C + + + + + +
741x108 4.62x108 1.02x108 8.84x109 1.06x108 1.74x 108




Table S3: Derived decomposition rates and the Q1o for the beech and spruce soils across depth. Decomposition rates (at
4 and 14 °C) were derived by adding the respective measured COz fixation rates with the net respiration rates for all samples
while the Q10 values were calculated as similarly done for the COxz fixation rates and the net respiration rates (Eq. (6) in method
section 2.4). Each reported value represents the mean of three replicate soil cores taken after the soil incubation period. ND

denotes values that were “not determined”.

Plot 3:}::12 . Decomposition rates (ug C g (dw) soil d!) Ou
4°C 14 °C
AB 1.28 £0.63 292+1.42 2.29+0.02
= Bv 0.58 +£0.49 1.23+0.93 3.37+1.34
S
é BvT ND 0.14+£0.09 ND
AB 0.91 +£0.39 2.34+0.92 2.59+0.11
g Bv 0.13+0.11 0.34 +£0.01 3.89+3.28
g‘ BvT 041+0.12 1.07 £0.07 2.63+0.29

Table S4: Primers and adapter sequences used for two-step barcoding approach for Illumina MiSeq sequencing of the
bacterial 16S rRNA genes.

Primer Sequences (5’ — 3’) References

13 PCR step

Bact 341F [TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG] Klindworth et
CCTACGGGNGGCWGCAG al., 2013

Bact_785R [GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG]

GACTACHVGGGTATCTAATCC
2" PCR step

Index 1 CAAGCAGAAGACGGCATACGAGAT [i7] Mlumina®
GTCTCGTGGGCTCGG

Index 2 AATGATACGGCGACCACCGAGATCTACAC [i5]
TCGTCGGCAGCGTC
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5 General discussion

5.1 Dark CO:; fixation and its inputs to temperate forest SOM across 1 m depth profiles

Dark CO; fixation occurs down to 1 m depth of soil. Based on the detection of *C from CO;
in soil organic carbon (SOC) and microbial biomass carbon (MBC) reported in all three
chapters, dark CO» fixation rates across 1 m depths profiles was measured in all forest plots
investigated. Average rates per gram of soil dry weight ranged between ~0.7 =024 ng C g
(dw) soil"! d! in the top depth (0 —20 cm) and ~0.01 + 0.002 pg C g (dw) soil ! d"! in the lowest
bottom depths (60 — 100 cm) across all forest soils (Figure 6). This supports the first hypothesis
(H1) that dark O; fixation occurs down to 1 m depth in temperate forest soils. The range of
values measured was within the magnitude reported by other studies over a broad range of soil
types, including agricultural soils, arctic soils, mofette soils, as well as soils of temperate forest
regions (Beulig et al., 2014; Miltner et al., 2005; Nel and Cramer, 2019; Nowak et al., 2015;
Santrtickova et al., 2018; Spohn et al., 2019). A summary of these rates is given in Table 2 of
Chapter 2. For instance, the highest measured fixation rates were up to 4 to 5 times higher
than those of temperate agricultural soils (Miltner et al., 2005) and over 8 times higher than
rates measured in tropical forest soils (Nowak et al., unpublished results) but 3 times lower
than those reported for a wetland mofette (Beulig et al., 2016). Compared to other temperate
forest soils reported in a recent study (Spohn et al., 2019), the contrast between the rates varied
depending on the forest plots. For example, in the top depth of the Hainich forest soil, where
the highest rates were measured, values at ~0.7 ug C g (dw) soil"! d"! were 6 times higher than
those recently reported by Spohn et al. (2019) at a similar depth. However, rates measured from
the Schorfheide-Chorin topsoil with ~0.16 pg C g (dw) soil”! d"!' scaled with those of Spohn et
al. (2019), and average rates measured from the Hummelshain forest topsoil at ~0.03 ug C g
(dw) soil'! d"! were 4 times lower in comparison to the Spohn et al. (2019) study. As discussed
in Chapter 2, the differences in rates reported here when compared to other soils are likely a
reflection of the variations in site-specific parameters like SOC and MBC content (Santriickova
et al., 2018) and the abundance of specific chemolithoautotrophic groups (Beulig et al., 2016;
Nowak et al., 2015). It could also result from differences in incubation conditions, e.g., duration

(Miltner et al., 2005) and temperature (Nel and Cramer, 2019; Spohn et al., 2019).

Dark CO: fixation rates decrease with soil depth. Strikingly, the rates of dark CO- fixation
normalized per gram of soil generally showed a decreasing trend with depth (Figure 6). In the

Hainich soils, rates were as much as 17 times lower in bottom depth compared to the top depth
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(Chapter 2). A similar magnitude with depth was observed in the Schorfheide-Chorin forest
soils, with fixation rates being 7 and 14 and times lower in the deepest depths of the beech and
spruce soils, respectively, in contrast to the top depth (Chapter 3). Less strong differences with
depth were observed in the Hummelshain forest soils, with rates being 2 to 3 times lower in
both the beech and spruce subsoils when compared to the rates measured at the topsoil
(Chapter 4). This consistent decrease in CO> fixation rates across the profile partly disagrees
with our assumption that the relative importance of chemolithoautotrophy will increase with
depth due to limited amounts of SOC. A similar decrease in CO; fixation rates with soil depth
has been observed in previous studies (Nowak et al., 2015; Spohn et al., 2019), suggesting this

to be a common trend in soils.
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Figure 6] Dark CO, fixation rates measured down to 1 m depth profiles across three depth definitions
from three temperate forest plots in Germany. Bars represent rates measured in soils incubated with 2%

3CO; at 20 °C. For the Hummelshain forest plots, values represent rates measured at 14 °C.

This decrease in fixation rates was consistently accompanied by a decrease in MBC and SOC
content with increasing soil depth (Table 1), as commonly observed in soils (Jobbagy and
Jackson, 2000; Xu et al., 2013). The decrease in rates with MBC suggests that microbial
biomass as a whole chiefly contributed to fixing CO,. Forest soil microbes largely depend on
SOC for growth, and microbial biomass correlates strongly with SOC (Cleveland and Liptzin,
2007; Llado et al., 2017). Hence, the decrease in SOC may explain why rates decreased with
depth. In a study on non-phototrophic CO; fixation in agricultural soils, Miltner et al. (2005)



found that CO» fixation rates were enhanced in soils supplemented with acetate as an organic
carbon source. Similar findings were observed in an arctic tundra soil supplemented with
sucrose and lipids as an additional carbon substrate (Santriitkova et al., 2018). Yuan et al.
(2012, 2013) also reported higher CO; fixation rates in paddy soils characterized by high
organic carbon content than upland soils with low SOC content. Because topsoil generally
features the highest organic carbon content (Jobbagy and Jackson, 2000), this also indicates
that dark CO> fixation is quantitatively most significant in the topsoil. Past studies have
likewise shown higher CO» fixation rates in topsoils that feature higher SOC and MBC content
compared to deeper profiles with lower SOC content (Nowak et al., 2015; Xiao et al., 2018).

Table 1| Average values of SOC (in %) and MBC (in pg C g (dw)") content measured across

all three temperate forest soil profiles.

Depth
Tree
Forest site . Parameter Top depth Middle depth  Bottom depth
species
(0-20 cm) (20 — 60 cm) (60 — 100 cm)
Mixed SOC /% 3.56 +£0.65 0.85+0.11 0.44+0.14
Hainich (Mostly MBC/
367.97 £20.64 29.74+10.49 20.15+6.25
beech) ug C g (dw)!
SOC/% 1.54 £0.40 0.40+0.13 0.2+0.04
Beech MBC/
. 22470 £ 48.87  30.18 £9.22 35.21+7.84
Schortheide- pg C g (dw)!
Chorin SOC/% 2.33+0.79 0.57 £ 0.08 0.08 £ 0.01
Pine MBC/
. 215.15+63.35 90.64 +16.98 44.48 +3.88
ng C g (dwy
SOC/% 0.90+0.12 0.28 £0.11 0.12+0.03
Beech MBC/
N 74.14 + 3.08 21.92 £ 6.53 1426 £6.3
‘ ng C g (dw)
Hummelshain
SOC/% 1.56 £0.07 0.33+0.13 0.21 £0.05
Spruce MBC/
N 84.83+942  2539+12.85 19.43 £6.71
ng C g (dw)

Dark CO:; fixation contributes to soil organic matter. Despite that CO; fixation rates were
lower in the deeper profiles, relative contributions to SOC content at these depths were only
slightly lower than in the top depth with up to 0.01% in the Hainich and in the Schorfheide-
Chorin forest soils (Chapters 2 and 3). For the Hummelshain forest soils, inputs to subsoil

SOC were even 2 to 3 times higher than in the topsoil with up to 0.02% (Chapter 4). Such
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contributions to SOC when comparing the top and subsoil profiles validate the recycling of
CO: as an additional and important carbon source for microbes in the subsoil (Ehleringer,
2000). As the contributions of fixed carbon to SOC occurs via microbial inputs, dark CO-
fixation contributed over 10 times more to MBC. Overall, across the profile, the contribution
to MBC was mostly similar, with as much as 1% after 28 days in the Hainich forest soils
(Chapter 2) and up to 0.2% after 7 days and 0.3 % after 21 days in the Schorfheide-Chorin
soils (Chapter 3) and Hummelshain forest soils (Chapter 4) respectively.

Although the contributions of dark CO» fixation to SOC and MBC are small, they can be
significant for SOC storage when considering the turnover of microbial biomass into the SOM
pool (Chapter 4). When microbes die, microbial cells decay and lose their integrity (Lengler
et al., 1999). Thus, part of the CO;-derived carbon may leak out of their biomass and get
transferred into non-living SOM pools (Miltner et al., 2012). Previous studies have shown that
carbon derived from COs: fixation by microbes was found in microaggregate fractions of soil
organic matter after only a 7-day incubation study (Spohn et al., 2019), and this is a relatively
stable SOM pool (Totsche et al., 2017). Dead microbial biomass or microbial necromass
(including fragments and macro-molecular residues) are considered to be as stable as plant
detritus in soil (Miltner et al., 2012), with microbial residues like amino sugars described to be
even more stabilized than plant lignin (Ma et al., 2018). Laboratory incubation studies also
show that microbial biomass can even turnover at slower rates than some plant leaves and stems
(Paul, 2016). Microbial biomolecules are stabilized due to macromolecular aggregations like
in cell envelopes and the complex composition of these materials. They are further stabilized
in soils by physical interaction, trapping within aggregates and matrix of soil, or by aggregation
with themselves, limiting accessibility of the internal regions to degradation (Késtner et al.,
2021). It is also suggested that subsoils have a high capacity to sequester significant amounts
of SOC due to the longer turnover time and chemical recalcitrance of SOM (Lorenz and Lal,
2005). Since microbial necromass also makes up to 30% of temperate forest SOC (Liang et al.,
2019), this makes microbial products derived from CO; fixation from surface to deep profiles
a significant source of temperate forest SOM. Therefore, if the concept that microbial
molecules have a long residence time in soils (Miltner et al., 2012) holds true and if CO; is
fixed into stable SOM (Spohn et al., 2019), CO; derived carbon via necromass may, over time,

contribute substantially to temperate forest SOC storage.

It should, however, be considered that the turnover of CO> derived carbon from MBC into

SOM will ultimately depend on the persistence and turnover time of the living and dead



biomass (Liang et al., 2019; Miltner et al., 2012) as determined by various physicochemical
factors like oxygen, nitrogen, moisture, clay content, and temperature, etc. (Ali et al., 2020;
Hagerty et al., 2014; Liang et al., 2019; Zhang et al., 2019). For example, Chapter 4 showed
that the turnover of microbial biomass and its fixed carbon increased with temperature and was
also higher in clay-rich spruce soils compared to clay-poor beech soils. Biomass turnover may
also depend on the microbial taxa (Dong et al., 2021). Forest soils dominated by more
heterotrophs were associated with a higher turnover of microbially fixed carbon than soils with
less proportion of heterotrophs due to their fast growth (Chapter 4). Furthermore, in soils, the
stabilization of different biomolecules to which CO, can be fixed may vary partly due to
postmortem modification of the biomolecules, with proteins being more stable than bulk MBC
and phospholipid fatty acid (PLFA) (proteins > bulk MBC > PLFA) (Fan et al., 2004; Késtner
et al., 2021). As this thesis did not evaluate the amount of CO,-derived carbon in different
microbial cell components, the process underlying the contribution of dark CO, fixation to
SOM via microbial biomass remains elusive. A full understanding of such contributions to
SOM would require knowledge of the stability and turnover of different components of
microbial biomass and necromass to which CO; is fixed and how this change under varying
ecosystem and ecological conditions. The contributions to SOM via dark CO; fixation into
MBC as reported here may only reflect the possible fate and significance of CO»-derived

carbon for temperate forest SOC storage.

Hi| The findings confirm the first hypothesis that dark CO; fixation occurs down to

1 m depth in temperate forest soils.

Dark CO, fixation was observed down to 1 m depth in all three temperate forest soil profiles.
Dark CO; fixation rates across the profiles mirrored the decrease in MBC and SOC content
with depth. This finding may suggest that microbial biomass as a whole (which depends on
SOC) contributed towards CO; fixation. Despite the decrease in CO, fixation rates with depth,
the relatively uniform contributions to the microbial biomass carbon and soil organic carbon
pools from the surface to the subsoil provide insights into the significance of this process for
carbon cycling across deep soil profiles as well as on the possible fate of the SOC derived via

dark CO: fixation by microbial biomass.
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5.2 The genomic potential for dark CO: fixation in temperate forest soils.

The genomic potential for chemolithoautotrophy does not increase with depth. The data
from all three forest sites investigated disagrees with our second hypothesis (Hz) that the
genomic potential for chemolithoautotrophy will increase with soil depth. PICRUSt2
predictions showed that the OTUs of putative autotrophs displayed a constant to decreasing
relative abundance across the profile for all forest plots. While the abundance of putative
autotrophic OTUs maintained a uniform proportion across depth in the Hainich forest soils and
in the pine soil profiles of the Schorheide-Chorin soils (Chapters 2 and 3), they decreased
with depth in the beech soils of the Schorfheide-Chorin forest and in the Hummelshain forest
soils (Chapters 3 and 4). The abundance of marker genes for CBB and rTCA pathways was
further determined by qPCR to verify the predicted potential for chemolithoautotrophy. The
cbbL 1C genes of the CBB pathway, being quantitatively the most dominant in all forest soils,
mostly maintained a uniform proportion across most forest soil profiles (Chapters 2, 3, and
4). Only the beech profiles of the Hummelshain forest soils were an exception, where a slight
decrease in abundance with depth was observed (Chapter 4). Consequently, the abundance of
the dominant autotrophic genes (cbbL 1C) quantified did not correlate with the measured CO»
fixation rates across depth (Figure 7). This suggests that chemolithoautotrophy might not

completely explain the CO» fixation rates measured from these soils.
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Figure 7| Relationship between dark CO:; fixation rates and autotroph gene abundance. Data

represent measurements from the three forest soil profiles investigated in Chapters 2, 3, and 4.



Dark CO:; fixation rates correlate positively with microbial biomass. Although CO;
fixation did not correlate with the abundance of autotrophs with depth, we found a strong
relationship between the rates and microbial biomass carbon content. Chapter 2 first showed
that in the Hainich forest, dark CO; fixation rates normalized to MBC remained similar with
depth regardless of changes in the SOC content and community composition across the profile.
Based on this observation, microbial biomass was suggested as the main driver of dark CO;
fixation in the soils. But for a few exceptions, a similar linear relationship between microbial
biomass and dark CO, fixation rates, as reflected by the uniformity of rates per gram MBC
across depth, was observed in the other forest plots (Figure 8). This was independent of the
differences in the site conditions observed between the forest plots (Chapters 2, 3 and 4),
indicating that the relationship between microbial biomass and dark CO- fixation is likely to
occur in other temperate forest soils. Multiple stepwise regression analysis provided further
information on the relationship between microbial biomass and CO; fixation rates over a range
of temperate deciduous and coniferous forest soils (Chapter 3). Here, MBC significantly
explained ~70% of the variations in the rates, further emphasizing the dominance of the
microbial biomass on CO; fixation dynamics in temperate forest soils. Consequently, the
Hainich forest soils featuring the highest MBC content (Table 1) also featured the highest CO-
fixation rate compared to the Schorfheide-Chorin and Hummelshain forest soils (Figure 6). In
agreement, soils with high microbial biomass content have been shown to feature higher dark

CO: fixation rates compared to soils with low biomass (Nowak et al., 2015; Spohn et al., 2019).

o LS R2=0.79, p=4.6x 10"
= R*=0.7,p=4.9x 10"
=)
2 °
é 1.0
cn
o
an
=
05
g
P}
=
=
-
0.0
0 200 400 600
Microbial biomass carbon (MBC pg C g(dw)™)
e Hainich e Schortheide-Chorin Hummelshain

Figure 8| Relationship between dark CO; fixation rates and microbial biomass carbon. Data

represent measurements from the three forest soil profiles investigated as given in Chapters 2, 3 and 4.
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Constituting a small fraction (<5%) of SOC, the biomass of microbial communities is the most
labile and biologically active pool of carbon in soils (Dalal, 1998; Jiang-shan et al., 2005; St.
Luce et al., 2011; Rossner et al., 1996). Microbial biomass is the main energy transfer agent in
soil (Bauhus and Khanna, 1999) and thus is mainly responsible for the cycling of SOC via the
fixation and emission of CO; (Ehleringer et al., 2000; Nowak et al., 2015; Rastogi et al., 2002;
Walker et al., 2018). For this reason, MBC is considered an important indicator of soil
ecosystem changes (Bauhus and Khanna, 1999). This means that MBC can be potentially used
as a proxy parameter when evaluating changes in dark CO» fixation activity across temperate
forest soils. If we consider the relationship between MBC and dark CO; fixation across all the
forest soils put together (R? = 0.61 p = 2.2 x 107?!), we can estimate how much carbon from
COz can be fixed through dark CO> fixation based on a specific amount of MBC. Based on this
simple linear relationship, it can be roughly estimated that for every 100 pg of MBC in a gram
of temperate forest soil, there is the potential for the incorporation of ~0.1 pg C g soil! from
CO; via dark CO; fixation. With this given estimate, it is still difficult to accurately quantify
the effects of microbial biomass on CO» fixation rates and inputs to SOM in temperate forest
soils as CO; fixation rates may also depend on the composition of the microbial community
and their response to external factors (Xiao et al., 2018). An additional factor to consider is the
turnover of both living and dead biomass components (Késtner et al., 2021; Liang et al., 2019;
Miltner et al., 2012) in light of their contributions to SOC as discussed in section 5.1. These

estimates should thus, be treated cautiously and be primarily used for hypothesis generation.

The genomic potential for dark CO; fixation is associated with a common metabolism
among the soil microbial communities. The consistent correlation between dark CO; fixation
and microbial biomass suggested that most of the microbial communities and not just
chemolithoautotrophs were potentially involved in fixing CO». Thus, further evaluation of the
genomic potential for both autotrophic and non-autotrophic CO> fixation among the microbial
communities was done. High throughput sequencing of the bacteria /65 rRNA profiles
provided a first snapshot of the microbial community composition in the temperate forest soils
investigated. This analysis showed the dominance of bacterial groups belonging to four main
phyla; Proteobacteria, Actinobacteria, Acidobacteria, and Chloroflexi, among the bacterial
community (Chapters 2, 3, and 4), and these are the typical groups found in forest soils

(Dukunde et al., 2019; Kaiser et al., 2016; Llado6 et al., 2017; Urbanova et al., 2015).



The predictions of CO; fixation potentials for all generated /6S rRNA sequences using
PICRUSt2 showed a low abundance of chemolithoautotrophic genes, constituting no more than
20% of the total bacterial community across the profile (Chapters 2, 3, and 4). These were
mostly affiliated with the CBB (~15%), followed by the WLP (<2%) and the rTCA (<1%)
pathway (Figure 9). Bacterial phyla with the most abundant putative autotrophic OTUs were
mostly Proteobacteria (CBB and WLP) and a few Nitrospira (fTCA), and many members of
these groups are known to fix CO» in a diverse range of soils (Li et al., 2018; Liu et al., 2018;
Niederberger et al., 2015; Santrtickova et al., 2018; Wu et al., 2014; Xiao et al., 2018).
Subsequent verification using qPCR analysis of functional genes as reported in all three
chapters, pointed towards the presence of the same predicted autotrophic pathways in the same
order except the WLP pathway, which was not quantified by gPCR due to the lack of reliable,
standardized qPCR protocols and primer set targeting the key genes of this pathway. Among
the genes quantified, the chbL IC gene of the CBB pathway was also the most dominant ranging
from 0.2% to <5% of the bacterial community across all forest plots. This was followed by
cbbL 1A (CBB) and the aclA4 gene of the rTCA pathway, each constituting no more than 0.2%.
Altogether, all chemolithoautotrophic genes quantified by qPCR accounted for ~5% of the total
bacterial community, thus, further confirming the low autotrophic CO: fixation potential
predicted by PICRUSt2. In contrast to the genetic potential for chemolithoautotrophy, over 3
times higher abundance of PEPC and PC genes were predicted across depth, making up to 70%
of the total bacterial community. These genes are markers of non-autotrophic anaplerotic CO-
fixation (Erb, 2011b) and were mostly affiliated with three of the most dominant bacterial
groups; Proteobacteria, Actinobacteria, and Acidobacteria (Figure 9). The potential for non-
phototrophic anaplerotic CO, fixation has been reported in Arctic soils (Santriickova et al.,

2018).
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Figure 9| Figure showing the prevalent CO, fixation pathways and key players (phylum level)
potentially involved in CO; fixation predicted for the microbial communities across the three temperate
forest soils investigated. Inner pie chat shows the prevalent pathways identified based on PICRUSt2
predictions of the pathways’ key genes for all bacterial OTUs. The outer ring chart shows the proportion
of the dominant bacteria phyla affiliated with each of the predicted pathways.

This low potential for chemolithoautotrophy in all temperate forest soils investigated might be
linked to a limited supply of reduced inorganic compounds as these compounds might be
limited in soils (Jones et al., 2018). Obligate and facultative chemolithoautotrophs require a
sufficient supply of inorganic compounds, e.g., reduced nitrogen or sulfur compounds, as
energy sources for their growth (Brock et al.,, 2003; Yuan et al.,, 2012). In agreement,
chemolithoautotrophic CO> fixation was stimulated in soils when amended with thiosulphate
as an energy source (Hart et al., 2013; Zhao et al., 2020). As a result, fixation rates over 1000-
fold higher were observed compared to previously documented studies where additional energy
sources were not provided (Miltner et al., 2005; Nowak et al., 2015). Reduced inorganic
substrates are mostly produced anaerobically in harsh environments (e.g., sediments), mainly
as a result of industrial, agricultural, and volcanic activities (Shively et al., 1998). Hence, the
supply of inorganic substrates might be limited in the more managed soil plots of the Hainich,
Schorfheide-Chorin, and Hummelshain forests. This limited energy supply might partly
explain why chemolithoautotrophs were suggested to contribute little towards dark CO;
fixation in other managed temperate forest soils (Spohn et al., 2019) and in afro-temperate

forest and field soils (Nel and Cramer, 2019).



Among the chemolithoautotrophic genes quantified, the high prevalence of chbL IC genes
suggests a high potential for autotrophic CO; fixation by microbial groups possessing this gene.
The ¢bbL IC gene is employed by facultative autotrophs (Xiao et al., 2018). Facultative
autotrophs are mixotrophic, requiring SOC for growth (Yuan et al., 2012), and are often the
most prevalent autotrophs found in other soils (Tcherkez et al., 2006; Wu et al., 2014; Yuan et
al., 2012). Thus, carbon inputs as exudates from tree roots might favor the prevalence of
facultative autotrophs in temperate forest soils. The chbL TA genes (CBB pathway), aclA genes
(rTCA pathway), and genes for the WLP pathways are mostly found among obligate autotrophs
inhabiting microoxic to anoxic soil environments (Alfreider et al., 2018; Nowak et al., 2015;
Xiao et al., 2018). In addition to the presumably limited supply of electron donors, temperate
forest soils are mostly aerated (Baas et al., 2019; Yavitt et al., 1990). Hence it is not surprising

that these genes were less prevalent in all the temperate forest soils investigated.

In contrast to chemolithoautotrophy, the higher genomic potential for anaplerotic CO; fixation
and its prevalence among the dominant microbial communities in all temperate forest soils
investigated (Chapters 2, 3, and 4) suggests the dominant use of anaplerotic mechanisms for
CO, fixation in temperate forest soils. Even in the subsoil where genes for
chemolithoautotrophic CO> fixation maintained a low abundance and where SOC is limiting,
PEPC and PC genes were still high in abundance (at least 30%) (Chapter 3). This may point
toward the importance of CO> via anaplerotic fixation as a carbon source for microbes
inhabiting the subsoil. A high potential for anaplerotic CO; fixation in subsoils has been
suggested in other studies (Miltner et al., 2005; Spohn et al., 2019). Santruckova et al. (2018)
showed a high abundance of PEPC genes in arctic permafrost soils and suggested that dark
CO:; fixation in extreme environments must be driven by heterotrophs (Selesi et al., 2005). Low
SOC content has been shown to increase the demand for CO> by heterotrophs as an alternative
carbon source via anaplerotic reactions to maintain optimum cellular biosynthesis (Alonso-
Saez et al., 2010; Eloka-Eboka and Inambao, 2017; Merlin et al., 2003). However, both PEPC
and PC genes are typically found in all microbial groups with a complete TCA cycle including
autotrophs and heterotrophs (Eichorst et al., 2018; Martins et al., 2019). Thus, the high genomic
potential for anaplerotic CO> fixation throughout the forest soil profiles may suggest that dark
CO:. fixation in temperate forest soils is associated with a common metabolism among the soil
microbial biomass. This might explain why dark CO; fixation rates correlated with microbial

biomass carbon in all the forest soils investigated.
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In this thesis, identification of the key players and metabolic pathways was not a result of the
direct incorporation of labelled '3C into specific microbial groups as the incorporated '*C in
metabolic labelling incubations were traced into the entire microbial biomass pool. Assessment
of the CO; fixation potential was only based on the detection of specific marker genes in the
bulk soil as assessed by qPCR and PICRUSt2 predictions of the bacterial /65 rRNA genes.
PICRUSt2 employs OTUs of generated /6S rRNA gene amplicon sequences as the basis of
functional predictions where hidden state predictions are used to infer (based on KEGG
Orthology) genomic functional potentials (individual gene family and gene copy numbers) for
each OTU (Douglas et al., 2020). On the other hand, qPCR involved the use of primer pairs
specific for the quantification of functional genes present (Agrawal et al., 2019; Baptista et al.,
2014). Hence, both methods did not provide an actual measure of the activity of the detected
genes in the soils but measured only the genetic potential. Since the presence of a gene does
not always infer activity and provides no information about its level of expression (Milanese
et al., 2019), the genomic potential for CO; fixation described in all three studies (Chapters 2,
3, and 4) cannot be directly linked to CO> fixation activity. Additional direct measurements
targeting the activity of the detected genes and expression in real-time are required to validate

the use of these pathways amongst the microbial communities in temperate forest soils.

H;| The findings in this thesis did not confirm the second hypothesis that the genomic

potential for chemolithoautotrophy will increase with soil depth.

The genomic potential for chemolithoautotrophy was mostly constant with depth and did not
correlate with dark CO, fixation rates. CO; fixation rates across soil depth are instead
dependent on the microbial biomass carbon content. Microbial biomass carbon could thus
be a proxy for predicting CO, fixation rates in temperate forest soils. Compared to
autotrophy, all soils displayed a higher potential for non-autotrophic anaplerotic CO>
fixation, and this was prevalent among the dominant taxa, Proteobacteria, Acidobacteria,
and Actinobacteria. This indicates that dark CO; fixation in temperate forest soils is likely a
common cellular mechanism within the soil microbiome. Further investigation is required to

confirm the use of these pathways and the active microbial groups involved.



5.3 Influence of tree species-specific parameters on dark CQ; fixation activity.

Lower SOC inputs in coniferous compared to deciduous dominated soils lead to lower
CO:; fixation activity. Across most soils investigated, microbial biomass was observed to
strongly influence dark CO; fixation rates across depth due to a general metabolic potential to
fix CO; via anaplerotic reactions. However, in pine subsoils of the Schorfheide-Chorin forest,
dark CO> did not correlate with microbial biomass in the subsoil profiles (Chapter 3). The
results in Chapter 3 clearly showed that despite the similarity in microbial biomass carbon
content, CO; fixation rates per gram of MBC were uniform across soil depths for the beech as
well as the topsoil of the pine plot, but by contrast, pine subsoils featured significantly lower
fixation rates. Similarly, fixation rates per gram of soil were also lower in the pine than in the
beech subsoils. Linear correlation analysis and further comparison with the Hainich forest soil,
a beech-dominated soil, revealed that the lower CO; fixation rates in pine soils could be
explained by the lower SOC inputs evoked by coniferous compared to deciduous trees
(Chapter 3). This finding thus disagreed with our third hypothesis (Hz) that lower SOC inputs

in coniferous compared to deciduous dominated soils will lead to higher CO> fixation activity.

The relationship between SOC and the rates of CO; fixation in different soils has been explored
(Miltner et al., 2005; Nowak et al., 2015; Santrickova et al., 2018; Xiao et al., 2018) and as
discussed in section 5.1, some of these authors reported higher rates under higher SOC content
(Miltner et al., 2005; Santrackova et al., 2018). In contrast to this thesis, these studies were
mostly based on carbon amendment experiments and did not causally link the effects of the
natural variations in SOC associated with vegetation type on CO> fixation rates. Recently,
differences in fixation rates with respect to vegetation type were documented by Spohn et al.
(2019), who investigated CO; fixation rates in soil profiles dominated by beech vs. spruce trees.
Similarly, Wu et al. (2015) also determined CO; fixation rates in soils under different plants

and cropping systems, but unlike the findings presented here, no link to SOC input was made.

Differences in tree species and, correspondingly, SOC content and quality, have been
documented to affect soil microbial communities and their activities (Liu et al., 2019; Thoms
et al., 2010; Zhang et al., 2016). Thus, we used molecular analysis to assess if differences in
SOC and corresponding CO> fixation rates between the pine and the beech subsoils can be
linked to the community composition. The pine subsoils featured a lower bacterial diversity
than the beech soils despite a similar abundance of microbial biomass. The results presented in
Chapter 3 further showed that the high abundance of the Chloroflexi bacteria groups in the

lower depths of the pine soils was the main group that led to the lower diversity, causing the
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community to differ between the beech and pine soils. Members of this phylum are considered
indicators of communities under coniferous soils (Nacke et al., 2016). The beech soils were
instead more enriched in Proteobacteria, Acidobacteria, and Actinobacteria communities even
till the deep horizons, and this has also been reported for other temperate forest soils dominated
by deciduous trees (Dukunde et al., 2019; Eilers et al., 2010; Urbanova et al., 2015; Uroz et al.,
2013). As opposed to these three dominant groups in the beech soils, PICRUSt2 predicted low

anaplerotic CO> fixation potential for members of the Chloroflexi community.

Like other obligate fermenters of complex carbon substrates, e.g., Firmicutes, many
Chloroflexi members are not adapted to fix CO: by anaplerotic reactions. They mostly live an
acetogenic lifestyle due to the lack of a complete TCA cycle (Hug et al., 2013; Sewell et al.,
2017). Heterotrophically, they are known to degrade complex carbon substrates like plant-
derived polymers, e.g., polysaccharides, pyrogallol, and organic acids (Kragelund et al., 2007;
Okabe et al.,, 2005; Xia et al.,, 2007). However, Proteobacteria, Acidobacteria, and
Actinobacteria communities are mostly copiotrophs that prefer simpler carbon substrates
(Llado et al., 2017). Also, most autotrophic Chloroflexi communities fix CO2 by anoxygenic
photosynthesis or via the WLP pathway, and these pathways are unlikely for the forest soils
due to lack of light and a likely limited supply of electron donors like H> (Berg, 2011; Beulig
et al., 2014). Hence, the higher abundance of Chloroflexi led to the lower fixation in the pine
subsoils where SOC inputs were low. The lower SOC content, higher C/N ratios, and lower
14C signatures indicating lower SOC quality in the pine soils were significant parameters in
explaining the lower SOC inputs in the subsoils of the pine compared to beech tree stands.
Coniferous soils are characterized by complex carbon fractions and lower carbon content when
compared to deciduous soils (Lorenz et al., 2004; Thieme et al., 2019). This may lower
microbial activity and cause more accumulation of complex carbon substrates (Tefs and
Gleixner, 2012; Vesterdal et al., 2013) compared to soils under deciduous species. Based on
these findings, we speculated that the lower organic carbon content and quality of pine subsoils
favored the dominance of complex carbon utilizers like Chloroflexi with a low CO; fixation
potential, leading to the low fixation rates (Chapter 3). However, in the beech soils, the higher
carbon content and less complex SOC in these soils likely led to the dominance of microbial
communities that fix CO» via anaplerotic reactions. This pile of evidence implies that tree
species-derived SOC inputs affect dark CO> fixation rates in temperate forest soils via its

influence on the composition of the microbial community (Figure 10).
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Figure 10| Schematic showing the relationship between dark CO fixation rates and tree species derived
SOC inputs between soils under deciduous and coniferous trees. Similar SOC input between the topsoil
of deciduous and coniferous tree species can result in similar microbial community composition and
lead to uniformity in fixation rates (A). However, lower inputs in coniferous subsoils can alter microbial
community composition favoring groups with lower CO, fixation potential. This leads to lower fixation

rates in coniferous than in deciduous subsoils even if microbial biomass abundance is similar (B).

Species-specific differences in SOC inputs between beech and pine forests agree with previous
findings (Finzi et al., 1998; Vesterdal et al., 2013) and may result from differences in above-
ground litter chemistry (Cuss and Guéguen, 2013; Don and Kalbitz, 2005). However,
differences in subsoil SOC between these tree species predominantly result from differences
in root inputs (Liu et al., 2019). In temperate forest ecosystems, mineral soil properties are
strongly influenced by the tree root systems (Achilles et al., 2020; Binkley and Giardina, 2014).
Since deciduous trees have greater root biomass than coniferous trees (Finér et al., 2007;
Ostonen et al., 2007), higher carbon inputs are expected in the deeper horizons of soils under

deciduous compared to coniferous trees (Vesterdal et al., 2013). Interestingly, Chapter 4
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showed that the observed variations in SOC could be independent of tree species as similar
effects of tree species on SOC inputs and, consequently, on dark CO» fixation rates between
beech and spruce (another coniferous tree species) soils were not observed in the Hummelshain
forest. Here, the beech and spruce forest plots had very similar SOC content and quality. This
is probably because the beech plots were a recently converted coniferous monoculture
plantation (Graser et al., 1928). The trees were around 70 years old as opposed to the
Schorfheide-Chorin forest plots, where stand ages ranged between 98 and 100 years. Hence
less tree species' influence on the organic carbon may have resulted. Trees >100 years old have
a stronger influence on SOM than younger trees (~60 years) (Setild et al., 2016). In agreement,
for the Hummelshain forest, no differences in SOC properties were observed since its
conversion (Achilles et al., 2020). This may further indicate that forest conversion strategies
can mask or alter tree species-derived SOC inputs across soil profiles, and this could alter the

expected influence on dark CO, fixation activity in temperate forest soils.

H3| These findings contradict the third hypothesis that lower SOC inputs in coniferous

compared to deciduous dominated soils will lead to higher CO; fixation activity

Dark CO; fixation rates differed between soils of different SOC inputs. Lower SOC inputs
lead to lower fixation rates due to the strong influence on the composition and abundance of
the microbial community and their CO» fixation potential. While SOC content and quality
were believed to be tree species-specific, forest management regimes can alter the expected

influence on SOC inputs and corresponding CO; fixation activity.



Dark CO:; fixation rates increase with increasing soil pH. Besides the influence of tree
species-derived SOC inputs on dark CO; fixation rates, variations in CO; fixation rates along
with soil pH across the forest sites were observed. The Hainich forest profiles featured the
highest pH gradient of 4 — 7 (Chapter 2), those of Schorfheide-Chorin Exploratory showed an
intermediate pH range of 3 — 4 (Chapter 3), and those of the Hummelshain forest in Germany
had the lowest pH range of 2 — 3 (Chapter 4). Among the three forest study sites, average
fixation rates across depth were highest in the Hainich forest soils. Rates in the Hainich forest
soils were 4 to 5 times higher than rates measured in the Schorfheide-Chorin forest soils and
~10 times higher than rates measured in the Hummelshain forest soils, as seen in Figure 6.
Hence, taken together across depth, the soils showed an increase in CO; fixation rates with

decreasing soil acidity (Figure 11).
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Figure 11| Relationship between dark CO; fixation rates and soil pH. Data represent measurements

from the three forest soil profiles investigated as given in Chapters 2, 3 and 4.

Past studies have shown that dark CO> fixation rates are higher in neutral to alkaline soils than
in acidic soils (Long et al., 2015; Santruckova et al., 2005). According to Long et al. (2015),
the high bacterial diversity and a positive correlation with the abundance of specific bacteria
groups like Proteobacteria was the underlying cause of the positive influence of increasing pH
on CO; fixation rates in paddy soils. In agreement, the Hainich forest soils featured a higher
bacterial diversity (Shannon index) in comparison to the Schorfheide-Chorin forest (Chapter
3) and, likewise, the Hummelshain forest soils (Chapter 4). Interestingly, the Hainich forest
soils featured higher microbial biomass when compared to both the Schortheide-Chorin and

Hummelshain forest soils (Table 1). Microbes are sensitive to acidic conditions and studies
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have demonstrated that microbial biomass and their activity decline with decreasing soil pH
(Bauhus and Khanna, 1999; Tian et al., 2008). pH is important for the carbon utilization
efficiency of microbial biomass and the incorporation of carbon into microbial tissues (Malik
et al., 2018). It is suggested that the optimum pH for microbial cellular function is 6 — 7 since
it is the pH of microbial cytoplasm (Madigan et al., 2015). This pH range is also considered

the optimum for CO; reduction reactions (Bar-Even et al., 2012a).

Furthermore, soil pH can affect CO; fixation rates due to a positive correlation with SOM
quality, indicative of the availability and input of organic carbon to microbial communities
(Bauhus and Khanna, 1999). Forest soils with low pH conditions may feature low
decomposition rates (Joly et al., 2017). This is because low pH can be inhibitory to the activity
of phenol-oxidase, causing the accumulation of phenolic compounds (Tahvanainen and
Haraguchi, 2013). These phenolic compounds inhibit the activity of hydrolase enzymes, thus
slowing organic matter decomposition (Davidson and Janssens, 2006). Consequently, low pH
might limit the input of SOC for facultative autotrophs and heterotrophs fixing CO- in soils. In
agreement, the Hainich forest soils featuring the highest pH also showed lower CN ratios,
indicative of a higher SOC input when compared to the other forest soils (Chapter 2). In
Chapter 3, higher SOC inputs were shown to favour CO» fixation rates. Thus, the effect of pH
on SOC inputs might also explain the higher rates observed in the Hainich forest soils compared

to the rest of the plots.

Like SOC inputs, the significant difference in pH between the Hainich forest soil and the other
two forest plots might be linked to their dominant tree species. The Hainich soils were
dominated by a mixture of deciduous tree species, mostly beech. Deciduous trees are known
to be less acidifying than coniferous trees (Lladd et al., 2017) due to differences in litter
chemistry, especially at the topsoil (Thieme et al., 2019). Although soils of both the deciduous
and coniferous forest plots of the Schortheide-Chorin and the Hummelshain were more acidic
than soils of the Hainich forest, the pH of the deciduous soils of the Schortheide-Chorin and
Hummelshain forests was still higher than those of their corresponding coniferous plots
(Chapters 2 and 3). The reason for the lower soil pH in the deciduous soils of the Schorfheide-
Chorin and Hummelshain forests compared to the Hainich forest soils might be linked to
differences in their parent material, rate of atmospheric deposition of acidifying compounds,
historical management of the forest sites, or fertilizer application as reported by other studies

(Achilles et al., 2020; Fischer et al., 2010; Meesenburg et al., 2019).



5.4 Influences of global parameters on dark CO; fixation and its impact on temperate
forest soil CO; fluxes

Dark CO; fixation modulates soil CO: fluxes. Despite the observed variations in dark CO>
fixation activity in response to soil parameters like SOC and pH, contributions to CO» fluxes
among the investigated forest plots occurred within similar magnitudes. Extrapolating dark
CO; fixation rates per unit area and at in-situ field temperature conditions (8 °C) resulted in a
fixation rate of up to 25 + 7.2 ¢ C m? yr'! to 1 m depth (Chapter 2). At this rate, dark CO;
fixation was estimated to recycle 5.6% of CO» from Hainich forest net soil respiration. This
suggests that without dark CO; fixation in the Hainich forest soils, CO; emissions in these soils
would be 5.6% higher (Chapter 2). In the Hummelshain forest soils, comparing the CO>
fixation rates to respiration rates measured suggested that CO» fixation accounted for up to 3%
of soil respiration in these soils. Although a direct comparison of CO; fixation rates to
respiration rates measured from the Schorfheide Chorin plots was not possible due to a lack of
respiration rate measurement. However, based on respiration rate from previous incubation
studies conducted at the same sites for the topsoil with ~1.21 — 1.87 pg C g (dw) soil™! d-!
(Schoening et al., 2013), dark CO; fixation rates in the Schorfheide-Chorin could account for
~10% of net soil respiration rates in these soils. These estimated relative modulation of CO»
from soil respiration rates are similar to the estimated 4% observed in other temperate forest
soils (Spohn et al., 2019), around 3% in agricultural soils (Miltner et al., 2005), and 1.1% and
16% reported for mineral and permafrost soils respectively of the arctic regions (Santri¢kova
et al., 2018). CO; recycling via dark CO; fixation was suggested to have a significant influence
on the carbon isotope signatures of SOC (Ehleringer, 2000). Negative shifts in A'*C and
positive shifts in 8'°C signals across soil profiles as a result of dark CO; fixation have been
justified by previous findings (Nowak et al., 2015; Santrackova et al., 2018), throwing more

light on the role of microbial processes in carbon cycling within the subsurface.

Further global upscaling of the rates reported for the Hainich forest soils revealed an estimated
fixation rate of up to 0.26 + 0.07 Pg C yr'!' to 1 m depth across the global temperate forests area
(Chapter 2). At this rate, dark CO» fixation was suggested to modulate up to 2.3% of the total
global anthropogenic carbon emissions (~11.5 £0.9 Pg C; Friedlingstein et al., 2019) (Chapter
2). This rate could also account for ~2% of soil respiration rates from temperate forest soils
globally (assuming a global temperate forest soil respiration rate of 12.9 Pg C yr'!; (Martin and
Bolstad, 2005)). Strikingly, this estimated global fixation rate corresponds precisely to the

mean annual net carbon flux absorbed in all mid-latitude forests on Earth (Dixon et al., 1994;
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Lal, 2005). This indicates that without the dark CO; fixation in the soil, the world’s temperate
forests will lose their capacity to be a net sink of carbon. Thus dark CO> fixation might maintain
the carbon sink in world’s temperate forests. However, it should be noted that lower CO-
fixation rates were observed in other forest soils (Chapters 3 and 4), indicating an
overestimate of the global upscaling reported in Chapter 2. Also, based on reports from
previous FACE experiments (Norby et al., 2005; Bernhardt et al., 2006), there have likely been
an increase in soil CO2 concentration in response to atmospheric COz rise since the period the
global temperate forest carbon sink was estimated (early 1990s) until now and this may have
increased CO»> fixation rates. Nonetheless, such global extrapolations may provide a first-hand

insight on the quantitative role of dark CO, fixation for global temperate forest CO; fluxes.

Increase in CO: concentration increases dark CO; fixation rates and its influence on soil
CO: fluxes. The impact of dark CO; fixation on temperate forest soil CO fluxes can be
significant in scenarios of increased atmospheric and soil CO», especially within the context of
global climate change. An intriguing outcome of this thesis was the observed positive
correlation between dark CO; fixation rates and CO> concentrations across the soil profiles
(Chapter 2). An increase in CO» concentration has been shown to increase dark CO» fixation
rates in temperate forest subsoils, where a linear relationship with soil CO; concentration
between 1 and 6.1% was reported (Spohn et al., 2019). Findings from this thesis showed that
across the entire 1 m depth profile, dark CO, fixation rates increased linearly by more than 2-
folds, that is 120%, when CO> concentrations increased from 2 to 10% after 7 days of
incubation, extending results reported by Spohn et al. (2019). This increase under higher CO>
levels indicates that microbial communities in temperate forest soils can respond swiftly to

short-term changes in soil CO2 concentration.

The increase in fixation rates was observed to diminish when CO, concentration reached 20%.
It is important to consider that O» was not limited as soil incubations under 20% CO> were done
under oxic conditions (~20% O-). Hence, a substrate saturation effect similar to Michaelis-
Menten kinetics, indicating a subjection to the enzymatic limitations, might have set in
(Michaelis and Menten, 1913). Based on this assumption, it is likely that at concentrations
above 10%, CO2 no longer becomes a rate-limiting factor. Instead, if other requirements are
lacking, this might be inhibitory to the CO- fixation process. For example, diminishing rates
could be a result of a limited supply of inorganic compounds or organic carbon as electron

donors required as energy sources by autotrophs and heterotrophs, respectively, when fixing



COz (Brock et al., 2003; Madigan et al., 2015; Miltner et al., 2005). A decrease in CO> fixation
rates under energy limiting conditions is not surprising as microbes should require more
nutrients to maintain their stoichiometry when fixing CO; at concentrations as high as 20%
compared to 2% or 10%. However, a few exceptions might exist. Past studies showed an
increase in dark CO; fixation rates in a mofette soil under increasing CO; concentration, with
saturation effects observed when CO; concentrations reached 100% (Beulig et al., 2016). One
possible explanation is that the communities are likely more adapted to the high CO>
concentration (90% partial pressure) in this extreme environment compared to temperate forest
soil communities. Also, the water-saturated, anoxic conditions in mofettes may support high
proportions of anaerobic obligate autotrophs like acetogens and methanogens, which also fix

CO2 using energy-efficient pathways like the WLP pathway (Beulig et al., 2016, 2014).

Although CO» concentrations in well-drained or aerated soils such as in temperate forests are
usually far less than 20% (Amundson and Davidson, 1990), with concentrations typically
ranging between 1 and 5% (Andrews and Schlesinger, 2001; Richter and Markewitz, 1995).
However, such an increase under elevated CO; beyond levels typically found in soils suggests
that CO; fixation will respond to short-term to seasonal periods of high moisture and
temperature conditions that might spike soil CO> concentration (Davidson et al., 2006; Lu et

al., 2013) and possibly, soil CO, emissions into the atmosphere (Oh et al., 2005).

Studies show that elevating atmospheric CO2 concentration by 1ppm can cause a linear increase
in soil COz levels by as much as 35 ppm (Bernhardt et al., 2006). Thus, considering the
observed 120% linear increase in fixation rates between 2 and 10% CO; (400% increase in
CO3), Chapter 2 further evaluated the effect of increased atmospheric CO> from the pre-
industrial era (that is, the year 1750) until now on the estimated global dark CO; fixation rates.
Here, we found that due to the rise in atmospheric CO; concentration since 1750, dark CO»
fixation could be currently 6.3% higher than they were pre-industrially. As atmospheric CO:
concentrations are proposed to almost triple preindustrial levels by 2100 (IPCC, 2001), it can
be further estimated by how much dark CO; fixation rates will increase and consequently affect
soil CO; fluxes in the future. If we assume the same linear relationship of Bernhardt et al.
(2006), a 164% increase in atmospheric CO2 by 2100 compared to current levels (416 ppm),
that is, from 416 ppm to 1099 ppm (IPCC, 2000), could increase soil CO2 by ~2.4% (23,905
ppm). Again, based on the observed 120% increase in fixation rates reported, dark CO; fixation

rates in temperate forest soils globally could, as a result, be ~35% higher in 2100 than it is now.
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Thus, due to future rise in atmospheric CO; levels, dark CO: fixation by the soil microbial

community would likely fix ~0.09 Pg C yr'! to 1 m depth more in 2100 than it does now.

But what could be the implication of this rate increase on future soil CO; fluxes? Suppose
global temperate forest soil CO> emission also increases by 23,905 ppm (representing a 120%
increase assuming that mean soil CO2 concentration is currently at 20,000 ppm (Richter and
Markewitz,, 1995)), that is, from 12.9 Pg C yr'! (Martin and Bolstad, 2005) currently to
~28.4 Pg C yr'! in the year 2100. This means that projected increase in global temperate forest
soil respiration would likely be ~1.6-folds higher than the calculated increase in global
temperate forest soil dark CO> fixation rate with 35% as stated above. Hence dark CO; fixation
at a future rate of 0.35 Pg C yr'! would modulate only ~1.2% of CO» global temperate forest
soil respiration in 2100, instead of the 2%, the current estimated recycling rate. However, the
relationship of CO> concentration with dark CO» fixation rate and soil respiration might depend
on a broad spectrum of environmental conditions, e.g., soil moisture, diffusivity, the amount
and depth distributions of roots, microbial activities and communities present, and rates of soil
COz production. Additionally, the geochemical conditions such as temperature and moisture
of all temperate forest soils globally were not accounted for. Hence, these values represent

rough estimates associated with some degree of uncertainty.

Dark CO; fixation and its temperature sensitivity. Temperature is an important driver of
microbial activities (Biederbeck and Campbell, 1973; Pietikdinen et al., 2005) and SOC
dynamics in soil (Melillo et al., 2011). Authors agree that understanding the response of
microbial metabolism to increased temperature is critical to predicting the future size of the
terrestrial carbon sink (Davidson and Janssens, 2006) and fluxes (Schimel, 2013). Thus, by
comparing the responses of dark CO» fixation and respiration to an increase in temperature of
the same soil, this thesis provides new insights for understanding the dynamics of SOC fluxes

under global climate change.

The response of dark CO> fixation to temperature changes was tested and compared to those
of soil respiration using short-term parallel '3C soil incubation studies under different
temperature regimes (Chapter 4). In this study, dark CO; fixation per unit of soil weight in
beech and spruce-dominated soils increased by up to 2 folds under 10 °C warming (from 4 to
14 °C). Based on the measured rates, the sensitivity of dark CO> fixation rates to warming was
derived using the known Q1o coefficient (Hicks Pries et al., 2018; Leifeld and Fuhrer, 2005)

and compared to the Q1o of net soil respiration rates. Dark CO; fixation rates per unit of soil



weight featured a mean Q10 of 2.07 across soil depth, but this was significantly lower than the
Q1o of net respiration rates, with 2.98. This finding thus contradicts our fourth hypothesis (Hs)
that dark CO» fixation is as sensitive to warming as soil respiration. The measured Q1o of dark
CO; fixation rates is similar to that reported for afro-temperate forest soils extrapolated as ~2.5
(Nel and Cramer, 2019). Similarly, the Q1o values of net soil respiration rates lie within the
range of 1.5 and 3.1 reported for agricultural and temperate forest soils (Fang et al., 2005; Hicks
Pries et al., 2017; Li et al., 2021). One possible reason for the lower Q1o value of dark CO>
fixation rate than that of soil respiration rate could be linked to differences in the kinetics of
their respective enzymes. Hydrolase enzymes like phenol oxidase (involved in SOM
degradation) tend to have higher specific activity for their substrate (100 pmol mg™' min™)
(Dunn et al., 2014) compared to enzymes involved in CO: fixation like PEPC (25 umol mg’!
min') and RuBisCO (2 — 4 umol mg™! min'") (Bar-Even et al., 2010).The order and significance
of these processes within the microbial cell might also explain the difference in Q1. Respiration
is the primary energy-generating process in microbial cells from which ATP (the main energy
currency) is synthesized to drive other processes within the cell (Madigan et al., 2015). On the
other hand, CO» fixation mechanisms usually depend on energy inputs from ATP (Bar-Even et
al., 2012b; Berg, 2011). At higher temperatures, there is always an increase in the kinetic
energies of cellular biomolecules to react (Arrhenius, 1898; Davidson and Janssens, 2006). To
meet the energy demand for these reactions, a boost in central cellular metabolic rates, that is,
cellular respiration occurs within the cell (Boscolo-Galazzo et al., 2018) to produce ATP
(Dijkstra et al., 2011), which can be deployed to further power energy-driven metabolic
processes like CO> fixation. It is thus likely that the response of soil respiration to warming

will always be stronger than dark CO; fixation due to the need to initially meet ATP demands.

Based on the mean Qo of 2.1 for fixation rates and 3.0 for respiration rates per gram of soil,
Chapter 4 predicted that a projected 4 °C warming by 2100 (Soong et al., 2020) would likely
increase CO» fixation rates by ~33%. But as respiration rates will increase by 55%, dark CO»
fixation might increase 1.16-fold less than soil respiration under 4 °C warming. This translates
to the recycling of 1.7% of global temperate forest soil CO», which is less than the current
extrapolations of 2% stated above. Hicks Pries et al. (2017) reported a 37% increase in soil
respiration from a coniferous forest in response to 4 °C warming. This is still higher than the
expected increase in CO; fixation rates reported in Chapter 4. This suggests that the potential
for dark CO, fixation to modulate CO> emissions from temperate forest soils might decrease

under future warming scenarios. However, the responses of dark CO; fixation and soil

119



120

respiration likely also depend on varying temperature ranges across different temperate forest
biomes including corresponding changes in primary production, root exudation and soil CO»

concentration. Therefore, these estimates are likely associated with a range of uncertainty.

It should be noted that much of the soil CO; available for microbial assimilation in-situ is
derived from soil respiration (Kuzyakov, 2006). We know that future warming would
accelerate SOM decomposition and respiration rates and lead to higher CO; release in
temperate forest soils (Hicks Pries et al., 2017; Melillo et al., 2017). Also, dark CO; fixation
rates scale with soil respiration and CO; concentration (Beulig et al., 2014; Miltner et al., 2005;
Spohn et al., 2019) (Chapter 2). Thus, the actual effect of warming on dark CO; fixation rates
might occur via an influence of increased soil respiration rates and soil CO> concentration. This
might result in lower Q1o values for CO; fixation under in-situ conditions compared to what
was experimentally measured. Furthermore, the Q1o of soil respiration may depend on SOM
quality (Conant et al., 2008), with labile topsoil SOC decomposition suggested as being more
responsive to warming than complex subsoil SOC (Melillo et al., 2002). Thus, under warming
and assuming a scenario of initial depletion of the labile SOC pool over time in the real world,
a reduction in soil CO» production might occur (Melillo et al., 2002), leading to lower CO-
fixation rates. Therefore, even if global soil temperature increases in the future, temporal
declines in the amount of labile SOC (and consequently lower soil CO> concentrations) might
result in lower dark CO, fixation rates across temperate forest soil profiles. It would be
promising to consider the effects of elevated temperature together with the effect of elevated
CO2 concentrations and their potential interactions to fully understand the dynamics of dark

CO: fixation in soils of temperate forest biomes in the light of global climate change.

Hy| The findings from this thesis contradict the fourth hypothesis that dark CO;

fixation has a similar sensitivity to higher temperatures as soil respiration.

Dark CO: fixation featured a lower temperature sensitivity than soil respiration. This
suggests that dark CO» fixation in temperate forest soils might be less responsive under
future warming scenarios than net soil respiration. As a result, the amount of recycled CO>
in temperate forest soils would likely decrease in the future. Because temperature also affects
COz release in soil, it is necessary to consider the interactions between temperature and CO>

when evaluating the response of dark CO; fixation to global climate change.



6 Conclusion and outlook

This thesis demonstrates that dark CO; fixation is a significant and dynamic microbial process
in soils of various temperate forest settings (Figure 12). The relevance of this process is
reflected in the modulation of CO» fluxes from soils and its contributions to SOM from the
surface to the subsoil. Carbon input to microbial biomass is significant in the deep soil layers
where organic carbon is limited and should be considered when modelling soil carbon storage
and fluxes. This study marks the first steps to understanding the role of CO, fixation for carbon
inputs and fluxes in soils. Further studies on the persistence and turnover of CO»-derived
carbon from microbial biomass into various non-living SOM components (Spohn et al., 2019)
will go a long way toward understanding its contributions towards long term SOM storage. We
were able to show that the genomic potential for chemolithoautotrophy did not increase with
depth, but that microbial biomass correlated with dark CO, fixation rates. Hence, future
research could use this relationship as a guide to roughly predict CO; fixation rates in other
temperate forest soils. Using PICRUSt predictions and qPCR of functional genes, this thesis
provided information on the genomic potential for CO- fixation in temperate forest soils. Based
on these approaches, we suggest that anaplerotic CO; fixation is a dominant mechanism among
the temperate forest soil bacteria community. The methods used to elucidate the genomic
potential for CO» fixation are limited in revealing actual gene activity. Hence, there are still
unknowns about the active key players and metabolic pathways involved. Further study using
state-of-the-art genome-resolved techniques like metaproteomics and metatranscriptomics in
combination with stable isotope probing would enable phylogenetic identification of the active
microbial communities at different levels as well as the key genes expressed to determine the
metabolic pathways involved (Galambos et al., 2019). This thesis focused on CO; fixation by
bacteria as these are the main key players of this process in soils (Miltner et al., 2004,
Santri¢kova et al., 2018). However, contributions from fungi and archaea should still be
considered. Forest soils habour a large community of fungi (Llado et al., 2017) and some fungal
communities require CO: fixation for growth (Hartman et al., 1972). Also, methanogenic
archaea are ubiquitous in aerated soils and can become active under wet anoxic conditions,
e.g., seasonal changes in soil moisture (Angel et al., 2012). By comparing CO> fixation rates
between deciduous-beech and coniferous-pine soils, we showed that correlations between CO»
fixation rates and microbial biomass was not universal due to the influence of SOC inputs on
the community composition and the CO: fixation potential. We further highlighted the
influence of soil pH on dark CO» fixation rates due to the potential effect of pH on the microbial

community and this further stresses that tree-species specific parameters govern CO> fixation
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in temperate forest soils. This thesis showed that dark CO; fixation responds to higher CO-
concentration and as a result might modulate less CO> fluxes from temperate forest soils under
future global climate change. The presented findings also illustrate the temperature sensitivity
of dark CO» fixation in comparison to the temperature sensitivity of net soil respiration. We
were able to show that CO; fixation in temperate forest soils will likely be less responsive than
soil respiration to warming. Consequently, there might be a reduced potential to modulate CO»
emissions from temperate forest soils under future warming. As CO; and temperature are
strongly correlated, further studies on the effects of their interactions on CO» fixation is needed

to fully understand the dynamics of dark CO> fixation in the light of global climate change.
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Figure 12| Scheme highlighting the new findings on dark CO- fixation in temperate forest soils. Black
arrows close to the surface show soil respiration and while white circular arrows denote dark CO,
fixation. Microbial biomass (MB) is a key driver of CO; fixation rates, as denoted by the yellow arrow.
SOC inputs (broken brown arrows) decrease with depth and are higher in deciduous than coniferous-
dominated soils shown by varying degrees of broken lines These affect soil microbial communities

leading to differences in dark CO; fixation rates between deciduous and coniferous dominated soils.
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