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Soil metatranscriptome
demonstrates a shiftin C, N, and
S metabolisms of a grassland
ecosystem in response to
elevated atmospheric CO,
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Biomedical Sciences, Simon Bolivar University, Barranquilla, Colombia, *Institute of Plant Ecology,
Justus Liebig University, Giessen, Germany, “School of Biology and Environmental Science and
Earth Institute, University College Dublin, Dublin, Ireland

Soil organisms play an important role in the equilibrium and cycling of
nutrients. Because elevated CO, (eCO,) affects plant metabolism, including
rhizodeposition, it directly impacts the soil microbiome and microbial
processes. Therefore, eCO, directly influences the cycling of different
elements in terrestrial ecosystems. Hence, possible changes in the cycles of
carbon (C), nitrogen (N), and sulfur (S) were analyzed, alongside the assessment
of changes in the composition and structure of the soil microbiome through
a functional metatranscriptomics approach (cDNA from mRNA) from soil
samples taken at the Giessen free-air CO, enrichment (Gi-FACE) experiment.
Results showed changes in the expression of C cycle genes under eCO, with
an increase in the transcript abundance for carbohydrate and amino acid
uptake, and degradation, alongside an increase in the transcript abundance
for cellulose, chitin, and lignin degradation and prokaryotic carbon fixation.
In addition, N cycle changes included a decrease in the transcript abundance
of NoO reductase, involved in the last step of the denitrification process,
which explains the increase of NoO emissions in the Gi-FACE. Also, a shift in
nitrate (NOg) metabolism occurred, with an increase in transcript abundance
for the dissimilatory NO3' reduction to ammonium (NHj{) (DNRA) pathway. S
metabolism showed increased transcripts for sulfate (SOE_) assimilation under
eCO, conditions. Furthermore, soil bacteriome, mycobiome, and virome
significantly differed between ambient and elevated CO, conditions. The
results exhibited the effects of eCO, on the transcript abundance of C,
N, and S cycles, and the soil microbiome. This finding showed a direct
connection between eCO, and the increased greenhouse gas emission, as
well as the importance of soil nutrient availability to maintain the balance of
soil ecosystems.
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FIGURE 6

transporters.

Differential abundance of transcripts grouped by KEGG Orthology (KO) second level of (A) carbon compounds metabolism and (B) ABC

Our data confirm that the structure of the Gi-FACE soil
bacteriome was strongly affected under eCO; (Figure 1A). Prior
studies have already portrayed differences in the composition
of the bacteriomes between aCO; and eCO; conditions (Bei
et al, 2019; Rosado-Porto et al., 2021), who have described
significant changes mainly in the rhizosphere. Additionally,
several bacterial taxa found in the present study (Figure 2A,
Supplementary material S1.1) have already been described
as stimulated under eCO, conditions, as is the case of
genera Bacillus, Burkholderia, Mesorhizobium, Streptomyces,
and Dongia (Rosado-Porto et al., 2021). Besides the soil
bacteriome, the results showed that the soil mycobiome
was greatly affected at eCO;, concentrations. Like Bei et al.
(2019), our data indicated that the Gi-FACE mycobiome was
composed mainly of phyla Basidiomycota, Mucoromycota,
and Ascomycota (Supplementary material S1.2). Moreover,
several highly affected fungi belonged to Ascomycota
families, such as Mycosphaerellaceae, Didymosphaeriaceae,
and

Ophiocordycipitaceae, Saccharomycetaceae,
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Aspergillaceae, and Mucoromycota families, such as

Cunninghamellaceae, Rhizopodaceae, and Glomeraceae

(Supplementary material S1.2). Nevertheless, although our
results showed a significant effect of eCO, concentrations on
the mycobiome composition, the reports of its effect on soil
fungal communities vary according to different authors. Carney
et al. (2007) described a decrease in fungal abundance under
eCO; conditions, whereas some others reported no significant
change in the fungal communities (He et al., 2010; Hayden et al.,
2012). This indicates that the response of fungal communities to
eCO; depends on other environmental factors like temperature
and soil moisture and may be ecosystem specific as well.

The effects of CO;, concentration on the metagenome or
metatranscriptome of soil archaeomes have not been widely
studied; however, some reports described a strong influence
of CO;, concentrations on soil archaeal communities (Hayden
etal, 2012; Lee et al., 2015; Lee and Kang, 2016). Although the
Gi-FACE archaeome did not show significant differences in its

structure and composition in response to eCO; concentrations,
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some taxa showed changes in their abundance (Figure2C,
Supplementary material S1), most belonging to the family
Nitrosopumilaceae (phylum Thaumarchaeota). In addition, in
the present study, the core archaeome was mainly composed
of the phylum Euryarchaeota, contrary to that reported by Bei
et al. (2019), who reported the phylum Thaumarchaeota as the
most abundant.

Furthermore, our data exhibited that alongside the
soil bacteriome and mycobiome, the soil core virome
was affected by the eCO, in the Gi-FACE (Figure 2D,
Supplementary material S1.3). So far, in the current literature,
there are no reports about the effects of eCO, on the soil
virome. Moreover, some reports indicated that, in general,
the diversity of the soil virome is highly underestimated,
with most of the current information focused on bacterial
phages, while almost nothing is known about viruses that
infect non-bacterial soil microbes, such as the archaea, fungi,
and soil protozoa (Williamson et al., 2017; Pratama and
van Elsas, 2018). Our results on the differential abundance
of the core virome under eCO; conditions suggested that
several viral transcripts were reacting to changes in bacterial,
archaeal, and fungal taxa. For example, the Leviridae and
Siphoviridae families include viruses that use bacteria and
archaea as hosts and in our study were increased under
eCO, conditions (Supplementary material S1.3) (Duin and
Olsthoorn, 2012; Hendrix et al, 2012; Krupovic et al,
2020). Similarly, some fungal viruses, such as Mitovirus and
Penicillium discovirus, have shown significant changes in
their abundance under eCO; conditions, which might be
linked to the changes in some fungal features as observed
in Penicillium oxalicun and members belonging to the
class Ophiostomatales (Hong et al, 1999; Krishnamurthy,
2017).

Changes in C compound assimilation and
priming effect

The data showed changes in transcript abundance from
pathways involved in the metabolism of different C compounds,
indicating that C dynamics have changed due to eCO;. It
has been widely described that eCO; increases the efflux of
soluble sugars, amino acids, phenolic acids, and organic acids
in the root exudates (Phillips et al, 2012; Jia et al, 2014;
Dong et al, 2021), which produces the so-called “priming
effect,” thus leading to an acceleration in SOM decomposition
(Fontaine et al., 2004; Blagodatskaya and Kuzyakov, 2008). The
metatranscriptome data showed an increase in the priming effect
due to eCO; concentrations in the Gi-FACE soil. The priming
effect in our data is represented mainly by the over-expression of
transcripts from the glycolysis and pentose phosphate pathways
and an increase in transcript abundance for certain amino acid
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metabolism, alongside an increase in transcript abundance of
enzymes responsible for the degradation of chitin, cellulose, and
lignin (Figure 7). Similarly, He et al. (2010, 2014), Xiong et al.
(2015), and Yu et al. (2018a,b) have reported the stimulation
of functional gene abundance for C compound degradation,
either labile or recalcitrant under eCO,. Likewise, other authors
have described the increase in the degradation of soil organic
polymers as part of the decomposition of older soil C (Van
Groenigen et al., 2005; Xie et al., 2005; Niklaus and Falloon, 2006;
Vestergard et al, 2016). This enhancement of carbohydrate,
amino acid, and SOM degradation would be reflected in a
higher respiration rate and, consequently, a higher efflux of
CO;. In our previous study, CO; soil fluxes were 35% higher
in eCO; rings compared to the aCO; ones (Rosado-Porto et al.,
2021).

Furthermore, the data suggested a shift in the uptake and
use of C sources at eCO, concentrations, reflected in a shift
toward higher utilization of sugars and amino acids and a
decrease in the metabolism of lipids, especially fatty acids
(Figures 3, 6A). Additionally, the analysis of ABC membrane
transporters revealed changes in the transcript abundance for
saccharide uptake systems that are more often used under
eCO; conditions, indicating a shift in preference for the
uptake of glucose, mannose, a-glucosides, ribose, xylose, and
chitobiose instead of raffinose, stachyose, melibiose, rhamnose,
galactose, maltose, and fructose. Moreover, our results revealed
an increase in transcripts for prokaryotic carbon fixation at
eCOy concentrations. This included increases in enzymes,
such as phosphoenolpyruvate carboxykinase, pyruvate water
dikinase, and pyruvate ferredoxin oxidoreductase, accompanied
by a decrease in the ribulose-bisphosphate carboxylase (Rubisco)
(Figure 6A, Supplementary material S2.5). These results are
opposite to the ones reported by He et al. (2010, 2014), Xu
et al. (2013), Xiong et al. (2015), and Yu et al. (2018a,b), who
described a significant increase in the gene abundance of the
Rubisco enzyme under eCO; conditions. The aforementioned
results suggest that in the Gi-FACE, the C fixation performed
by prokaryotes at eCO; concentrations is very likely to be done
through the reverse reductive citric acid cycle, also known as
the Arnon-Buchanan cycle (Evans et al., 1966; Buchanan and
Arnon, 1990; Buchanan et al., 2017) instead of the Rubisco
pathway. The increase in transcript abundance of the described
enzymes involved in the reverse citric acid cycle could be
associated with the increase of some members of the Nitrospirae
and Aquificae phyla, which were significantly augmented
under eCO, (Figure2, Supplementary material S1.1) (Berg,
2011; Alfreider et al., 2018; Mundinger et al., 2019; Steffens
et al., 2021). Nonetheless, it is difficult to differentiate CO,
fixation for autotrophic growth from anapleurotic reactions of
the citric acid cycle. Moreover, this autotrophic pathway might
be more widespread among anaerobic and microaerobic bacteria
(Berg, 2011) and possibly in aerobic bacteria (Buchanan et al.,
2017).
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Shift in N cycle processes

Changes in the N cycle have been previously described in the
Gi-FACE (Kammann et al., 2008; Miiller et al., 2009; Moser et al.,
2018). However, the underlying microbiological mechanisms
driving these processes were not detected until now. The
metatranscriptomic results confirmed a switch in the NO3
reduction at eCO; concentrations, from an assimilatory process
to a DNRA, reflected by the increase in transcript abundance
of the enzymes nitrite reductase (NADH) (NirBD) and nitrate
reductase (NarGHI), responsible for the transformations of
NOj to NO, and from NO, to NHI in the DNRA process
(Figures 4A,B, 7). Previously, Miiller et al. (2009), utilizing a I5N
labeling approach, identified an increase in the DNRA and the
immobilization of NHZr and NO3'.

Additionally, our functional metatranscriptomic approach
gives some clarity about the processes leading to the excess
production of N, O under eCO; conditions previously described
by Kammann et al. (2008), Moser etal. (2018), and more recently
in the meta-analysis of Du et al. (2022). The data suggest that
the alteration in the denitrification process leads to an increase
in N2O production. This increase results from over-expression
of the NoO-producing enzyme nitric oxide reductase (NorBC)
and a reduced expression of the enzyme nitrous oxide reductase
(NosZ), which lead to a decrease in N,O reduction to Nj.
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Furthermore, results indicate that the increase in N O is caused
both by an increase in N, O production and a decrease in N, O
reduction (Figure 7). These results seem to denote that changes
in nitrous oxide reductase (NosZ) occur at a transcriptional
level. Contrary to our data, previous reports from Liu et al.
(2010) and Bakken et al. (2012) indicated that the high N, O:N,
product ratio is a post-transcriptional phenomenon only due
to the sensitivity of this enzyme to lower pH values that
are usually found at eCO;, concentrations and therefore affect
its translation/assembly.

The results also showed changes in the nitrification process,
represented by a reduction in transcripts involved in the
conversion of NHI to hydroxylamine (H3NO) performed by
the enzyme methane/ammonia monooxygenase (AmoCAB),
accompanied by an increase in the transcript abundance for
the enzyme nitrate reductase/nitrite oxidoreductase (NrxAB),
suggesting an increase in the rate of transformation from NO,
to NO3 (Figures 4A,B, 7). Additionally, a reduction in the
transcript abundance for the first nitrification step was observed,
which denotes that under eCO; conditions, soil organisms
obtain N from other sources instead of NHI. Previously, Miiller
etal. (2009) described that the mineralization of labile organic N
became more critical at eCO, concentrations.

The changes in transcript abundance for the nitrification
process might suggest increase in

an heterotrophic
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nitrification by fungi. The fungal nitrification comprises
the oxidation of different forms of organic N, such as L-
asparagine, propionamide, malonylmonohydroxamate, and
3-nitropropionate, using peroxidase enzymes (Hora and
Iyengar, 1960; Marshall and Alexander, 1962; Doxtader and
Alexander, 1966). More recently, Laughlin et al. (2008) and Zhu
et al. (2015) have described that fungi carried out a significant
part of the nitrification in soils and that they can simultaneously
oxidize NHI and organic N. Moreover, many of the fungal taxa
that are able to perform nitrification are members of the genus
Aspergillus (Hora and Iyengar, 1960; Marshall and Alexander,
1962; Doxtader and Alexander, 1966), one of the most positively
affected in the Gi-FACE mycobiome (Figure 2B). Therefore, the
above-mentioned results might support the idea of the mining
of SOM by soil microorganisms, very likely fungi, in order to
fulfill their N requirements under eCO3, and could be linked to
the previously reported data of higher C:N ratios in eCO; rings
(Brenzinger et al., 2017; Rosado-Porto et al., 2021).

Additionally, our data did not show any increase in the
transcript abundance of N fixation enzymes under eCO
conditions, in contrast to the reports from He et al. (2010, 2014),
Xu et al. (2013), Xiong et al. (2015), and Yu et al. (2018a,b).
These results support the idea that in the Gi-FACE, the enhanced
N requirements are being met through the uptake of organic
sources. According to our results, these sources of organic N
might have been the aromatic, sulfur, and branched-chain amino
acids, since their metabolism and uptake were augmented at
eCO; concentrations (Figures 6A, 7).

S metabolism at eCO», concentration

Most studies about the effects of eCO, on the cycling
of nutrients have focused on C and N cycles; nonetheless,
the effects of eCO, conditions have also been assessed for
other elements, including S (He et al,, 2010, 2014; Yu et al,
2018; Padhy et al., 2020). There are no reports about the
changes in the S cycling and metabolism in the Gi-FACE.
The results in the present study exhibited alterations in the
metabolism of SOi_. There was a reduction in transcripts
involved in the dissimilatory metabolism of SOi_ reduction,
evidenced by the decrease in the expression of the enzymes
sulfate adenylyltransferase (Sat) and adenylylsulfate reductase
(AprAB) under eCO; conditions (Figures 5, 7). Similarly, the
first step of the assimilatory SOi_ reduction metabolism
changed due to eCO3, comprised by the depletion in the
reduction step from SOif to APS. However, the other steps
of the assimilatory SOif reduction, from the reduction of
APS up to the production of $>~, were increased under eCO;
conditions (Figure 5). This phenomenon could indicate that
similar to N metabolism, due to the augmented C supply,
S has also become a limiting element for the development
of soil organisms. Thus, the assimilatory metabolism of S
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was enhanced at eCO;, concentrations as a response to this
environmental pressure. Although there are not many reports
about the effect of eCO; on the S cycle, Yu et al. (2018b)
have described that under eCO;, an increase in S cycling
occurred. Likewise, Padhy et al. (2020) reported an increase
in the genes of the assimilatory metabolism of S under
eCO» conditions.

Moreover, our data suggest that the obtention of S in
the Gi-FACE is not from inorganic sources but from organic
ones. This process is likely a consequence of the priming
effect and the mining of S from the SOM. According
to our data, one of the sources for the supply of S
might be sulfur amino acids, and molecules with thiol
groups, due to the metabolism of these compounds, were
augmented under eCO; conditions (Figures 5B, 7). Moreover,
although our data did not show an overall increase in
the transcripts for the SOX system for the acquisition of
sulfur, a slight increase in transcript abundance of the
enzyme sulfane dehydrogenase (SoxC) occurred. These data
indicate that soil organisms have used organic molecules
to supply the S requirements in the Gi-FACE under eCO;
concentrations. He et al. (2014) have reported similar results,
describing an increase in the expression of sox genes under
eCO2 conditions.

Conclusion

Our research showed for the first time how eCO;
simultaneously affects the gene expression in C, N, and S
cycles, and potentially affects these processes at the ecosystem
scale. The lower abundance of nitrogen fixation transcripts
suggests that soil microorganisms degrade the SOM to fulfill
their N requirements due to a higher C supply. Likewise,
an increase in transcripts for carbohydrates, amino acids,
chitin, lignin, and cellulose assimilation and degradation was
observed. In addition, the changes in the transcript abundance
of the DNRA and denitrification shed some light on the
underlying mechanisms that lead to the increase of N,O
emissions previously reported in the Gi-FACE. Additionally,
this research presents evidence for the first time that the
gene expression in the S cycle from the Gi-FACE changes
at eCOy, comprised mainly by an increase in the transcript
abundance of the assimilatory SOi_ metabolism. Regarding
soil microbiome structure, our findings confirmed previous
data on the changes of bacterial and fungal communities
at eCO; concentrations. In addition, the results revealed
new evidence of eCO; effects on the virome with still
unknown effects on ecosystem processes. In summary, our
findings enhance our understanding of the observed changes
in greenhouse gas fluxes under eCO; that result in positive
feedback by increased N,O, CHy, and CO, emissions and
reduced CHy uptake.
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