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Introduction 

A need for new molecular markers in the Critical Zone 

Spanning from the atmosphere through the hydrosphere into the geosphere, the Critical Zone (CZ) 
is our host on Earth – and we ask a lot from our host. In its latest special report on ‘Climate Change 
and Land’, the Intergovernmental Panel on Climate Change (IPCC) calculated that humans 
appropriate about one third of the land’s potential net primary production for food, feed, fibre, 
timber and energy with ~70 % of global freshwater use going into agriculture. Yet, with terrestrial 
surface ecosystems changing rapidly on a global scale, the capability of the CZ to continue to 
provide these essential services has become uncertain. About three quarters of the global ice-free 
land surface are affected by human use and about one quarter is directly subjected to human-
induced degradation (IPCC, 2019). In addition to the successive, year-by-year environmental 
change, climate extremes can enforce drastic and immediate, event-based effects (Reichstein et al., 
2013). Climate extremes, such as severe rainstorms, could impact groundwater quality by 
increasing downward mobilization of soluble chemical compounds from the near-surface. It is 
becoming clear that acquiring a more holistic understanding of the CZ will be crucial to the process 
of developing strategies that support its sustainability both in the short and in the long term 
(Piccolo, 2012). However, evaluating the effect of successive or event-based environmental 
change at the Earth’s surface on the functioning of the CZ as a whole remains challenging. To a 
large part, this is due to our current lack of knowledge on i) the functional connectivity of surface 
and subsurface ecosystems within the CZ and ii) the changes of their interrelation with time (Küsel 
et al., 2016). Information on the functioning of the CZ is encoded in the biomolecular remains of 
organisms, that inhabit the CZ, with the main sources being plants and microorganisms. This 
highly diverse collection of naturally occurring organic molecules is called natural organic matter 
(NOM). NOM occurs in the CZ as soil organic matter (SOM), its water-dissolved counterpart 
dissolved organic matter (DOM) and suspended particulate organic matter (POM). With DOM 
being water-dissolved, it is both mobile in the CZ and available for biochemical transformation 
and use by plants and microorganisms (Kaiser and Kalbitz, 2012). It is this mobility and metabolic 
availability that makes DOM one of the most important sources of information on the functioning 
of the CZ, especially in the context of the connectivity of surface ecosystems with underlying 
groundwater resources. DOM is chemically highly diverse, containing multiple tenthousand 
distinct molecular entities in varying proportions (Smith et al., 2018). As a result of this molecular 
complexity and the intricacy of the seepage flow paths, surface-subsurface connectivity and the 
related functional processes can oftentimes not yet be assessed directly. Instead, we commonly 
trace individual chemical marker substances or combinations of marker substances, which indicate 
specific ecosystem functions in a more easily accessible manner (Burns et al., 2004). Traditionally, 
the identification of such marker substances required elaborate chemical isolation procedures and 
specialized analyses of the isolated molecular targets. Separation procedures such as solid-phase 
extraction, liquid-liquid extraction, and chromatography would reduce the chemical complexity of 
DOM (or extracts of SOM) towards a desired fraction of target molecules. These fractions of 
reduced compositional complexity could then be analysed using mass spectrometry to both 
identify and quantify the molecular constituents (Simoneit, 2005). Structural elucidation of the 
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targeted molecules could be tackled by breaking individual molecules apart by applying energy 
larger than the strength of some of their chemical bonds and deciphering the resulting fragment 
spectra. In the context of CZ research, targeted analysis of selected marker molecules was a 
blessing and curse at the same time. On the one hand, the high specificity of these analyses made 
them a powerful tool to track individual natural processes in high detail (Bundy et al., 2009; 
Schrimpe-Rutledge et al., 2016; Kovacevic and Simpson, 2020). On the other hand, however, the 
marker substances were oftentimes inflexible towards the natural heterogeneity of the CZ and 
incapable of holistically representing its vast complexity and inherent interconnectedness. 
Acquiring a system-wide functional understanding of the CZ based on individual molecular 
markers was therefore virtually impossible in practice. Recent technical advances in biochemical 
analytics have introduced alternative ways of profiling the natural environment. While the 
chemical analysis of NOM nowadays still relies on mass spectrometry to a significant extent (and 
nuclear magnetic resonance (NMR) approaches) the resolution of modern mass spectrometers has 
substantially improved compared to traditional mass spectrometric techniques (Nebbioso and 
Piccolo, 2013). The most substantial improvement in resolution has followed the development of 
fourier transform mass spectrometery (FT-MS; Comisarow and Marshall, 1974; Makarov, 2000). 
The currently most powerful fourier transform ion cyclotron resonance (FT-ICR) instruments are 
capable of reaching resolutions higher than 2.7 million at a mass-to-charge ratio (m/z) 400 and a 
mass accuracy of 80 ppb, identifying over 49,000 distinct molecular formulae in a single sample 
(Smith et al., 2018). Not only was this level of molecular detail previously unseen, it has also 
helped spark a revolution in how we view the composition of NOM today (Lehmann and Kleber, 
2015) and correspondingly calls for a new approach to the identification of indicative marker 
patterns as well. In this PhD thesis, I will discuss potential avenues for the identification of novel 
individual molecular markers and complex marker patterns from FT-MS data with the aim of a 
process-oriented, functional description of the CZ. I will introduce techniques that have proven 
fruitful and have led to three separate publications. From the vantage point of four years of 
dedicated research on the topic, I will further present my personal perspective on which future 
endeavors seem promising and what I expect to see in DOM data science in the upcoming years. 

Natural organic matter - chemically recalcitrant or continuously transformed? 

Less than ten years ago, when I studied Geosciences, the term NOM was still largely synonymous 
with a class of compounds called Humic Substances (Stevenson, 1994). The concept of humic 
substances was largely derived from laborious multi-step extraction and fractionation procedures. 
In brief, soil material was treated with sodium hydroxide solution first. The non-extractable residue 
was called Humin. The dissolved phase was then acidified. The precipitates were named Humic 
Acids, the remaining solution contained the so-called Fulvic Acids. Radiocarbon dating of the three 
fractions suggested that the carbon age increased along the order Fulvic Acids < Humic Acids < 
Humin (Campbell et al., 1967). It was concluded that the molecular fractions of soil had widely 
different turnover times based on their chemical composition. Labile components (such as 
carbohydrates) would be mineralized faster than recalcitrant components (such as aromatics 
derived from lignin), leading to their respective depletion or accumulation in soil with time (and 
depth). Modern analytical methods, which did not rely on the outlined extraction procedure, 
however, failed to reproduce these distinct molecular fractions (Lehmann and Kleber, 2015). It 
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was found that the existence of humic 
substances defined as Fulvic Acids, Humic 
Acids and Humins was very closely linked 
to the application of the alkali extraction 
method, making them a likely artifact of the 
procedure itself (Kleber and Lehmann, 
2019). Instead of distinct molecular 
fractions, FT-MS revealed a molecular 
continuum (Figure 1), which contributed to 
the emergence of the now prevalent soil 
continuum model (SCM; Lehmann and 
Kleber, 2015). This model emphasizes that 
the accessibility of SOM to local 
decomposer organisms rather than the 
chemical lability or recalcitrance of certain 
molecular components governs its 
transformation (Schmidt et al., 2011). The 
continuous processing of organic fragments 
by the decomposer community is also reflected in the leaching DOM. During its passage through 
soil, the composition of DOM has been shown to change continuously (Roth et al., 2019). Near 
the surface, high proportions of plant-derived low-molecular-mass compounds were found. With 
increasing depth, these gave way to larger and microbial-derived molecules. These findings 
suggested that instead of structure-related recalcitrance, DOM persisted in soil by being 
simultaneously consumed, transformed and biosynthesized by the decomposer communities.  

Finding transport markers along a gradient of radioactive isotopes 

The pivotal role of microbial interaction in the SCM with regard to the processing of DOM leads 
to a hypothesis, which is a central point in all three of the attached manuscripts: Natural marker 
substances, which aim at assessing surface-subsurface connectivity and CZ functioning must 
include perspectives on their interaction with microbial communities. However, how to best extract 
information on DOM-microorganism interactions from DOM composition spectra, is nowadays 
still an open question (Hertkorn et al., 2008). With DOM being constituted of multiple ten thousand 
individual compounds, we have to concede that its chemical complexity is too high for marker 
substances to be selected manually. Instead, I argue in this thesis for data-driven approaches to 
marker identification from DOM. Specifically, merging compositional data sets of DOM with 
environmental parameters should reduce their compositional complexity to informative subsets 
with respect to the chosen external parameter (e.g. Flerus et al., 2012). One essential parameter for 
characterizing the dynamics of NOM in the CZ and which also propelled the humic substances 
theory at its time, was radiocarbon age. The radioactive 14C isotope is produced in the high 
atmosphere from 14N and enters the terrestrial carbon cycle through the photosynthetic assimilation 
of 14CO2 by plants. As 14C decays radioactively with a half-life of 5,730 ± 40 years, measuring the 
residual fraction of the 14C isotope in NOM determines how much time has passed since the 
respective material has stopped exchanging carbon atoms with the atmosphere (Trumbore et al., 

Figure 1: Negative-mode electrospray ionization ultrahigh-
resolution mass spectrum of groundwater dissolved organic 
matter from the Hainich Critical Zone Exploratory well H31, 
depicting the absolute intensity (a.i.) of ionizable molecules 
against their mass-to-charge ratio (m/z). Multiple thousand 
individual molecular entities are revealed in parallel. However, 
no evidence is presented for the existence of distinct molecular 
classes, such as humic substances. 
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2016). The SCM predicts that reducing the complexity of DOM to molecular subsets related to 
radiocarbon age should reveal processes related to microbially-mediated degradation and mineral-
associated stabilization. In contrast, comparing “14C-young” and “14C-old” DOM in the CZ should 
not reveal compositional recalcitrance effects such as young carbohydrates versus old lignin 
(Schmidt et al., 2011). Molecular markers of organic matter decomposition could instead emerge 
from any class of compounds and describe the respective processes within. Substances which show 
decreasing proportions with increasing 14C age could reflect consumption processes, whereas 
compounds that proportionally increase with age could indicate biosynthesis (Kaiser and Kalbitz, 
2012). Due to their likely consumption, so-identified 14C-young compounds could have potential 
as natural subsurface transport markers. CZ events such as intense rainfall, which introduce fast 
downward translocation of DOM along the soil profile, would temporarily increase the proportion 
of the 14C-young substances in deeper soil layers. Following along the water cycle, the presence 
or elevated proportion of these substances in aquifers could be a distinct indicator for high surface-
subsurface connectivity, either as a steady-state or in response to an event. This approach is 
outlined in detail in manuscript one. 

The advent of multi omics 

In light of the high chemical diversity of DOM, the identified marker compounds would most 
certainly not be translocated in the CZ individually, but as a part of a complex chemical signal 
transfer with significant interrelation to the local microbial communities (Küsel et al., 2016). 
Incubations of microorganisms with DOM have revealed that the microbial control on DOM 
composition is not a one-way street. Quite in the contrary, DOM and microbial communities have 
been shown to be highly coupled, with their interrelations simultaneously affecting both carbon 
dynamics and community succession (Wu et al., 2018). This opens up an alternative potential 
avenue to assess CZ function and find related indicative molecular components. A direct 
integration of DOM and microbial community assessments could reveal a previously undiscovered 
perspective on the functional processing of organic matter in the CZ (Patti et al., 2012; Beale et 
al., 2016). Just like FT-MS has invigorated the detailed study of DOM, the availability of 
assessments of microbial community composition has risen to remarkable levels following the 
advent of rapid DNA, RNA and protein sequencing methods. The modern profiling techniques of 
analytical biochemistry are summarized under the umbrella term “omics” techniques and refer 
mainly to (meta-)metabolomics, amplicon sequencing, metagenomics, metatranscriptomics, 
metaproteomics and lipidomics. The non-targeted analysis of DOM using FT-MS therein falls into 
the category of meta-metabolomics. The prefix “meta-“ indicates that these techniques no longer 
target single functions, but aim at creating broadband profiles, which reveal a previously unseen 
molecular and microbial diversity. 

Omics techniques – still under construction 

There is still great debate about the relative value and information content of the respective omics 
techniques, since the microbial community snapshot, that these methods capture, originates at 
different biosynthetic stages. For example: due to its cost-efficiency, especially amplicon 
sequencing of the 16S rRNA gene is seeing widespread application for taxonomic resolution of 
bacteria and archaea. Since 16S amplicon sequencing commonly relies on extracts of DNA, one 
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cannot distinguish between dead and alive microbial actors (Cangelosi and Meschke, 2014). Its 
strength for the evaluation of active functionalities is therefore lacking compared to assements of 
the transcriptome, proteome and metabolome. Further complications arise due to uncertainties in 
evaluating the sequence reads. Sequences are traditionally being binned (i.e. considered equal) if 
they are similar beyond a set threshold (commonly 97%). The resulting bins are reported as 
operational taxonomic units (OTUs; Blaxter et al., 2005). Critics of this approach argue that the 
OTU binning and threshold definition lack a rigorous scientific basis and sequences should rather 
be regarded individually, as exact amplicon sequence variants (ASVs; Callahan et al., 2017). This 
is just one example of struggles which occur in similar manner throughout the individual fields of 
research in analytical biochemistry. To move forward, on the one hand, each of the respective 
reseach communities has to ensure that the way the technical signal outputs are transformed into 
matrices of values and numbers is as representative of the original information as possible. On the 
other hand, there is much to be learned from the combination of interdisciplinary collections of 
data sets right now, irrespective of their individual constraints. 

Diversity as a first-order connection marker between DOM and microorganisms 

Before going into how to build connections between the detailed information contained in the 
individual omics approaches, we can use the aforementioned newly discovered molecular and 
microbial diversity as a summary statistic to gain preliminary insight into their potential 
interdependencies. In the context of surface-subsurface connectivity in the CZ, both the diversity 
of bacterial communities and DOM in aquifers has been shown to decrease with distance from the 
respective recharge areas (Yan et al., 2020). Since the microbial community feeds on DOM and at 
the same time contributes to DOM through biosynthesis, secretion and lysis, the observed 
correlation of their diversities isn’t surprising (Kaiser and Kalbitz, 2012; Kallenbach et al., 2016). 
Nevertheless, their diversity dynamics can contribute to our understanding of subsurface transport 
and ecosystem organization (Griebler and Lueders, 2009). In a fully coupled hypothetical transport 
system, the diversities of DOM and microorganisms would always show a synchronized diversity 
pattern. However, a dominance of attached microbial communities in the subsurface, for example 
as biofilms, could induce a distinct deviation from the synchronization with DOM (Foulquier et 
al., 2011). The extreme options would include i) no change in bacterial diversity indicating little 
metabolic interaction with the DOM pool or ii) persistent change in bacterial diversity indicating 
disturbance or stimulus effects that initiate community succession (Farnleitner et al., 2005; Savio 
et al., 2019). I follow up on this idea in detail in manuscript two. 

Single correlations and correlation networks 

One big advantage of combining heterogeneous and interdisciplinary data of DOM and 
microorganisms into so-called multi-omics investigations is that (in contrast to, for example, 
combining DOM spectra with single radiocarbon values) their data structure is highly similar. 
Because the omics techniques create broadband profiles, they commonly feature data tables with 
multiple thousands of rows. In practice, this allows for the application of more sophisticated 
bioinformatical tools than a combination of one large data set with a collection of few individual 
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how an analysis of overarching topological layouts can be very useful to delineate distinct 
molecular marker patterns. 

Integrating database knowledge – for quality control and functional predictions 

Correlation approaches will always suffer from a lack of knowledge on whether the observed co-
expression is a true effect or simply by chance. An alternative is provided by adding prior 
knowledge through databases. The Kyoto Encyclopedia of Genes and Genomes (KEGG) provides 
a suitable structural layout to study metabolic interrelations between DOM and microorganisms 
(Kanehisa and Goto, 2000). This is due to the fact that KEGG annotates both molecules and 
microbial functions into well-defined metabolic pathways. Such a predictive annotation of sum 
formulae into a pre-defined framework can serve a variety of purposes. Annotating multiple sum 
formulae into the same pathway increases the likelihood that the original sum formula assignment 
was correct. In contrast, sum formulae which turn out to be single members of a pathway are less 
likely to be correctly assigned. This concept of predictively validating the original data based on 
external knowledge also applies to the isomer problem. Isomeric and isobaric molecules cannot be 
resolved in direct-injection mass spectrometry without fragmentation. In a predictive annotation 
to KEGG, a sum formula can therefore match to many chemical structures. To decide which 
structures are likely to be correctly matched, the surrounding information from the whole 
metabolic pathways can again help following the same logic. Structures which match to highly 
covered pathways are more likely to be correct than ones which are the only members of a 
metabolic pathway. This logic works because in CZ research we analyze natural systems, that we 
hope to be undisturbed by anthropogenic contamination. Since most of the identified metabolites 
should therefore derive from biosynthesis or catabolic degradation of common natural products, 
they are very unlikely to occur without their metabolic “relatives”.  

In addition to these quality control-related issues, the predictive assignment of HR-MS DOM 
spectra to metabolic databases allows a peek into the metabolic expression of diverse ecosystem 
functions (Suhre and Schmitt-Kopplin, 2008; Longnecker and Kujawinski, 2011; Schmitt-Kopplin 
et al., 2012). It can stand on its own as a meta-metabolomic functional identifier or be used in 
conjunction with predictions from genomic, transcriptomic or proteomic analyses to yield 
comprehensive insight into microbial metabolic processes (Graham et al., 2018). In multi-omics, 
the added value of functional predictions from meta-metabolomics would certainly be in that the 
metabolites capture the actual metabolic expression, rather than mere genetic functional potentials 
(Patti et al., 2012). We would therefore expect that functional analyses based on meta-
metabolomics can be especially useful in the context of microbial interaction, where we oftentimes 
find high functional redundancy on the genetic level, yet very intricate and specialized metabolic 
actions are likely to happen in practice. One open controversy about microbial interaction in the 
CZ is the aspect of cooperative or competitive strategies for resource acquisition (Little et al., 
2008; Hibbing et al., 2010). Functional predictions from the meta-metabolome could potentially 
provide important information here, because signals of microbial competition are likely to be 
recorded in DOM metabolite profiles. Competitive microbial strategies could be indicated by the 
presence of dissolved metabolites related to the biosynthesis of antibiotics. In manuscript three 
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this idea is extensively applied to a combination of DOM, 16S rRNA amplicon sequencing and 
metaproteome data on litter decomposition. 

Where does this lead us? 

Technical evolution in analytical biochemistry has called into question long-held beliefs on the 
composition of organic matter. Furthermore, it revealed a previously unseen molecular complexity, 
which is still challenging to interpret on an ecosystem level. With ongoing global environmental 
change, it is important to condense the information content of HR-MS spectra of DOM into 
individual markers and marker patterns. Molecular markers can help us accelerate the development 
of a functional understanding of the CZ and, in consequence, inform us on how to manage the CZ 
better in the future. Bioinformatics presents a multitude of approaches to extract functional 
markers for the CZ from complex biochemical data. However, their application for HR-MS DOM 
analyses is so far little explored. In this introduction we covered the integration of external low-
dimensional data (such as radiocarbon values), external high-dimensional data (such as amplicon 
sequencing data), correlation networks built from many HR-MS spectra and the integration of prior 
knowledge through databases. In the following, we will see these concepts in action as we go 
through the detailed results of the investigations performed in this PhD project. 
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Discussion 

Are we there yet? 

Within the four years from 2016 to 2020, that I spent working on this PhD project, a multitude of 
applications have arisen which incorporate the idea of developing a data-driven understanding of 
omics data. Still, may unanswered questions remain. Multi-omics and metabolic functioning as 
well as machine learning are likely to be among the most critical issues. These will be discussed 
in separate chapters below. On the basis of the work reported in the three attached manuscripts, 
I’ll offer a brief overview of some recent advances and explain why I’m of the opinion that the 
field of FT-MS DOM research in particular is lacking drastically behind the (micro-)biological 
sciences in terms of data-driven analyses. 

Raw data acquisition, processing and storage 

Data-driven analyses start with data acquisition. Usually the logic goes: The more (homogeneous) 
data is available, the better for data-driven science (Huang et al., 2017). Analogously, the number 
of samples and variety of analytical methods has iteratively increased with each of the attached 
manuscripts. In an optimal scenario, data acquisition must follow standardized procedures and 
multi omics data combining chemical and microbial analyses should be presented in easily 
interlinkable formats. In the field of molecular microbiology, next generation sequencing (NGS) 
is arguably the most prevalent data acquisition technique today. In the DOM field ICR-MS, 
Orbitrap MS and NMR dominate. I believe a comparison of both fields, with respect to how data 
science-friendly they are, is warranted, because all four instrumental methods became 
commercially available in their currently used form some time around the 2000s (Shokralla et al., 
2012; Hertkorn et al., 2013). Therefore, both fields had approximately similar time to adapt to the 
needs of data-driven science in 2020. 

Many labs, such as for example the Max Planck-Genome-centre Cologne 
(https://mpgc.mpipz.mpg.de/home/), nowadays offer NGS as a service and leave only the 
extraction of the DNA to the user. For the extractions there are various ready-to-use kits available 
with detailed instruction manuals provided by the manufacturers. Sequencing data is exported in 
a standardized manner, commonly in the text-based fasta format (Pearson and Lipman, 1988). This 
facilitates a straightforward transfer into text processing tools and scripting languages such as 
Python and R. Storage of raw data in globally centralized and available repositories is mandatory 
with most publishers. Open-source bioinformatics pipelines such as mothur set the quasi-standard 
for NGS data evaluation and are globally used (Schloss, 2019). Conversely, the extraction 
procedures of DOM for ICR-MS, Orbitrap MS and NMR are not yet settled. One protocol 
published by Dittmar et al. (2008), which features solid-phase extraction over a commercially 
available styrene-divinyl benzene resin (PPL), is now widely applied. However, extractions over 
C18 resins are common as well, which yield a much more unpolar extract than PPL (Li et al., 
2017). Modern FT-ICR and NMR instruments are still rarely available to many academic 
institutions on a budget and few institutions offer analyses as a routine service. Data are oftentimes 
reported only after sum formula assignment, which considerably cuts into their potential for future 
meta-analyses. Repositories focused on mass spectrometry data exist, they are however only 
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beginning to gain substantial traction with publishers (e.g. Haug et al., 2019). Raw data is therefore 
oftentimes available only upon request to the authors directly, without standardization on how the 
data should be presented. Many of the issues, which make the current state of DOM research data 
science-unfriendly, are already solved in molecular microbiology. However, the knowledge has 
either not yet been transferred or widely adopted. This lag in development poses substantial 
problems to global studies on systems such as the CZ, which are inherently characterized by the 
interaction of microbial communities and DOM. 

Luckily, the DOM community is catching up. A recently conducted international lab comparison 
provides a promising outlook into the future (Hawkes et al., 2020). The authors present reasonable 
agreement between measurements of the same samples conducted by 16 laboratories using a 
variety FT-ICR and Orbitrap instruments. Furthermore, they provide 32 metric values for future 
benchmarking. The availability of scripts for the processing of ultrahigh-resolution mass 
spectrometry data is growing and various published and novel approaches have recently been 
combined into an integrative tool (Merder et al., 2020). Within this so-called ICBM-OCEAN 
platform noise filtering, outlier detection, calibration, alignment and molecular formulae 
assignment can be performed in sequence. Standardizing these central steps in raw data processing 
is in my opinion one of the most critical issues to make DOM research more scalable and data-
science friendly. 

The trend towards more data-science friendly data reporting is also evident in the attached 
manuscripts. While in manuscript one and two only processed data is reported with raw data being 
available only upon request, we made an effort in manuscript three to make raw data available in 
dedicated repositories. With manuscript three being a multi-omics study, we faced the decision of 
submitting all multi-omics data together to a general-purpose repository like Edmond 
(https://edmond.mpdl.mpg.de) or submitting each omics data set to a specialized repository. In the 
end, we settled on a compromise by submitting the amplicon sequencing and metabolomics data 
to specialized databases and keeping the meta-metabolomics and metaproteomics data together in 
Edmond. While all data is now accessible through the links provided in the paper, the multi-omics 
aspect of the data is likely to get lost when future data scientists only search through the individual 
databases without accessing the paper. This aspect highlights that on the one hand, continuous 
progress is being made in raw data reporting for DOM research, but some impracticalities still 
remain and leave room for further improvement. 

The road ahead – a functional model of the CZ 

The research reported in the three attached manuscripts jointly shows that metabolic interactions 
between DOM and microorganisms are best described by integrating multi omics data. Especially 
the manuscripts two and three highlight that interdisciplinary research will be essential to tackle 
the question of metabolic functioning in the CZ as a whole. There are multiple avenues of 
increasing complexity, which could potentially lead to a more wholistic functional understanding 
of the CZ. i) A static description of one multi omics pathway mapping per desired subsurface 
compartment (i.e. litter, soil, aeration zone, phreatic zone). ii) Temporally resolved monitoring of 
selected metabolic pathways to reflect event-based effects. iii) Metabolic reaction modelling. iv) 
Reactive transport modelling. On the one hand, a static description will likely be the easiest to 
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achieve and an example for litter decomposition is given in manuscript three. On the other hand, 
the static and compartmentalized solution might face difficulties in representing system 
connectivity, as transport, sorption and transformation are not considered. This will make the static 
solution an optimal approach for highly isolated subsurface compartments. Manuscript two 
revealed that the Hainich CZE features at least one such subsurface environment. The temporal 
stability of the hydroecofacies around well H53 makes them an ideal candidate for a static 
functional representation. Highly variable subsurface compartments like the hydroecofacies 
around well H41 are likely better represented in a temporally resolved description (Lehmann and 
Totsche, 2019). As groundwater recharge entails a significant ecosystem disturbance, competitive 
metabolism could spike during these events (Violle et al., 2010). Pathways of antibiotics release 
and resistance, as identified in manuscript three, therefore are potentially suitable candidates for a 
time series analysis on event-based effects in the CZ. Both the static and temporally resolved 
solution make the assumption that as long as a certain percentage of molecules and functions of a 
pathway are covered in a data set, it is likely that some of the related reactions will occur. However, 
since HR-MS and NGS or metaproteomics identify individual molecules and functions, 
transforming the static functional descriptions from manuscript three into a full-scale reaction 
modelling could reveal metabolic dynamics within the CZ in much higher detail. Database 
frameworks for such an investigation exist for example in the form of a collection of genome-scale 
models for bacterial species, compiled by computational biologists at the European Molecular 
Biology Laboratory (EMBL; Machado et al., 2018). However, until we can truly model individual 
reactions in a system as complex as the CZ there are some likely roadblocks that need to be 
overcome. First, trying to represent individual reactions quickly leads down a rabbit hole that 
follows from a problem that was already introduced above: There is no agreement on how to even 
represent an individual microorganism from genetic data (Callahan et al., 2017). The genome-scale 
models by Machado and coworkers operate on the strain level. On the one hand, this is already 
higher resolution than one commonly gets when applying NGS on complex environmental samples 
(Johnson et al., 2019). On the other hand, if ASVs really become the new standard of how we 
regard a genetic individuum, the resolution of the metabolic database representations needs to 
increase even further as well. As a start, one could aggregate multiple strains, species or genera, 
but considering the vast functional redundancy that is reported (Louca et al., 2018), this could quite 
quickly lead to the remaining aggregates becoming close to indistinguishable in many functional 
relations. Finally, the metabolic picture of the CZ can never be complete without the integration 
of a groundwater flow model. The Hainich CZ exploratory is one of the very rare cases in which 
both a detailed knowledge of subsurface flow is available and a temporally and spatially resolved 
inventory of microorganisms and DOM has been compiled (e.g. Benk et al., 2019; Lehmann and 
Totsche, 2019; Yan et al., 2020). This presents a unique opportunity to develop an integrated 
geohydrological and biochemical model of the subsurface. For such an innovative integration to 
be achieved the first three components mentioned above certainly need to be worked out first, but 
the Hainich CZ exploratory has all the tools available to make it happen. 

The road ahead – machine learning 

Based on the work on pattern analysis from DOM data reported in the attached manuscripts, 
machine learning is a logical next step and it is likely to be one of the up-and-coming approaches 
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for DOM classification in the next decade. While 
initial attempts have been made (Herzsprung et 
al., 2020), we are certainly only beginning to 
understand how to train algorithms to represent 
previously learned molecular categories or 
optimize visualizations to reveal unknown 
processes. Based on the findings that resulted 
from the third manuscript, there is likely 
potential for an algorithm to be trained on, for 
example, litter-specific molecular patterns. From 
the network analysis in manuscript three we saw 
that distinct molecular patterns emerged, which 
were representative of litter species identity and 
processing stage. The mere existence of litter-
specific molecular subsets does however not yet 
guarantee that the whole HR-MS DOM spectra 
could be attributable to specific litter types. We 
saw in manuscript three that in a principal 
component analysis (PCA) the DOM 
composition converged to the point of being 
indistinguishable among litter types within the first two principal components, which is congruent 
with the state of knowledge on litter convergence during decomposition (Liu et al., 2016; van 
Huysen et al., 2016). However, there could be more information on the later principal components. 
These are commonly not being reported, because as human observers we anyway cannot 
realistically summarize all information provided by each of the more than one thousand following 
principal components, which for example emerged from the analysis in manuscript three. Luckily, 
we don’t have to. By using another method for dimension reduction and visualization that embeds 
one hundred percent of the variability within a desired number of dimensions, an algorithm can 
find an optimized visualization. A tool which can produce exactly such a layout was recently 
published by McInnes et al. (2018) and is called uniform manifold approximation and projection 
(UMAP). Briefly, the technique relies on Riemannian geometry to construct one n-dimensional 
manifold that is made up of several patches of Euclidean spaces. Each patch thereby features its 
own independent Euclidean distance metric, which allows them to best represent the local 
variability. The Riemannian metric brings these patches together into a globally optimized 
representation. Despite being quite novel and to my knowledge not having been used for the 
visualization of DOM data yet, UMAP has already made considerable impact on the representation 
of microbial omics data (Becht et al., 2019; Dorrity et al., 2020). When UMAP is applied to the 
DOM HR-MS profiles from the decomposition study in manuscript three, we find that the whole 
spectra become clearly attributable to a specific litter type at any point in time during the three-
week decomposition process (Figure 3), even though they were in part indistinguishable by PCA. 
This warrants an attempt at metric learning, where UMAP would be trained on these litter 
categories and in a second step asked to project additional HR-MS DOM spectra of unknown 
origin onto the learned manifold. The outcome of such an analysis will certainly be constrained by 

Figure 3: Two-dimensional representation of 120 HR-MS 
DOM spectra on litter decomposition. At each point in 
time, the litter types are distinctly attributable by their 
DOM spectra. This warrants an attempt at supervised 
learning. 
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the question if the unique attributability of HR-MS spectra is scalable to more and more categories. 
In the context of litter decomposition, investigations of decomposer communities give a promising 
outlook. Purahong et al. (2018) could show unique genetic features of decomposer communities 
for as many as eleven tree species. This would represent almost a three-fold increase in the number 
of identifiable litter types compared to the litter decomposition study in manuscript three. We are 
currently in cooperation to test if the identified uniqueness of decomposer communities transfers 
into uniquely attributable DOM spectra as well. If the results are promising, chasing litter-derived 
DOM signatures through the CZ could only be the beginning. So far, the CZ community is 
struggling to come up with molecular and microbial identifiers of potential future changes in 
ecosystem productivity and health. The complexity of the near-surface ecosystems in the CZ poses 
a grand challenge with respect to distilling the multitude of processes into overarching conclusions 
(Banwart et al., 2013). Here, algorithm-supported pattern learning approaches might present a 
unique opportunity, as they require very little prior knowledge and could therefore result in a faster 
and more direct representation of CZ processes than the traditionally common knowledge-based 
approaches. 

Concluding remarks 

In retrospect, the manuscripts in this PhD thesis in their chronological order do not only reflect my 
personal journey towards data-driven CZ research, but can also stand as an example for an 
overarching trend towards data-driven research that occurs in a similar manner throughout the 
environmental science community. We have seen how technical evolution has dramatically 
increased the size of data sets both in the chemical and microbiological realm of analytical 
environmental science. This innovation called for new and adapted approaches to the identification 
of patterns that are indicative of functional metabolic processes and interactive molecular 
transformations. With new bioinformatics tools being developed in rapid succession, the 
possibilities for modern data-driven research seem endless. 
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Summary  

The cumulative thesis ‘towards a data-driven understanding of dissolved organic matter in the 
Critical Zone’ presents a variety of modern approaches to identify detailed molecular marker 
patterns as indicators for processes that transport and transform DOM in the terrestrial near-surface 
environment. Taken together, the attached manuscripts describe the transformations of plant-
derived DOM from the litter layer (manuscript three), through soils (manuscript one), into aquifers 
(manuscript two). The supplementary materials for the respective manuscripts can be found on the 
CD attached to this dissertation. 

The central paradigm, that is established in this PhD thesis, is that because most transformations 
of organic matter in the CZ are microbially mediated, molecular marker patterns for DOM 
conversion must include perspectives on its functional relationship with microbial communities. 
This paradigm results from the SCM, which states that the degradation of organic matter is 
governed by its accessibility to decomposer communities rather than intrinsic chemical parameters 
(Lehmann and Kleber, 2015). The molecular composition of DOM is assessed in this work mainly 
via ultrahigh-resolution mass spectrometry (HR-MS). HR-MS is an analytical technique which 
relies on Fourier transformation to convert measurements of frequencies of orbital motions of ions 
into mass-to-charge ratios (Comisarow and Marshall, 1974; Makarov, 2000). In the CZ, both the 
transport and transformation of DOM imply the emergence of temporal or spatial gradients (Küsel 
et al., 2016). However, assessments of the molecular composition of DOM using HR-MS are 
naturally static, because they represent a fingerprint of a diverse mixture of dissolved organic 
molecules at a certain time and place in the CZ (Hertkorn et al., 2008). In this PhD thesis, 
approaches are outlined that allow inferring a process understanding by combining multiple HR-
MS assessments with additional external pieces of information that describe some of the 
potentially underlying gradients. This additional information can be metabolic, isotopic, 
microbiological, geohydrological or simply more HR-MS data. For the purpose of this summary, 
we revisit the findings of this PhD thesis not in chronological order, but by following the natural 
flow direction of the terrestrial carbon cycle – from the litter layer, through soils, into aquifers 
(Cole et al., 2007). 

Decomposition of senescent plant material and subsequent leaching of DOM from the litter layer 
into the subsurface are significant steps in terrestrial carbon sequestration (Michalzik et al., 2003; 
Kalbitz and Kaiser, 2008; Stockmann et al., 2013). It is well acknowledged that microorganisms 
majorly mediate the transformation of plant-derived compounds to soil organic matter (Prescott, 
2010; Gabor et al., 2014). A detailed understanding of the underlying metabolic controls is 
however still missing (Hernes et al., 2013; Klotzbücher et al., 2016; Gross and Harrison, 2019; 
Roth et al., 2019). Contrasting theories exist on the interactions between DOM, microorganisms 
and litter during decomposition, suggesting that they could be vegetation-specific (Chomel et al., 
2016; Purahong et al., 2018), site-specific (Jeanbille et al., 2016; Lladó et al., 2018), mutualistic 
(Lemons et al., 2005) or competitive (Mille-Lindblom and Tranvik, 2003). To assess the metabolic 
interactions during litter decomposition comprehensively, we combined in manuscript three: i) 
Profiles of the plant metabolome to assess the input signal. ii) Taxonomic profiles of the native 
microbial communities and their succession. iii) Non-targeted profiles of the meta-metabolome in 
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DOM to characterize their potential interactions. iv) Profiles of the metaproteome to identify 
microbial metabolic functions. We applied these techniques in a litter decomposition experiment, 
that included beech, pine, oak and grassland litter from two sites, that differed in their mineralogy 
and soil pH. We sampled the same four vegetation types from the Hainich forest, which features 
carbonaceous soil and correspondingly carbonate-buffered soil pH, and from a forest near the 
village of Linde in Brandenburg. The Linde forest developed on siliciclastic material and shows a 
typical sandy soil with acidic pH. After sampling in the field, the litter material was transported to 
the lab, dried, coarsely cut and subsequently individually incubated in a wet sandy matrix over a 
time frame of three weeks.  

Our metabolomic data suggested that i) the metabolome is initially litter-specific, rather than site-
specific ii) the tree litter metabolome changed more strongly than the grassland litter over the 22 
days of incubation iii) metabolome convergence occurs fast, reaching high similarity after 22 days. 
The 16S amplicon sequencing data indicated that the bacterial communities were highly litter-
specific, since they showed distinct differences between the litter types both before and after the 
22 days of incubation. There was again only minor variability associated with the two differing 
sampling sites. In contrast to the litter metabolome, the bacterial communities did not converge, 
but evolved divergently. Even though a converging litter metabolome and litter-specific microbial 
communities had been reported previously, most studies had focused on only on either the 
chemical or biological perspective (Wang et al., 2012; Purahong et al., 2016, 2018; van Huysen et 
al., 2016). Our results suggest, that litter convergence and decomposer community divergence 
occur simultaneously and are therefore potentially functionally linked. We hypothesized that the 
meta-metabolomic profiling of DOM via HR-MS, which is central to all three papers in this PhD 
thesis, could have the potential to integrate the chemical and biological perspectives on litter 
decomposition. A PCA revealed that indeed the meta-metabolomic data contained information 
both on an initial similarity between the tree-derived DOM, an initially divergent evolution 
followed by parallelization and convergence. However, it was still challenging to clearly attribute 
the complex trends within the HR-MS data on the basis of a PCA visualization. We therefore 
employed weighted correlation network analysis (WGCNA; Zhang and Horvath, 2005), a 
bioinformatics technique that is already widely applied in molecular microbiology (e.g. Guidi et 
al., 2016), but is still very rarely seen in environmental chemistry. By visualizing the approximately 
7,000 DOM molecules, that we had identified in HR-MS, in a weighted network graph we could 
show that both the vegetation identity and processing stage largely determined the topology of the 
network. A hierarchical clustering of the node dissimilarities identified subnetworks, called 
modules in WGCNA. We found that these modules identified distinct molecular subsets, that 
showed a strong association to individual litter types and their temporal evolution. One module 
captured initial similarities between the tree-derived DOM, many modules then encompassed 
litter-specific signatures of later time points, indicating a divergent evolution. However, WGCNA 
also clearly identified two modules, that represented convergence between the beech, grass and 
oak as well as beech, grass and pine litter, respectively. The association between the modules and 
vegetation types did again not depend on the sampling origin. This suggests, that the molecular 
subsets identified in the WGCNA of our HR-MS DOM data, could represent molecular marker 
patterns for the identity and processing of individual litter types. To my knowledge, this is the first 
time that molecular marker patterns of such high complexity and yet such clear distinction have 
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been identified from meta-metabolomic data and reinforces the potential of modern bioinformatics 
tools and visualizations for the description of processes that transform DOM in the CZ. 

To develop a functional understanding of DOM transformation during litter decomposition, we 
composed a two-dimensional plot, that linked our meta-metabolomic and 16S rRNA gene 
amplicon sequencing data. The basis for this connection was laid by querying both data sets against 
the KEGG database, which stores information both on molecules and related microbial functions 
within a framework of well-defined metabolic pathways (Kanehisa and Goto, 2000). We could 
show that the resulting 2d functional space identified metabolic pathways that were highly covered 
in DOM, but not in 16S, indicating leaching and residual presence of litter-derived molecules with 
little related microbial function. Correspondingly, pathways that were highly covered in 16S but 
not in DOM indicated core functions of microbial maintenance that had little impact on the 
extracellular DOM pool. Metabolic pathways that were highly covered both in DOM and 16S 
contained expected functions for the catabolic degradation of polycyclic aromatic substances, that 
likely indicate the breakdown of the plant biopolymer lignin (Yam et al., 2010; Kamimura et al., 
2017). Surprisingly, we found that also many pathways for the biosynthesis of antibiotics were 
highly covered in both data sets. Not only did we find considerably high coverages in large 
overview pathways, but also many highly specific antibiotics release and resistance functions, 
including common beta-lactam and tetracycline antibiotics. Even though the metabolic 
functionality assignment based on meta-metabolomic and 16S amplicon sequencing data was only 
predictive (Wemheuer et al., 2020), many of the so-identified functionalities could be validated by 
our additional assessments of the metaproteome. Our findings suggest that bacterial communities 
could employ highly sophisticated attack and defense mechanisms during litter decomposition. 
Our 16S amplicon sequencing data also revealed a community shift from Proteobacteria to 
Actinobacteria. Since Actinobacteria especially are known for their potential to biosynthesize and 
secrete a variety of antibiotics (Hopwood, 2007), it is likely that competitive metabolism 
contributed to community succession in our decomposition study and thereby also shaped the 
composition of the DOM leachates (Lucas et al., 2019). Based on our predictive functional 
assessment, the metabolic capabilities of the decomposer communities did not strongly differ 
between the litter types. Considering that the bacterial communities were litter-specific based on 
our taxonomic assessment, this suggests that their essential functions for decomposition and 
competitive metabolism were redundantly distributed among the taxonomic groups in our study. 
Nevertheless, based on our WGCNA, we found that the relative expression of some involved 
functional metabolites strongly differed between litter types. For example, metabolites indicative 
of lignin degradation were highly expressed in DOM from the oak, beech and grassland litter, yet 
they were barely expressed in DOM leachates from the pine litter. In contrast, the pine litter DOM 
showed high expressions of metabolites derived from the breakdown of needle waxes. As the litter 
in our experiment in our decomposition study was only coarsely cut, the pine needles were 
structurally intact, as they would be in nature. The degradation of remaining needle wax covers 
could therefore have required priority in the decomposition process and could have delayed the 
breakdown of the structural polymer lignin in the pine needles. Our data suggest that even though 
from a qualitative perspective the metabolic potential of decomposer communities is functionally 
redundant, their relative expression is optimized towards the functional requirements of the 
immediate respective substrate. Interestingly, such gradients in relative expression were only 
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evident for metabolic pathways that directly facilitated litter breakdown. The antibiotics 
biosynthesis pathway, for example, did not show preferential expression towards or against any of 
the litter types in our experiment. Our data suggest that competitive metabolism might be a central 
and potentially universal functional component of litter decomposition. This finding strongly 
supports proposed global patterns of microbial competition in the topsoil (Bahram et al., 2018). 

The work reported in manuscript three highlighted that the metabolic interactions that happen 
during litter decomposition are highly complex and require detailed investigation by multiple 
modern omics techniques and sophisticated visualizations to be revealed. To assess the 
transformation of DOM and related marker substances upon the passage of plant-derived DOM 
through soil, we employed a more traditional approach in manuscript one. We analyzed DOM from 
soil water of 10 cm and 20 cm depth from three different forest sites in Germany. The calibrated 
median ages ranged from zero to 49 years and the within-site variability was larger than between 
sampling sites. Using a Spearman rank correlation between the meta-metabolomics data and the 
associated radiocarbon ages of the DOM samples similar to Flerus et al. (2012), we identified 129 
sum formulae that were significantly correlated to the age gradient. We found that compounds that 
were associated with younger 14C ages had lower molecular weight, were more unsaturated and 
contained less oxygen and heteroatoms that those associated with older 14C ages. We searched for 
structural information on the highly 14C-correlated sum formulae in the Chemical Entities of 
Biological Interest database (ChEBI; Degtyarenko et al., 2008). The results suggested that lignin-
derivatives, such as the substance class of phenylpropanoids, were potentially key molecular 
marker species for the fast transport of plant-derived and 14C-young DOM through forest soils. 
Interestingly, even though the correlation approach seems in retrospect quite simple compared to 
the complex analyses applied in the litter decomposition study, the correlation along the gradient 
of radiocarbon ages still revealed striking indications of adaptive microbial metabolism. We 
observed a continuous degradation of a specific lignin dimer composed of one feruloyl and one 
coniferyl subunit. In parallel, there was a likely formation of a highly similar feruloyl compound, 
which was however not bound to another lignin monomer, but which was attached to a 
disaccharide group. A literature search revealed that compounds such as the feruloyl coniferyl 
dimer can potentially be toxic to decomposer microorganisms (Vogt, 2010; Le Roy et al., 2016). 
It is proposed that the intrinsic polymerization potential of these lignin-derived components could 
make it necessary for microorganisms to not let them accumulate within their cells. Transforming 
the lignin monomers into glycosides significantly increases their solubility and is thereby thought 
to significantly reduce their toxicity. This finding indicates that irrespective of the complexity of 
analysis, if DOM gradients are assessed that integrate microbially-mediated degradation, it is 
likely that the associated marker components emerge from processes that describe sophisticated 
and environmentally-optimized microbial metabolic strategies. 

Surface ecosystems are rapidly changing on a global scale (IPCC, 2019). Thus, it is important to 
understand how DOM from soils and the litter layer influences aquifers in the subsurface, because 
groundwater quality is a major concern for future generations (Retter et al., 2020). So far, we have 
already established that the molecular composition of DOM contains detailed information on its 
interrelations with microbial communities as well as isotopic signals that have the potential to 
reveal gradients in DOM processing. To assess the interrelation of surface-derived DOM and 
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groundwater ecosystems, we evaluated a 3-year time series of DOM composition and radiocarbon 
age along a hillslope well transect in the fractured bedrock of the Hainich CZ exploratory. The 
connectivity of the different aquifer zones to the surface was a major determinant of the measured 
14C depletion in DOM, with the within-well variability being substantially lower than the between-
well variability. This pointed towards an in parts highly compartmentalized subsurface ecosystem 
and strongly supported subsurface flow reconstructions by Lehmann and Totsche (2019). 
Correlations of the 14C depletion with meta-metabolomics data revealed that the composition of 
DOM was highly interrelated with its 14C age. Wells with high surface connectivity showed young 
radiocarbon ages as well as high proportions of plant-derived DOM. Wells accessing proposed 
isolated subsurface compartments in contrast showed highly 14C depleted DOM and high 
proportions of microbial-derived DOM. This showed that the hydrogeological complexity of a 
fractured aquifer system is directly reflected in DOM both compositionally and isotopically. 
Furthermore, it suggested that a processing gradient from plant-derived to microbially-derived 
DOM, that has recently been found during soil passage, is similarly reflected in deeper subsurface 
systems (Roth et al., 2019). During groundwater recharge, DOM was also more 14C-enriched, 
showed higher propotions of plant-derived components, and was more diverse. In one well, which 
showed a strong and recurring yearly response to groundwater recharge, we could show that the 
influx of diverse surface-derived DOM could potentially fuel diversification and succession in 
groundwater microbial communities. After the recharge signal had already disappeared in the 
DOM signature, we found persistent effects in the microbial communities, indicating that repeated 
system disturbance can result in continued adaptation and evolution of aquifer microbial 
communities (Galand et al., 2016). 

The results of this PhD thesis demonstrate the potential of meta-metabolomic assessments of DOM 
and their connection with isotopic, hydrogeologic and microbial information to contribute to a 
functional understanding of the CZ and identify corresponding molecular markers. It could be 
shown that water quality, with respect to the content of dissolved organic molecules in fractured 
aquifer systems, can be very sensitive to natural variations in surface-derived input. As the 
frequency of rainstorms, which have the potential to translocate even higher proportions of 
surface-derived metabolites into aquifers, are projected to increase in Central Europe in the future 
(Yildiz, 2019), the composition of DOM should be closely monitored in groundwater systems. 
These data can help to evaluate the effects of surface-derived transport on water quality, especially 
when considering the natural markers for soil passage identified in this work.
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Zusammenfassung 

Die kumulative Dissertation "Zur Entwicklung eines datengestützten Verständnis der gelösten 
organischen Materie in der kritischen Zone" präsentiert eine Vielzahl moderner Ansätze zur 
Identifizierung detaillierter molekularer Marker und Markermuster als Indikatoren für Prozesse, 
die DOM im oberflächennahen Bereich der Landfläche transportieren und transformieren. 
Zusammengefasst beschreiben die angehängten Manuskripte die Transformationen von 
pflanzlichem DOM von der Streuschicht (Manuskript drei) über Böden (Manuskript eins) bis hin 
zu Grundwasserleitern (Manuskript zwei). Die Begleitmaterialien zu den jeweiligen Manuskripten 
können der an diese Dissertation angehängten CD entnommen werden. 

Das zentrale Argument, das in dieser Doktorarbeit aufgestellt wird, ist, dass die meisten 
Transformationen organischer Materie in der CZ mikrobiell gesteuert werden und daher 
molekulare Markermuster für die Umwandlung von DOM auch Perspektiven auf ihre funktionelle 
Beziehung zu mikrobiellen Gemeinschaften beinhalten müssen. Dieses Paradigma ergibt sich aus 
dem SCM, das besagt, dass der Abbau organischer Substanz durch ihre Zugänglichkeit für 
Zersetzergemeinschaften und nicht durch chemische Rekalzitranz bestimmt wird (Lehmann and 
Kleber, 2015). Die molekulare Zusammensetzung von DOM wird in dieser Arbeit hauptsächlich 
mittels ultrahochauflösender Massenspektrometrie (HR-MS) untersucht. HR-MS ist eine 
analytische Technik, die Fourier Transformation benutzt, um Messungen von Frequenzen der 
Orbitalbewegungen von Ionen in Masse-zu-Ladungs-Verhältnisse umzuwandeln (Comisarow and 
Marshall, 1974; Makarov, 2000). In der CZ führen sowohl der Transport als auch die 
Transformation von DOM zur Herausbildung von zeitlichen oder räumlichen Gradienten der 
DOM-Zusammensetzung (Küsel et al., 2016). In dieser Dissertation werden Ansätze aufgezeigt, 
die es erlauben ein Prozessverständnis zu entwickeln, indem mehrere HR-MS-Analysen mit 
zusätzlichen externen Informationen kombiniert werden, welche einige der potenziell zugrunde 
liegenden Gradienten beschreiben. Diese Informationen können metabolische, isotopische, 
mikrobiologische, geohydrologische oder schlicht weitere HR-MS-Daten sein. Im Rahmen dieser 
Zusammenfassung werden die Ergebnisse dieser Doktorarbeit nicht in chronologischer 
Reihenfolge betrachtet, sondern folgen der natürlichen Fließrichtung des terrestrischen 
Kohlenstoffkreislaufs - von der Streuschicht über die Böden bis in die Aquifere (Cole et al., 2007). 

Die Zersetzung von Pflanzenmaterial und die anschließende Auswaschung von DOM aus der 
Streuschicht in den Untergrund sind wichtige Schritte für die terrestrische Kohlenstoffspeicherung 
(Michalzik et al., 2003; Kalbitz and Kaiser, 2008; Stockmann et al., 2013). Es ist weithin 
anerkannt, dass die Umwandlung von Pflanzenmaterial in organische Bodensubstanz maßgeblich 
von Mikroorganismen gesteuert wird (Prescott, 2010; Gabor et al., 2014).  Ein detailliertes 
Verständnis der zugrundeliegenden Stoffwechselvorgänge liegt jedoch noch nicht vor. Über die 
Wechselwirkungen zwischen DOM, Mikroorganismen und Streu während der Zersetzung gibt es 
gegensätzliche Theorien. Sie deuten an, dass die Interaktionen vegetationsspezifisch (Chomel et 
al., 2016; Purahong et al., 2018), standortspezifisch (Jeanbille et al., 2016; Lladó et al., 2018), 
mutualistisch (Lemons et al., 2005) oder antagonistisch sein könnten (Mille-Lindblom and 
Tranvik, 2003). Um diese metabolischen Wechselwirkungen während des Streuabbaus möglichst 
ganzheitlich betrachten zu können, wurden in dieser Arbeit folgende analytische Ansätze 
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kombiniert: i) Profile des Pflanzenmetaboloms. ii) Taxonomische Profile der mikrobiellen 
Gemeinschaften und ihrer Abfolge. iii) Profile des Meta-Metaboloms in DOM. iv) Profile des 
Metaproteoms zur Identifizierung mikrobieller metabolischer Funktionen. Diese analytischen 
Methoden wurden im Rahmen eines interdisziplinären Streu-Zersetzungsexperiment angewandt, 
das Buchen-, Kiefern-, Eichen- und Grünlandstreu von zwei Standorten umfasste, die sich in ihrer 
Mineralogie und ihrem Boden-pH-Wert unterschieden. Die selben vier Vegetationstypen wurden 
sowohl aus dem Hainich entnommen, der kohlenstoffhaltige Böden und einen entsprechend 
nahezu neutralen Bodenwasser-pH aufweist, als auch aus einem Wald in der Nähe der Ortschaft 
Linde in Brandenburg. Der Wald bei Linde entwickelte sich auf siliziklastischem Material und 
weist daher einen typischen Sandboden mit saurem pH-Wert auf. Nach der Probenahme im Feld 
wurde das Streumaterial ins Labor transportiert, getrocknet, grob zerkleinert und anschließend 
einzeln in einer feuchten Sandmatrix über einen Zeitraum von drei Wochen inkubiert. 

Unsere Metabolomdaten deuteten darauf hin, dass i) das Metabolom zunächst streuspezifisch und 
nicht standortspezifisch war, ii) das Metabolom der Baumstreu sich während der 22 Tage der 
Inkubation stärker veränderte als das der Graslandstreu, iii) die Konvergenz des Metaboloms 
schnell erfolgte und bereits nach 22 Tagen eine hohe Ähnlichkeit erreichte. Die Daten der 16S-
Amplikonsequenzierung zeigten, dass die Bakteriengemeinschaften hoch streuspezifisch waren, 
da sie sowohl vor als auch nach den 22 Tagen der Inkubation deutliche Unterschiede zwischen den 
Streutypen aufwiesen. Im Gegensatz zum Streumetabolom konvergierten die 
Bakteriengemeinschaften nicht, sondern entwickelten sich divergent. Obwohl frühere Arbeiten 
bereits über ein konvergierendes Streumetabolom und streuspezifische mikrobielle 
Gemeinschaften berichtet hatten, haben sich die meisten Studien entweder nur auf die chemische 
oder die biologische Perspektive konzentriert (Wang et al., 2012; Purahong et al., 2016, 2018; van 
Huysen et al., 2016). Unsere Ergebnisse zeigen jedoch, dass die Konvergenz der 
Streuzusammensetzung und die Divergenz der Zersetzergemeinschaften gleichzeitig auftreten und 
daher möglicherweise funktionell zusammenhängen. Wir stellten die Hypothese auf, dass die 
meta-metabolomische Charakterisierung von DOM mittels HR-MS potenziell die chemische und 
biologische Perspektive auf den Streuabbau vereinen könnte. Eine PCA ergab, dass die meta-
metabolomischen Daten in der Tat Informationen sowohl über eine anfängliche Ähnlichkeit 
zwischen dem DOM der Baumstreu sowie eine zunächst divergierende Entwicklung gefolgt von 
Parallelisierung und Konvergenz enthielten. Um die komplexen Trends innerhalb der HR-MS-
Daten noch eindeutiger zuzuordnen, verwendeten wir eine gewichtete 
Korrelationsnetzwerkanalyse (WGCNA; Zhang and Horvath, 2005). Durch die Netzwerk-
Visualisierung der etwa 7.000 DOM-Moleküle, die wir mittels HR-MS identifiziert hatten, 
konnten wir zeigen, dass sowohl die Pflanzenidentität als auch das Abbaustadium die Topologie 
des Netzwerks bestimmten. Eine hierarchische Clusteranalyse basierend auf den Unähnlichkeiten 
zwischen den Netzwerkknoten ergab Teilnetzwerke, die in der WGCNA als Module bezeichnet 
werden. Wir stellten fest, dass diese Module unterschiedliche molekulare Teilmengen darstellten, 
die eine klare Zuordnung zu einzelnen Streutypen und ihrer zeitlichen Entwicklung aufwiesen. Die 
anfängliche Ähnlichkeit zwischen den verschiedenen Arten von Baumstreu ging in viele 
individuelle streuspezifische Signaturen zu späteren Abbauzeitpunkten über, was auf eine 
divergierende Entwicklung hinweist. Die WGCNA identifizierte außerdem zwei Module, die die 
Konvergenz zwischen der Buche, dem Gras und der Eiche bzw. der Buche, dem Gras und der 



Zusammenfassung 

27 

Kieferstreu repräsentierten. Die Assoziation zwischen den Modulen und den Vegetationstypen 
hing jedoch nicht von der Herkunft der Proben ab. Dies deutet darauf hin, dass die so identifizierten 
molekularen Gruppen Markermuster für die Identität und das Abbaustadium der einzelnen 
Streutypen darstellen könnten und dabei unabhängig vom Vegetationsstandort sind. Nach 
aktuellem Kenntnisstand ist dies das erste Mal, dass molekulare Markermuster von so hoher 
Komplexität und doch so klarer Zuordnung aus meta-metabolomischen Daten identifiziert wurden. 
Dies zeigt das große Potenzial moderner bioinformatischer Methoden und Visualisierungen für die 
Beschreibung von DOM-Transformationsprozessen in der CZ. 

Um DOM-Transformationen während der Streuzersetzung auf der funktionalen Ebene zu 
verstehen, haben wir einen zweidimensionalen Plot erstellt, der unsere meta-metabolomischen und 
16S rRNA-Gen-Amplikon-Sequenzierungsdaten miteinander verknüpft. Die Grundlage für diese 
Verbindung wurde durch die Abfrage beider Datensätze in der KEGG-Datenbank gelegt, welche 
Informationen sowohl über Moleküle als auch über zugehörige mikrobielle Funktionen im 
Rahmen klar definierter Stoffwechselwege speichert (Kanehisa and Goto, 2000). 
Stoffwechselpfade, die sowohl im DOM als auch im 16S eine hohe Abdeckung aufwiesen, 
enthielten Funktionen für den katabolischen Abbau polyzyklischer aromatischer Substanzen, die 
wahrscheinlich auf den Abbau des pflanzlichen Biopolymers Lignin hindeuteten (Yam et al., 2010; 
Kamimura et al., 2017). Außerdem stellten wir fest, dass viele Stoffwechselpfade für die 
Biosynthese von Antibiotika hohe mikrobielle und molekulare Abdeckungen aufwiesen. Dies war 
nicht nur bei großen Übersichtspfaden der Fall, sondern galt auch für viele hochspezifische 
Antibiotika Freisetzungs- und Resistenzfunktionen, einschließlich der gängigen Beta-Laktam- und 
Tetracyclin-Antibiotika. Obwohl die Zuweisung der metabolischen Funktionalitäten auf der 
Grundlage des Meta-Metabolom und der 16S-Amplikonsequenzierung nur auf einer Vorhersage 
beruhten (Wemheuer et al., 2020), konnten viele der so identifizierten Funktionalitäten durch 
unsere zusätzlichen Analysen des Metaproteoms validiert werden. Unsere Ergebnisse deuten 
darauf hin, dass bakterielle Gemeinschaften während der Zersetzung von Streu hochkomplexe 
Angriffs- und Verteidigungsmechanismen einsetzen. Die Daten der 16S-Amplikonsequenzierung 
zeigten auch eine Umwandlung der Gemeinschaft von Proteobakterien hin zu Actinobakterien. Da 
vor allem Actinobakterien für ihr Potenzial zur Biosynthese und Sekretion einer Vielzahl von 
Antibiotika bekannt sind (Hopwood, 2007), ist es wahrscheinlich, dass kompetitiver Metabolismus 
wichtig für die Entwicklung der mikrobiellen Gemeinschaften in unserer Studie war und dadurch 
auch die Zusammensetzung des DOM beeinflusst hat (Lucas et al., 2019). Zwischen den Streuarten 
unterschieden sich die Stoffwechselfähigkeiten der Zersetzergemeinschaften nur geringfügig. In 
Anbetracht dessen, dass die bakteriellen Gemeinschaften in unserer taxonomischen Analyse 
jedoch streuspezifisch waren, deutet dies darauf hin, dass die wesentlichen Funktionen für den 
Streuabbau redundant unter den taxonomischen Gruppen verteilt waren. Dennoch stellten wir auf 
der Grundlage unserer WGCNA fest, dass sich die relative Expression einiger beteiligter 
funktioneller Metaboliten zwischen den Streuarten stark unterschied. Beispielsweise waren 
Metaboliten, die auf den Ligninabbau hindeuteten, in DOM aus der Eichen-, Buchen- und 
Graslandstreu hoch ausgeprägt, während sie im DOM aus der Kiefernstreu kaum vorhanden 
waren. Im Gegensatz dazu zeigte das DOM aus der Kiefernstreu hohe Expressionen von 
Metaboliten, die aus dem Abbau von Nadelwachsen stammten. Unsere Daten deuten darauf hin, 
dass das metabolische Potenzial der Zersetzergemeinschaften zwar aus qualitativer Sicht 
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funktionell redundant ist, ihre relative Expression jedoch auf die funktionellen Anforderungen des 
jeweiligen unmittelbaren Substrats hin optimiert ist. Interessanterweise waren solche Gradienten 
in der relativen Expression nur für diejenigen Stoffwechselpfade ersichtlich, die direkt zum 
Streuabbau beitrugen. Der Biosyntheseweg für Antibiotika wies im Gegensatz keine bevorzugte 
Expression bezüglich der Streutypen auf. Diese Beobachtung deutet darauf hin, dass kompetitiver 
Metabolismus eine zentrale und möglicherweise universelle funktionelle Komponente des 
Streuabbaus sein könnte. Zudem bestätigt dieses Ergebnis die postulierten globalen Anzeichen von 
mikrobieller Konkurrenz im Oberboden (Bahram et al., 2018). 

Die in Manuskript drei beschriebene Forschungsarbeit hat gezeigt, dass die metabolischen 
Wechselwirkungen, die bei der Zersetzung von Streu auftreten, hochkomplex sind und eine 
detaillierte Untersuchung durch mehrere moderne Omics-Techniken und differenzierte 
Visualisierungen erfordern, um sichtbar gemacht zu werden. Um die Umwandlung von DOM und 
der zugehörigen Markersubstanzen beim Transport von pflanzlichem DOM durch den Boden zu 
verfolgen, verwendeten wir einen traditionelleren Ansatz. Wir analysierten DOM aus Bodenwasser 
aus 10 cm und 20 cm Tiefe von drei verschiedenen Waldstandorten in Deutschland. Das kalibrierte 
mittlere Alter reichte von null bis 49 Jahre und die Variabilität innerhalb der Probenahmestellen 
war größer als zwischen den einzelnen Standorten. Ähnlich zu Flerus et al. (2012), nutzten wir 
eine Spearman-Rangkorrelation zwischen den Meta-Metabolom-Daten und den zugehörigen 
Radiocarbon-Altern der DOM-Proben und identifizierten so 129 Summenformeln, die signifikant 
mit dem Altersgradienten korrelierten. Wir fanden heraus, dass Verbindungen, die mit jüngeren 
14C-Altern assoziiert waren, ein niedrigeres Molekulargewicht hatten, stärker ungesättigt waren 
und weniger Sauerstoff und Heteroatome enthielten als diejenigen, die mit älteren 14C-Altern 
zusammenhingen. Zur näheren Charakterisierung durchsuchten wir die Datenbank Chemical 
Entities of Biological Interest (ChEBI) nach strukturellen Informationen über die stark 14C-
korrelierten Summenformeln (Degtyarenko et al., 2008). Die Ergebnisse deuteten darauf hin, dass 
Lignin-Derivate, wie zum Beispiel die Substanzklasse der Phenylpropanoide, potenziell wichtige 
molekulare Markerspezies für den schnellen Transport von pflanzenbürtigem, 14C-jungem DOM 
durch Waldböden sein könnten. Interessanterweise, obwohl der Korrelationsansatz im Vergleich 
zu den komplexen Analysen, die in Manuskript drei angewandt wurden, im Nachhinein recht 
einfach erscheint, zeigte die Korrelation entlang des Gradienten des Radiocarbonalters dennoch 
deutliche Hinweise auf einen flexiblen mikrobiellen Metabolismus. Wir beobachteten den 
kontinuierlichen Abbau eines spezifischen Lignindimers, der laut Datenbank aus einer Feruloyl- 
und einer Coniferyl-Untereinheit bestand. Parallel dazu beobachteten wir den Anstieg einer sehr 
ähnlichen Feruloylverbindung, die jedoch nicht an ein weiteres Ligninmonomer, sondern an eine 
Disaccharidgruppe gebunden war. Eine Literaturrecherche ergab, dass Verbindungen wie das 
Feruloyl-Coniferyl-Dimer potenziell toxisch für mikrobielle Zersetzer sein können (Vogt, 2010; 
Le Roy et al., 2016). Es wird vermutet, dass das Polymerisationspotential dieser vom Lignin 
abgeleiteten Komponenten es für die Mikroorganismen notwendig machen könnte die 
Anreicherung dieser Stoffe in ihren Zellen zu verhindern. Die Umwandlung der Ligninmonomere 
in Glykoside erhöht ihre Löslichkeit erheblich und es wird angenommen, dass sich dadurch ihre 
Toxizität erheblich verringert. Dieses Ergebnis deutet darauf hin, dass wenn DOM-Gradienten 
untersucht werden, die einen mikrobiell gesteuerten Abbau beinhalten, die zugehörigen 
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Markerkomponenten ausgeklügelte und prozessoptimierte mikrobielle Stoffwechselstrategien 
beschreiben. 

Es wichtig zu verstehen, wie die Auswaschung von DOM aus Böden und der Streuschicht 
Grundwasserleiter im Untergrund beeinflusst, denn die Grundwasserqualität ist ein wichtiges 
Anliegen für künftige Generationen (Retter et al., 2020). Um die Wechselbeziehung zwischen 
oberflächenbürtigem DOM und Grundwasserökosystemen zu beurteilen, haben wir eine 3-Jahres-
Zeitreihe der DOM-Zusammensetzung und Radiocarbonaltern ausgewertet, die entlang eines 
Brunnentransekts im zerklüfteten Aquifersystem des Hainich gewonnen wurde. Die Verbundenheit 
der verschiedenen Aquiferzonen zur Oberfläche war die wichtigste Einflussgröße für die 
gemessene 14C-Abreicherung im DOM, wobei die Variabilität innerhalb der Brunnen wesentlich 
geringer war als die Variabilität zwischen den Brunnen. Dies bestätigte hydrogeologische 
Flussrekonstruktionen, die auf ein zum Teil stark kompartimentiertes Aquifersystem hindeuten 
(Lehmann and Totsche, 2019). Aquiferabschnitte mit hoher Oberflächenkonnektivität zeigten 
sowohl junge Radiocarbonalter als auch hohe Anteile an pflanzlichem DOM. Potenziell isolierte 
unterirdische Kompartimente enthielten dagegen stark 14C-abgereichertes DOM und einen hohen 
Anteil an mikrobiellem DOM. Dies zeigte, dass sich die hydrogeologische Komplexität des 
zerklüfteten Aquifersystems sowohl in der Zusammensetzung des DOM als auch in den 14C-
Isotopenverhältnissen widerspiegelt. Darüber hinaus deutete es darauf hin, dass ein 
Umwandlungsgradient von pflanzlichem zu mikrobiellem DOM, der vor kurzem an einem 
Tiefenprofil im Boden gefunden wurde, sich auch in tieferen unterirdischen Systemen wiederfindet 
(Roth et al., 2019). Während der Grundwasserneubildung war das DOM stärker mit 14C 
angereichert, wies höhere Anteile an pflanzlichen Komponenten auf und war diverser. In einem 
Brunnen, der einen starke und jährlich wiederkehrende Einfluss durch Grundwasserneubildung 
aufwies, konnten wir zeigen, dass der Zufluss von oberflächenbürtigem DOM die Entwicklung 
der mikrobiellen Grundwassergemeinschaften vorantreiben könnte. Nachdem das 
Neubildungssignal im DOM bereits wieder verschwunden war, stellten wir anhaltende 
Auswirkungen auf die mikrobiellen Gemeinschaften fest. Dieses Ergebnis deutet darauf hin, dass 
wiederholte Systemstörungen zu einer kontinuierlichen Anpassung und Evolution der 
mikrobiellen Grundwasserleitergemeinschaften führen können (Galand et al., 2016). 

Die Ergebnisse dieser Doktorarbeit zeigen wie meta-metabolomische Untersuchungen von DOM 
und deren Verbindung mit isotopischen, hydrogeologischen und mikrobiellen Daten zu einem 
funktionellen Verständnis der CZ beitragen können. Es wurde deutlich, dass die Wasserqualität im 
Hinblick auf den Gehalt an gelösten organischen Molekülen in zerklüfteten Aquifersystemen sehr 
empfindlich auf natürliche Schwankungen des oberflächenbürtigen Stoffeintrags reagieren kann. 
Da die Häufigkeit von Regenfällen, die das Potenzial haben oberflächenbürtige Metabolite 
großskalig in Aquifere zu verlagern, in Mitteleuropa in Zukunft voraussichtlich zunehmen wird, 
sollte die Zusammensetzung von DOM in Grundwassersystemen auch über die vorliegenden 
Studien hinaus genau untersucht werden (Yildiz, 2019). Diese Daten können dabei helfen, die 
Auswirkungen des DOM-Transports auf die Wasserqualität einzuschätzen, insbesondere durch die 
Nutzung der hier identifizierten natürlichen Marker.  
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for 14C-young Terrestrial Dissolved
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1 Max Planck Institute for Biogeochemistry, Jena, Germany, 2 Thüringer Landesanstalt für Umwelt und Geologie, Jena,

Germany

The origin, molecular composition and fate of dissolved organic matter (DOM) provides

essential information that links surface and subsurface processes and explores the

functioning of the Critical Zone. Therefore it is important to identify specific marker

compounds that provide information on the temporal and spatial linkages in the Critical

Zone. Here, we used ultra-high resolution mass spectrometry and accelerator mass

spectrometry in order to identify markers for fast transport of surface-derived DOM

through the Critical Zone. We assessed the molecular composition and radiocarbon

age of solid phase extracted DOM (SPE-DOM) from forest top soils. The 14C ages of

SPE-DOM in our study were similar to that of bulk DOM. Calibrated ages ranged from

0 to 49 years and the within-site variability was larger than between sampling sites.

Spearman rank correlation between the 14C ages and the DOM composition identified

129 sum formulae that were significantly correlated to 14C age. We found that molecular

entities with younger 14C ages had lower molecular weight, higher unsaturation and

less oxygen and heteroatoms than those associated with older 14C ages. A chemical

library search suggested that phenylpropanoids and compounds, which are known to

be lignin derived, are key molecular species for terrestrial DOM with young 14C ages.

Among them, lignin dimers emerged as prominent surface-derived compounds that can

potentially be used as markers for fast transport of water and DOM into the subsurface

and groundwater.

Keywords: FT-ICR-MS, radiocarbon, lignin, markers, carbon cycle

INTRODUCTION

Processes that are taking place in the Critical Zone (CZ) are mirrored in the chemical composition
of dissolved organic matter (DOM) in surface-, soil- and groundwater (Wickland et al., 2007;
Kaiser and Kalbitz, 2012; Gabor et al., 2014; Roth et al., 2015; Seifert et al., 2016). Major sources of
DOM in terrestrial ecosystems include young carbon inputs from the decomposition of plant litter
and leaching of microbially modified (Kallenbach et al., 2016), aged soil organic matter (SOM).
Composition and fate of DOM are strongly influenced by the ecosystem as a whole (Nebbioso and
Piccolo, 2013; Miller et al., 2016) and the discovery of terrestrial ecosystem-specificity of DOM
spectra highlights their close connection (Roth et al., 2014). As a result, tracing surface signals over
time has emerged as a key objective in CZ research (Küsel et al., 2016). Specific markers for 14C
young and surface-derived inputs could help to trace surface signals into the subsurface. Their
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degradability could further make the occurrence of these marker
compounds in groundwater an indicator for fast transport of
water and DOM through the CZ.

The search for compositional marker molecules that identify
ecosystem constitution and source characteristics (Kujawinski
et al., 2009; Roth et al., 2014; Dubinenkov et al., 2015;
Kothawala et al., 2015) is strongly aided by the integration
of non-targeted Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS). FT-ICR-MS allows study of
the molecular composition of DOM in unprecedented detail,
providing chemical information about thousands of mass-
resolved peaks due to accurate determination of their exact mass
(Hertkorn et al., 2013).

Correlating the molecular composition of DOM with 14C
ages of the respective samples has led to the identification of
degradation states of marine DOM on the basis of individual sum
formulae (Flerus et al., 2012). However, marine derived marker
compounds cannot be readily applied to terrestrial systems due
to terrestrial ecosystem heterogeneity and DOM representing a
snapshot of ecosystem activities (Roth et al., 2014). Generally,
marine DOM is composed of a wide range of compounds ranging
from labile carbohydrates to refractory black carbon (Moran
et al., 2016), while terrestrial DOM contains linear terpenoids and
carboxyl-rich-alicyclic molecules in high proportions (Hertkorn
et al., 2006; Arakawa and Aluwihare, 2015). Thus, new markers
applicable for terrestrial ecosystem processes and characteristics
are required.

To achieve traceability of 14C young DOM through the
subsurface, potential markers for CZ DOM must link to the
major constituents of plant biomass. Plant litter is generally
composed of the biopolymers cellulose and lignin as well
as monomeric natural compounds such as carbohydrates and
terpenes (Thomson, 1993). During the process of decomposition
lignin was suggested to be comparatively recalcitrant in a variety
of environments (Melillo et al., 1982; Hedges et al., 1985;
Akin and Benner, 1988). However, more recent investigations
highlight that lignin structures are not recalcitrant (Gleixner
et al., 2002; Schmidt et al., 2011; Waggoner et al., 2017).
Lignin phenols were further shown to be young components
in both sediments and DOM of arctic rivers (Feng et al.,
2013, 2015, 2017). Potential pathways for the removal of lignin
structures include photochemical alteration (Waggoner et al.,
2017), microbial degradation (Ward et al., 2013) in aquatic
systems as well as sorption onto minerals (Kaiser et al., 2004;
Hernes et al., 2013) and microbial degradation in soils (Gleixner
et al., 2002). As a consequence, lignin-derived compounds may
be used for tracing fast flow processes of recent biomass through
the CZ.

In non-targeted ultra-high resolution studies of DOM current
limitations for the identification of new and specific marker
compounds arise from lack of information on the structure of
specific molecules and the multitude of structural isomers per
molecular formula (Zark et al., 2017). Our efforts were therefore
targeted at receiving direct molecular information from the sum
formulae level on the basis of chemical databases and annotated
information on their biogeochemical relevance (Degtyarenko
et al., 2008).

In this study we explored the feasibility of combining ultra-
high resolution molecular composition data with 14C ages to
identify marker compounds for the transport of water and
DOM in the CZ from the surface into the subsurface. We
hypothesize that (1) leaching from plant biomass governs the
molecular composition of 14C-young carbon inputs and (2) non-
recalcitrance of lignin molecules allows selection of potential
14C-young marker compounds that relate to their plant litter
source.

MATERIALS AND METHODS

Sampling
Soil water samples were collected in March, May, and November
of 2005 at three different long term monitoring sites in Germany.
The first site is a deciduous old-growth forest in the Hainich
National Park [51◦04′46′′N, 10◦27′08 ′′E, 440 m above sea level
(a.s.l.)], Thuringia (Knohl et al., 2003; Gleixner et al., 2009; Tefs
and Gleixner, 2012). The forest is unmanaged and dominated
by European beech (Fagus sylvatica, 65%) and ash (Fraxinus
excelsior, 25%). Understory vegetation includes Alium ursinium,
Mercurialis perennis, and Anemone nemorosa. The soil column
consists of a 5 to 15 cm deep A horizon which is followed
by a clayish T horizon on 50 to 60 cm deep cambisol. The
second site is a maple (Acer pseudoplatanus), pine and spruce
(Pinus sylvestris and Picea abies) mixed forest stand near the
village of Thann (49◦19′24′′N, 12◦27′37′′E), Bavaria. A 5 to
7 cm deep organic layer overlays a sandy cambisol developed
on granite parent material (Sachse et al., 2009). The third
site is the Wetzstein forest (50◦27′13′′N, 11◦27′27′′E, 785 m
a.s.l.) in Thuringia. This managed forest consists mostly of ca.
50 year old Norway spruce (Picea abies) trees on an acidic and
carbonate-free podzol (Schulze et al., 2005; Moyano et al., 2008;
Kindler et al., 2011). Setup and sampling was conducted with
permission of the national park administration, the land owner
and the forest management administration, respectively, for the
sites. The diversity in vegetation and soil parameters within the
sample set results in a relatively wide coverage of top soil DOM
conditions. Together with the replicated sampling throughout the
growing season we aim at providing overarching trends in DOM
composition not biased through site-specific effects.

Sample Preparation and FT-ICR-MS
Analysis
The water samples were taken during a regular biweekly sampling
scheme using glass ceramic suction plates with a pore size of 1–
1.6 µm which were permanently installed at 5 cm soil depth. If
samples were unavailable at 5 cm on a specific sampling location,
we used samples from 10 cm depth. Bottles connected to the
suction plates were evacuated to 20 kPa such that free flowing
soil water was sucked through the ceramic plate into the bottle
until pressure equilibriumwas reached. As a result of the biweekly
sampling scheme, each sampling time point integrates the water
flow of 2 weeks. Water samples were immediately freeze-dried
in the lab and stored at room temperature in the dark. After re-
dissolution, DOM was subjected to solid phase extraction using
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PPL (styrene-divinylbenzene polymer) cartridges according to
previously established protocols (Dittmar et al., 2008), with an
average extraction efficiency of 63%. A procedural blank of
ultrapure water (pH 2) was stored and extracted together with
samples.

FT-ICR-MS analysis was performed at the University of
Oldenburg, Germany (Roth et al., 2015). The FT-ICR-MS
(Bruker Solarix, 15 T) measurement was conducted in negative
electrospray ionization mode at a continuous injection flow of
120 µL/h and ESI needle voltage of −4 KV. 500 scans of m/z
150–2000 and 0.25 s ion accumulation time were combined into
one spectrum. Peaks with signal/noise (S/N)> 3 and within 150–
800 m/z were used for further analysis. Ions with m/z> 800
were not detected. Peaks found in the procedural blank were
removed from the peak list of the samples. For molecular formula
assignment the elements C, H, O, N, and S (N ≤ 2, S ≤ 1)
were utilized in accordance with previous studies (Herzsprung
et al., 2012; Riedel et al., 2012). Compounds with successful
molecular formula assignment were considered for further data
interpretation (Supplementary Table S4 ).

Radiocarbon Analysis
PPL extracts were dried into tin capsules for combustion to
CO2 in an elemental analyzer, graphitization and subsequent
radiocarbon analysis on a 3 MV Tandetron 14C-AMS at the
MPI-BGC in Jena, Germany together with size-matched modern
(Oxalic Acid II) and 14C-depleted standard materials (Steinhof
et al., 2004, 2010). The δ13C values of the samples were
determined online in the AMS. Age calibration was performed on
the background corrected fraction modern [F14C; (Reimer et al.,
2004; Steinhof, 2013)] values using OxCal 4.3 (Bronk Ramsey,
2009) and the NH1 bomb 2013 curve (Hua et al., 2013). Resulting
median calAD dates were subtracted from the year of sampling
(2005) to give an age estimate.

14C System Blank of SPE-DOM
A system blank test was conducted using DOM from the
Wetzstein site that was (i) non-extracted, (ii) PPL extracted, (iii)
PPL extracted, dried and re-dissolved in ultrapure water once,
and (iv) re-dissolved three times. For (i) DOM material from
the Wetzstein site was de-carbonified by acidifying with HCl and
bubbling with N2 in order to remove inorganic carbon from
affecting the 14C/12C DOM signal. For (ii) the same original
material as in (i) was extracted onto PPL cartridges and eluted
with methanol (Dittmar et al., 2008). For (iii) and (iv) aliquots of
the eluate from (ii) were dried and re-dissolved in ultrapure water
in order to break any methyl ester bonds that might have formed
to the methanol solvent and would skew the 14C/12C isotopic
ratio.

Statistical Analysis and Correlation
Spearman rank correlation was employed on relative intensities
of mass peaks with respect to the 14C calibrated ages of the
samples. Rank correlation was used to account for known
competitive ionization efficiencies that affect the ion intensities
of the individual masses (Hertkorn et al., 2008; Herzsprung et al.,
2012). Only mass peaks present in at least 8 out of 10 samples

were considered for correlation in order to identify bulk trends.
Statistical data analysis and correlation was done in R 3.4.1
using the R package “vegan” 2.4–5. Principal component analysis
(PCA) was performed on the matrix of relative intensities of m/z
values per sample, which was centered and scaled by the standard
deviations. The environmental parameters pH, cal 14C age, DOC
concentration and length of the growing season were fitted
to the PC values as vectors. For characterization of molecular
entities matching of sum formulae with the ChEBI database was
performed using the web interface at http://www.ebi.ac.uk/chebi/
(Hastings et al., 2016). We chose the ChEBI database for its focus
on “small” chemical compounds that have biological relevance,
its links and integration with similar chemical databases [(for
example PubChem (Kim et al., 2016) and KEGG (Kanehisa et al.,
2017)], free availability and general ease of use for the extraction
of annotated information and chemical structures.

RESULTS AND DISCUSSION

14C System Blank of SPE-DOM
Solvent residues in carbon extracts resulting from elution steps
can influence the 14C/12C ratio in organic matter samples. As
for PPL extraction, the methanol solvent could esterify free
carboxyl groups in the organic matter (McIntyre and McRae,
2005), thereby introducing 14C-depleted carbon to the sample,
which persists even after evaporating to dryness. Depending on
the abundance of carboxyl groups in the sample, the percentage
of modern carbon would be expected to be significantly reduced
especially if samples are comprised entirely of modern carbon
whereas commercially bought methanol is usually produced
from fossil carbon sources. Since methyl ester bonds are highly
susceptible to hydrolysis, re-dissolution in water could help to
remove potential solvent residues. Testing our extraction method
for changes of 14C/12C before and after extraction as well as
after hydrolysis of residual ester bound methanol yielded highly
similar percentages of modern carbon (pMC; Figure 1). A one-
way analysis of variance (ANOVA) revealed that there was no
significant difference (α = 0.05) between the groups.We conclude
that the 14C/12C ratios of SPE-DOM in our study are not
influenced by residual ester bound MeOH and likely represent
the 14C/12C ratios of bulk DOM.

Age Correlation of Molecular Entities
Principal component analysis (PCA) using the exact masses
of molecules with annotated sum formulae summarized 68.2%
of the variability in the molecular data by the first two
principal components (PC): PC1 49.2%, PC2 19.0%. The PCA
produced a well-separated clustering reflecting the 3 sampling
sites (Figure 2). The fitted environmental parameters DOC
concentration and pH were correlated with PC1. Cal 14C age
was correlated to PC2. In a previous assessment none of the
considered environmental parameters were correlated to PC2
(Roth et al., 2015). Our results show that cal 14C age can help
to interpret additional variability in DOM composition.

The radiocarbon activity of the samples ranged from 102 to
117 percent Modern Carbon (pMC). All samples were “modern”
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FIGURE 1 | Radiocarbon analysis of SPE-DOM before and after extraction

and after hydrolysis of potential residual ester-bound methanol.

FIGURE 2 | Ordination plot from PCA based on the molecular composition of

samples with cal. age data. All masses with molecular formula assignment

and their normalized FT-ICR-MS intensities were used for calculating the PCA.

DOC concentration, pH, growing season and cal. age were fitted as

environmental vectors.

and the calibrated ages ranged between 0 and 49 years (Table 1).
The within-site variability was higher than between sampling
sites, suggesting that radiocarbon ages in this study are not biased
through site-effects.

Fromhere onwe refer to negative/positive correlationwith age
of a molecular formula in cases when the rank relative intensity
distribution of the respective sum formula was significantly
descending/ascending between samples from low cal 14C age

to samples with higher cal 14C age, respectively. We observed
distinct differences in the m/z ranges as well as H/C and O/C
elemental ratios between the group of negatively and positively
correlated compounds (Figure 3). The masses of negatively
correlated formulae ranged from 250 to 450 m/z while the
positively correlated formulae ranged from 450 to 650 m/z.
This indicates that inputs into soil water DOM containing
recently assimilated carbon are likely of lower molecular weight
compared to molecular entities comprised of 14C-older carbon.
The full distribution of masses and respective rank correlation
strength values further suggests a continuous mass-age relation
rather than fractionated sub pools of young and old DOM
(Supplementary Figure S1). The finding of lower molecular
weight compounds being associated with more recent SPE-DOM
is consistent with results from an assessment of marine SPE-
DOM aging trends (Flerus et al., 2012). Previous studies of
marine DOM size fractions have suggested decreasing molecular
weight with increasing age (Kaiser and Benner, 2009; Benner
and Amon, 2015). Yet, direct comparisons between SPE-DOM
and studies using size-fractionation cannot be drawn due to the
differences in sample preparation and resulting observed mass
range.

In the forest environment one of the most prevalent sources
of young carbon is plant litter. Consequently, lignin-derived
molecules associated with the young carbon inputs are expected.
In the van Krevelen diagram indeed many of the negatively
correlated sum formulae can be estimated to represent lignin-
type structures from their elemental composition [H/C: 0.6 –
1.7, O/C: 0.1 – 0.6; (Antony et al., 2014)]. A search within
the ChEBI library revealed that the group of negatively 14C-
age correlated formulae could possibly be mostly comprised
of methoxylated phenylpropanoid-derivatives (Table 2 and
Supplementary Tables S1, S2). Lignin dimers were prominent
suggestions among flavonoids, coumarins and stilbenes, all of
which result from the phenylpropanoid pathway (Vogt, 2010).
This suggests that the group of negatively correlated compounds
represents inputs of plant biomass derived molecules that feature
recently assimilated carbon and are likely leaching from litter
decay processes.

Positively 14C-age correlated sum formulae were more
saturated and more oxygenated, their molecular weight was
higher and in some cases they contained nitrogen or sulfur as
heteroatoms (Table 2). From the elemental composition in the
van Krevelen diagram the positively correlated sum formulae plot
in the tannin-like area [H/C: 0.5 – 1.5, O/C: 0.6 – 1.2; (Antony
et al., 2014)]. However, database search did not select tannin-type
structures for positively correlated sum formulae even though
tannin structures are annotated in the ChEBI library and in
contrast structures of glycosylated phenylpropanoid derivatives
were suggested (Supplementary Tables S1, S3). The tannin area
in the vanKrevelen diagram lies aside the lignin and carbohydrate
areas [H/C: 1.5 – 2.2, O/C: 0.6 – 1.2; (Antony et al., 2014)] and
consequently the structure suggestions are very likely (Figure 3).

The observed 14C-age related trends regarding the elemental
composition and structure suggestions for the molecular entities
differ from aging trends in marine DOM, likely due to largely
different timescales of DOM aging. There, the composition
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TABLE 1 | Overview of the sample sites regarding pH, DOC concentration, length of the growing season and radiocarbon ages of SPE-DOM.

Site Plot number

designation

Sampling

depth (cm)

Sampling

month

pH DOC (mg/L) Length of the

growing season

(days)

Percent modern

carbon (pMC)

± std. dev. Median cal.

age (years)

Hainich 2 5 March 5.3 12.1 11 117.427 0.396 17

4 5 March 5.5 9.2 11 109.416 0.415 5

2 5 May 5.0 17.4 55 n.d.

4 5 May 5.0 15.7 55 108.939 0.460 4

2 5 November 5.0 27.6 237 n.d.

4 5 November 5.0 20.9 237 n.d.

Thann 1 5 March 4.5 55.5 8 m.f.

1 5 May 4.5 89.7 70 n.d.

1 5 November 4.3 42.7 235 113.842 0.512 13

Wetzstein 1 5 March 4.0 69.1 0 n.d.

3 10 March 4.0 120.5 0 110.583 0.375 9

1 5 May 4.3 96.0 41 113.203 0.412 12

3 5 May 4.3 64.4 41 111.045 0.387 9

3 10 May 4.0 151.9 41 105.572 0.401 0

1 5 November 4.0 61.9 199 102.014 0.443 49

3 5 November 4.0 100.1 199 106.953 0.403 1

n.d., not determined due to insufficient signal intensity.

m.f., measurement failed during run.

Standard deviation indicates instrument error range. Age calibration performed using OXcal with the NH1 bomb 2013 curve (Hua et al., 2013), denoted as years before

2005 (year of sampling).

FIGURE 3 | Van Krevelen and m/z plots highlighting sum formulae that were significantly (p < 0.05) positively or negatively correlated to cal 14C age. Circles in gray

represent all sum formulae that were detected in at least 8 out of 10 samples. Structure suggestions in the van Krevelen diagram adapted from Antony et al. (2014).

converged toward carboxyl rich alicyclic molecules (CRAM)
(Hertkorn et al., 2006; Lechtenfeld et al., 2014). Marker
compounds related to marine DOM degradation state (Flerus
et al., 2012) were entirely absent within the data set of this study.

From our assessment of the suggested structures of
molecular entities (Supplementary Tables S2, S3) that
were associated with 14C young and old carbon samples we
identified that plant-derived phenylpropanoid compounds
were core structural units for both groups, although it is
probable that there are other structural units that may
be suppressed during ionization (Nebbioso et al., 2010).

Molecular entities associated with 14C-young or old DOM
were characterized by a high degree of methoxylation and
glycosylation, respectively. This finding is consistent with a
previous investigation of plant-derived SOM (Gleixner et al.,
2002).

While demethylation is a long known processes during
lignin degradation (Jin and Kirk, 1990), it has recently
been reported that glycosylation of phenylpropanoids greatly
affects their bioavailability (Le Roy et al., 2016). In this
study we cannot disentangle if the observed glycosylated
phenylpropanoids remain from the original substrate or are
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TABLE 2 | Molecular information from FT-ICR-MS and correlation with cal. 14C

age.

Neg. correlation

with 14C age

Pos. correlation

with 14C age

H/C 0.95 1.12

O/C 0.32 0.63

DBE 11 11

DBE/C 0.58 0.48

DBE-O 5 −3

AI 0.50 0.24

mw 334.11 538.13

# sum formulae CHO 42 72

# sum formulae CHON 0 14

# sum formulae CHOS 0 1

# total suggested

structures

261 60

% aromatic 95 85

% methoxyl-containing 57 18

% glycoside-containing 2 88

Sum formulae are grouped based on their elemental composition: carbon,

hydrogen and oxygen (CHO), nitrogen (CHON) or sulfur (CHOS). Median values

are given for molecular characterization indices derived from the elemental ratios

and double bond equivalents (DBE) as well as for the aromaticity index [AI; (Koch

and Dittmar, 2016)] and molecular weight (mw).

synthesized in the environment. Yet, a combination of both
processes is probable. Glycosylated phenylpropanoids are widely
present in plants and glycosylated lignin oligomers can be
stored in leaf vacuoles (Dima et al., 2015). Due to the
increased solubility in water compared to their respective
aglycones, the glycosides might be preferentially leached during

biomass decomposition and accumulate in DOM over time.
Furthermore, glycosylation of phenylpropanoids increases their
stability by weakening their nucleophilic character as well
as their tendency to polymerize. Because polymerization and
reactions of phenylpropanoids with biomolecules are potentially
harmful if they happen in cells, active glycosylation of
these compounds could be a way for organisms to tolerate
elevated levels of otherwise toxic lignin-derived molecules.
This detoxification effect and the solubility increase are
especially crucial for lignin decomposers since degradation
products resulting from the activity of extracellular enzymes
must be taken up by the mycelium (Jeffries, 1994; Sanchez,
2009).

The introduction of 14C young molecules derived from lignin
degradation, their detoxification and stabilization can provide a
framework for 14C age related marker compounds. The differing
evolution of individual molecular entities over time is highlighted
in the relative intensity distributions of two possible ferulic
acid derivatives (Figure 4). Their final identification needs of
course further structural investigation. However, the preliminary
identification of C20H20O7 and C22H30O14 is likely as ferulic acid
is a key component of lignocellulose (de Oliveira et al., 2015).
On the one hand glycosmisic acid, a lignin dimer comprised
of a ferulic acid and a coniferyl alcohol substructure showed
linearly decreasing relative intensities with respect to increasing
age of the samples, suggesting continuous degradation. On the
other hand ferulic acid in its form as a disaccharide showed
strongly increasing relative intensities. From not being detected
in two samples with zero and one year of cal 14C-age, the
ferulic acid disaccharide entity built up to stable levels within
∼10 years. The observed build-up of persisting lignin derivatives
supports recent advances in dissolved lignin analysis, suggesting

FIGURE 4 | Effect of DOM age on FT-ICR-MS relative intensity distributions of ferulic acid derivatives. Trend lines are given in gray for visual support (top: linear

function, bottom: logistic function). ρs: spearman correlation coefficient; nisomers-ChEBI: number of suggested structural isomers for the respective sum formula.
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lability-based pools of lignin-derived molecules (Feng et al.,
2017).

The decrease in the relative intensities of the feruloyl-
coniferyl-dimer highlights the potential usability of lignin dimer
molecules as fast flow markers for 14C young, surface-derived
DOM inputs in the CZ. High abundances of this new marker in
ground water could indicate fast transport of water and DOM
through the subsurface. As aromatic organic matter is known
to interact with mineral surfaces, the potential applicability of
the proposed molecular markers in groundwater will depend on
the mineral structure of the respective subsurface environment
(Klotzbücher et al., 2016). Recent investigations show that a
considerable proportion of lignin-derived phenols might be
irreversibly sorbed to minerals (Kaiser and Guggenberger, 2000;
Hernes et al., 2013), thereby limiting the potential traceability of
lignin-derived markers into groundwater. Low pH conditions,
as are present in sandy forest soils, can further favor strong
OM sorption to mineral surfaces (Kleber et al., 2015). Therefore
further studies focusing on subsurface DOMare required in order
to decide which of the proposed potential marker compounds are
applicable in the respective pedologic settings.

CONCLUSION

14C age is a strong driver of DOM composition in the CZ.
14C-young DOM molecules linking to inputs from decaying
plant biomass could be identified by correlating individual sum
formulae to 14C ages of SPE-DOM. Since this approach was
applied only on water from forest top soils, it is important to
expand this method to other CZ compartments. Groundwater
DOM studies are needed to verify the applicability of lignin
derived molecules as potential marker compounds for fast DOM
transport.

We propose lignin derived molecules as potential markers
for 14C young DOM in the CZ as a result of their
prominence in chemical database suggestions for highly 14C
age correlated sum formulae and their direct link to the forest
environment. Still, they represent only a fraction of all 14C
correlated DOM compounds in our study. In general, chemical
transformation of phenylpropanoids so far seems to be an
underestimated factor when considering aging and transport of
terrestrial DOM. Their bioavailability and detoxification in the
environment emerged as a potential key driver in early DOM
evolution. However, further research using multidimensional
mass spectrometric experiments is needed to verify the

molecular identifications based on our database searches
(e.g., Ball and Aluwihare, 2014). Further recent methodological
advances such as liquid chromatography coupling (Hawkes et al.,
2018) and ion fragmentation (Osterholz et al., 2015; Zark and
Dittmar, 2018) have been successfully applied in DOM research
and can be applied in context to this study. Possible follow-up
studies using targeted approaches could be designed similarly to
recent investigations of root exudates with UPLC/ESI-QTOFMS,
which also detected C20H20O7, the sum formula of the feruloyl-
coniferyl-dimer highlighted in Figure 4 (Strehmel et al., 2014).

Overall, our findings support recent advances in biomarker
research, proposing degradability of lignin derived molecules and
using resulting leachates as marker compounds. Applying our
methodology in groundwater and tracing the already identified
potential markers will further improve our knowledge on
transport and evolution of DOM in the subsurface.
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Surface ecosystems are rapidly changing on a global scale and it is important to

understand how this influences aquifers in the subsurface, as groundwater quality

is a major concern for future generations. Dissolved organic matter (DOM) contains

molecular and isotopic signals from surface-derived inputs as well as from the biotic

and abiotic subsurface environment and is therefore ideal to study the connectivity

between both environments. We evaluated a 3-year time series of DOM composition

using ultrahigh resolution mass spectrometry and age using 14C accelerator mass

spectrometry along a hillslope well transect in the fractured bedrock of the Hainich

Critical Zone Exploratory, Germany. We found a wide range of DOM 14C depletion, from

114C = −47.9 to 114C = −782.4, within different zones of the shallow groundwater.

The 14C content of DOM mirrored the connectivity of the aquifers to the surface.

The composition of DOM was highly interrelated with its 14C age. The proportions of

surface-derived DOM components decreased with DOM age, whereas microorganism-

derived DOM components increased. The intensity of surface-sourced DOM signals

differed between the wells and likely reflected the hydrological complexity of fractured-

rock environments. During recharge, DOM was more enriched in 114C, contained

more surface-derived molecular components and was more diverse. As a potential

response to the varying DOM substrate, bacterial 16S rRNA gene analysis revealed

community evolution and increased bacterial diversity during recharge. The influx of

diverse, surface-derived DOM potentially fueled evolution within the autochthonous

bacterial communities, as in contrast to DOM, the bacterial community did not retreat

to the initial diversity and community composition during the recession period. Our

results demonstrate on the one hand that combined analyses of the composition and

age of groundwater DOM strongly contribute to the understanding of interconnections,

community evolution and the functioning of subsurface ecosystems and on the other

hand that changes in surface ecosystems have an imprint on subsurface ecosystems.

Keywords: Orbitrap, radiocarbon, groundwater, DOM, diversity, AquaDiva
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INTRODUCTION

Shallow groundwater ecosystems can rely on surface-fed inputs
of carbon and nutrients, which are largely controlled by the
hidden subsurface flow paths and recharge events (Ben Maamar
et al., 2015; Ward et al., 2017). Along the percolation paths,
molecular and isotopic signals of dissolved organic matter
(DOM) are incorporated from the surface biosphere as well
as from abiotic and biotic interactions in the soil and in
the unsaturated and saturated subsurface compartments (Katz
et al., 1998; Kujawinski et al., 2009; Kaiser and Kalbitz, 2012;
Kallenbach et al., 2016; Van Stan and Stubbins, 2018; Gross
and Harrison, 2019). Disentangling and tracing these integrated
signals has emerged as a key objective in exploring the links
between surface and subsurface systems within the Critical
Zone (CZ), the near-surface environment that hosts nearly all
terrestrial life (Küsel et al., 2016).

Informative subsections of the DOM pool that potentially
contain signaling information can be identified using non-
targeted ultrahigh resolution mass spectrometry (HR-MS;
Hertkorn et al., 2008, 2013). HR-MS facilitates the analysis of the
detailed molecular composition of DOM, generating information
on individual molecular formulae and enabling the interpretation
of molecular patterns across natural gradients (Jaffé et al., 2012;
Ohno et al., 2014; Kellerman et al., 2015; Kothawala et al.,
2015; Roth et al., 2015). Natural gradients of DOM age occur
in groundwater following recharge events that lead to mixing
or exchange of waters containing surface-sourced or in situ
produced DOM (Sukhija et al., 2006; McMahon et al., 2011).
Combined analyses of HR-MS and 14C age can therefore open
new perspectives regarding the evolution of DOM, its sources and
fate (Singer et al., 2012; Spencer et al., 2014).

Even though analyses of DOM composition and age have a
long history in CZ research, holistic studies of DOM evolution
in the CZ and the environmental signals that are integrated are
still missing (e.g., Wassenaar et al., 1991; Purdy et al., 1992;
Aravena and Wassenaar, 1993; Artinger et al., 2000). Time
series of the composition of DOM can be used to identify
sources, interactions and flow paths within the CZ (Jin et al.,
2014; Shen et al., 2015), that all vary, for instance following
groundwater recharge events, causing a high connectivity of
surface and subsurface compartments (Baker et al., 2000; Kaiser
and Guggenberger, 2005). Surface-derived inputs that enter an
aquifer system have been shown to contain signals linking to the
decay of plant biomass (Shen et al., 2015). Increasing proportions
of by-products resulting from the degradation of the phenolic
biopolymer lignin are therefore expected during groundwater
recharge (Benk et al., 2018). Continuous sorption/desorption
(Kaiser and Guggenberger, 2000; Kleber et al., 2015; Leinemann
et al., 2018) and microbial processing (Grøn et al., 1992; Einsiedl
et al., 2007; Simon et al., 2010; Fasching et al., 2014; Smith
et al., 2018) of surface-derived DOM along its path give rise
to new signals from the residues of the in situ microbial
communities. Specifically, the predominance of microorganism-
derived proteins and lipids are expected during the recession
periods (Kallenbach et al., 2016; Kujawinski et al., 2016; Ding
et al., 2018). Furthermore, the interactions of microorganisms

with DOM can drive community succession (Li et al., 2013;
Zhang et al., 2015; Wu et al., 2018). Previous investigations
have indicated that aquifer-surface connection and recharge
events are reflected in bacterial diversity and bacterial community
composition (Kolehmainen et al., 2007; Li et al., 2012; Cooper
et al., 2016; Hubalek et al., 2016).

We hypothesize that the infiltration of surface-derived DOM
with high molecular diversity could fuel bacterial diversity and
bacterial community evolution in the subsurface. To identify the
molecular and isotopic signals of aquifer-surface connection and
seasonal flow variation, we analyze a 3-year time series of DOM
composition and age from a well transect in a fractured bedrock
groundwater system. Further, we discuss potential responses
of the groundwater bacterial community to changes in DOM
diversity during recharge events.

MATERIALS AND METHODS

Study Site and Groundwater Sampling
for HR-MS Analysis
The study site is located in the Hainich Critical Zone Exploratory
(CZE) in NW Thuringia (central Germany) and represents a
hillslope sub-catchment of used groundwater resources under
temperate climate (Figures 1A,B). The Hainich CZE monitoring
well transect accesses a shallow groundwater flow system in
sloping thin-bedded limestone-mudstone alternations (Lazar
et al., 2019; Figure 1C). Along the eastern hillslope of the Hainich
low-mountain range, the contribution areas of the wells exhibit
forest, pasture and cropland use, whereas the outcrop areas of the
main aquifer are predominantly covered by forest or unmanaged
woodland (national park) (Kohlhepp et al., 2016). Each of the
five well sites features up to three groundwater wells, giving
access to different sampling depths. Lithostratigraphically, the
accessed bedrock belongs to the Upper Muschelkalk (Germanic
Triassic) and is of marine origin. The Upper Muschelkalk hosts
minor groundwater resources in mudstone-rich strata as well
as a regional main aquifer in thick bioclastic beds. Flow in
the minor groundwater resources (accessed by the wells H32,
H42, H43, H52, H53) was characterized as slow and diffusive,
taking place in fractures of dense limestones with low primary
porosity (Kohlhepp et al., 2017). The fractured to karstified
regional main aquifer (accessed by the wells H31, H41, H51)
allows for faster flow and surface connectivity. These differences
in the presumed flow modes result in a well oxygenated regional
main aquifer and partly oxygen-deficient minor groundwater
resources, leading to distinctly different biogeochemical milieus
regardingmetabolic processes as well as microbial habitats (Opitz
et al., 2014). Groundwater samples were collected every 3 months
(July 2014 – May 2017) from the midslope to footslope wells
(sites H3, H4, H5) that continuously provided water. Before
sampling, stagnant water was removed from the wells using a
submersible sampling pump (MP1, Grundfos, Denmark) until
steady conditions of physicochemical parameters were reached.
Ten liters of groundwater were collected in duplicate for each
time point of DOM measurement. Filtration to <0.3 µm was
carried out immediately on site over pre-combusted (500◦C/5 h)
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FIGURE 1 | (A,B) Location of the study site in Central Germany.

(C) Schematic cross-section of the Hainich CZE multi-well groundwater

transect showing the bedrock strata configuration and the screen sections in

m below ground level (after Lazar et al., 2019). Data sources: DEM GDI-Th,

DLM250 GeoBasis-DE/BKG 2016; dl652 d/by-2-0, http://govdata.de/dl-de/

by-2-0; satellite image: Copernicus Service information, 2018.

glass-fiber filters in sequence with pumping (Schwab et al., 2017).
The filtered groundwater was stored at 2◦C in the dark until
further processing.

Sample Preparation and HR-MS Analysis
Dissolved organic matter was extracted from the filtered
groundwater using solid phase extraction over PPL
(styrene-divinylbenzene polymer) cartridges according to
Dittmar et al. (2008). The extraction efficiency was ∼50%

on a carbon basis. Together with the samples, procedural
blanks of ultrapure water acidified to pH = 2 were extracted
for each sampling campaign. HR-MS analysis was carried
out at the Max Planck Institute for Biogeochemistry (MPI-
BGC) in Jena, Germany on an Orbitrap Elite (Thermo Fisher
Scientific; Makarov and Scigelova, 2004) using an UPLC
system (Thermo Fisher Scientific) without chromatographic
column for automated injection. The instrument was run in
negative ionization mode with a continuous flow of 20 µL/min
H2O/MeOH (50/50) and ESI needle voltage of 2.65 kV. 100µL of
DOM extract at a concentration of 20mg/L were injected and 100
scans of m/z 175–1000 and maximum 200 ms ion accumulation
time were acquired. Between each sample the injection system
was flushed for 10 min at 100 µL/min with H2O/MeOH.
Only peaks detected in both replicates and with a signal/noise
ratio (S/N) >4 were analyzed further. Peak intensities were
normalized to the sum intensity of the respective spectra to
account for known competitive ionization effects (Hertkorn
et al., 2008; Herzsprung et al., 2012). Molecular formulae were
assigned constrained by a maximum stoichiometry of C ≤ 60,
H ≤ 120, O ≤ 60, N ≤ 4, S ≤ 2, P ≤ 1. To identify bulk trends,
only mass peaks with successful sum formula assignment and
present in at least 10% of the total data set were considered
for statistical analyses. Molecular subgroups were assigned
based on the elemental ratios and the aromaticity index (AImod;
Koch and Dittmar, 2006, 2016) according to the classification
of Riedel et al. (2016). We focused on the four most abundant
molecular subgroups in our dataset: “Highly unsaturated”
compounds with AImod < 0.5 and H/C < 1.5, which also
contain phenols with aliphatic side chains (Santl-Temkiv et al.,
2013). “Polyphenols” with 0.50 < AImod < 0.66, containing
next to plant-derived polyphenolic substances also carboxyl
rich alicyclic molecules (CRAM; Hertkorn et al., 2006) and
condensed aromatics with aliphatic side chains (Santl-Temkiv
et al., 2013; Kellerman et al., 2015). “Unsaturated aliphatics”
were assigned for formulae with H/C ≥ 1.5 (Riedel et al., 2016)
and “peptide-like” compounds for H/C ≥ 1.5 and N ≥ 1.
We determined the relative proportions of these molecular
subgroups by summing the relative intensities of all the HR-MS
peaks within each group. To allow comparison of the within-
group trends, we normalized the relative proportion values by
the group’s respective maxima.

Radiocarbon Analysis
PPL extracts were dried into tin capsules, combusted to
CO2 in an elemental analyzer and subsequently graphitized.
The PPL extraction procedure was checked for potential
14C contamination in a previous study (Benk et al., 2018).
Radiocarbon analysis was carried out on a 3 MV Tandetron 14C
acceleratormass spectrometer at theMPI-BGC in Jena, Germany,
together with size-matched modern (Oxalic Acid II) and 14C-
depleted standardmaterials (Steinhof, 2013; Steinhof et al., 2017).
Age calibration was performed usingOxCal 4.3.2 (Bronk Ramsey,
2017) and the IntCal13 atmospheric curve (Reimer et al., 2013).
Radiocarbon data is reported as 114C, indicating the relative
difference in activity with respect to the standard, normalized

Frontiers in Earth Science | www.frontiersin.org 3 November 2019 | Volume 7 | Article 296



Benk et al. Fueling Diversity in the Subsurface

for δ13C and corrected for the decay between 1950 and the
measurement time y (Trumbore et al., 2016).

114C=
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0.95
14C
12C

]

OX1, −19
exp

((

y − 1950
)

/8267
)

− 1






×1000

The scale of 114C is given in parts per thousand, or h, and
typically ranges between +1000h (doubling of 14C relative to
1950) and −1000h (no 14C in sample) in natural samples. In
this study, we found only negative values of 114C and therefore
refer to DOM in relative terms as114C-old or114C-depleted for
strongly negative values and correspondingly as 114C-young or
114C-enriched for only slightly negative values.

Stable Isotope Analysis
Stable hydrogen (δ2H) and oxygen (δ18O) isotopes of
groundwater were analyzed at the MPI-BGC in Jena, Germany,
using a setup of a high-temperature reactor (TC/EA) coupled on-
line via a ConFlo III interface to a Delta+ XL isotope ratio mass
spectrometer (all units from Finnigan MAT). Measurements
were calibrated using in-house standards. The δ2H and δ18O
values of the in-house standards were regularly verified against
Vienna Standard Mean Ocean water (VSMOW: δ2H = 0h,
δ18O = 0h) and Standard Light Antarctic Precipitation (SLAP:
δ2H = −428.0h, δ18O = −55.5h). A detailed description of the
instrument method can be found in Gehre et al. (2004).

Bacterial Community Analysis
Groundwater samples for bacterial community analysis were
taken every 3 months between July 2014 and May 2017 on
the same days as sampling for DOM analysis. Genomic DNA
of groundwater (10 L) was enriched on conventional-sized
(0.2 µm) PES (Supor, Pall Corporation, until June 2016) or
polycarbonate filters (Nuclepore, Whatman; Merck-Millipore,
after June 2016). Filters were stored at −80◦C prior to DNA
extraction. Genomic DNA was extracted using a PowerSoil
DNA Isolation kit (MO BIO laboratories Inc., United States).
The primers Bakt_341F (CCTACGGGNGGCWGCAG) and
Bakt_805R (GACTACHVGGGTATCTAATCC) (Herlemann
et al., 2011) were used to amplify bacterial partial 16S rRNA
genes (V3–V4 region). The amplicons were purified using
NucleoSpin Gel and PCR Clean-Up Kit (Macherey-Nagel,
Düren, Germany). The amplicon sequencing was performed
on Illumina’s MiSeq platform using v3 chemistry (Illumina,
Eindhoven, Netherlands). The detailed amplicon library
preparation procedures were described by Kumar et al. (2018).
The sequence data was analyzed using mothur V.1.39.5 (Schloss
et al., 2009) according to the MiSeq SOP by Kozich et al. (2013).
The good-quality bacterial sequences were assigned into OTUs
based on VSEARCH abundance-based greedy clustering (AGC)
at 97% similarity (Edgar, 2010; He et al., 2015; Rognes et al.,
2016). The samples were rarefied to equal sequencing depth (3000
sequences) prior to analysis. The sequence data were deposited
in the European Nucleotide Archive (ENA) and can be retrieved
via their accession numbers listed in Supplementary Table S1.

Statistical Analysis and Visualization
All statistical analyses and visualizations shown in this study were
done in R 3.4.1 (R Core Team, 2019), using the packages “vegan”
2.4-5 (Oksanen et al., 2018) and “ggplot2” 2.2.1 (Wickham, 2016).
Principal component analysis (PCA) was performed on DOM
data with base R function “prcomp.” Using function “envfit” in
the package “vegan,” we fitted vectors showing the proportions of
major molecular subgroups and the 114C values onto the DOM
ordination. The data was not normalized prior to fitting. Only
parameters that were determined to have a significant fit using
function “envfit” are shown. The vectors indicate the direction
within the ordination space of the strongest increasing gradient of
the respective parameter. Principal coordinates analysis (PCoA)
was performed on bacterial community composition data of
well H41. The PCoA was based on Bray-Curtis dissimilarity
(calculated using function “vegdist” in “vegan”) to account for
the described problem of double absences, which in microbial
ecology should be considered as lack of information (Ramette,
2007). Shannon alpha diversity indices were calculated using the
function “diversity” in “vegan.” Rarefying bacterial community
samples to equal sequencing depth and adjusting DOM samples
to equal carbon concentration prior to HR-MS injection allowed
comparing the resulting diversity indices of bacterial and
molecular data sets.

RESULTS AND DISCUSSION

Spatial Patterns in DOM Age
The 14C depletion of DOM in the studied aquifers ranged
between 114C = −47.9 in well H32 and −782.4 in well H53. The
wells could be classified into three groups based on their 114C
values (Figure 2). H31, H32 and H51 possessed the least depleted
organic carbon with mean 114C = −129.0, corresponding to
calibrated 14C ages of ∼1000 years before present (BP). H42,

FIGURE 2 | Distribution of 114C values of SPE-DOM in the Hainich CZE

aquifers. Data from 07/2014 to 07/2017.
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H43, and H52 were characterized by medium 14C depletion
with mean 114C = −386.6, representing calibrated 14C ages of
∼4500 years BP. H53 showed the strongest depletion with mean
114C = −722.0, equal to ∼12000 years BP. The 14C depletion of
DOM from the wells in these three groups was relatively stable
over time with the between-well variability being larger than the
within-well variability. DOM from well H41 stood out, because
its variability over the 3 years of observations was remarkably
larger than in any of the other wells. The respective114Cmaxima
and minima for H41 ranged between the little depleted and the
medium depleted well groups.

The distribution of 114C values between the wells followed
more likely the hydrogeological than the stratigraphic layout
of the aquifer system. The wells H31 and H51 are both part
of the regional main aquifer that is likely well connected
to a large recharge area on the Hainich ridge (Kohlhepp
et al., 2017). Compared to the overlying minor groundwater
resources, inflow of a relatively larger proportion of surface-
derived modern carbon contributing to 14C-enriched DOM in
those wells is therefore probable. H32, the other well with 14C-
enriched DOM, follows an area of mixing between different
groundwaters and infiltration-recharge that is favored by uphill
sinkholes at the upper midslope. The medium 14C-depleted
wells H42, H43, and H52 share low-permeable rocks in laying
and hanging strata (Lazar et al., 2019) and are therefore most
likely cut off from direct surface-derived inputs, resulting in
the moderate 114C values of DOM in the water from these
wells. While H53 had similar characteristics to H52 regarding
the 114C of inorganic carbon (Nowak et al., 2017) and major
ion composition (Kohlhepp et al., 2017), DOM showed strong
14C depletion of in H53 relative to H52. The strong 14C
depletion of DOM in H53 supported the indicated ecosystem
compartmentalization by Lehmann and Totsche (2019), who
described those zones as hydrogeologically isolated within the
shallow groundwater flow system. Differences between the two
sites were previously observed in their fungal (Nawaz et al.,
2016) and archaeal communities (Lazar et al., 2017), suggesting
potential links between the 14C-depletion of DOM and the
in situ biosphere. Based on the 114C values of microbial
phospholipid fatty acids in selected groundwaters from this
transect, Schwab et al. (2019) showed that bacteria metabolize
different proportions of sedimentary, 14C-dead carbon. Similarly,
the large between-well variability of DOM 114C values in
this study suggested that varying proportions of in situ
incorporated and/or microbial transformed organic carbon have
mixed with inputs of 14C-enriched surface-derived DOM. To
further elucidate the organic matter dynamics suggested by the
distribution of 114C values, an in-depth analysis of the DOM
composition is required.

Spatial Patterns in DOM Composition
A PCA of the molecular composition of DOM summarized
53.3% of the variability by the first two principal components.
Additionally, we fitted parameters such as the proportions of
major molecular subgroups and the 114C values onto the DOM
ordination as vectors. Their directions indicated the strongest
increasing gradient of the respective parameter. A well-separated

FIGURE 3 | Principal component analysis (PCA) graph based on the

molecular composition of SPE-DOM in the Hainich Critical Zone aquifers.

114C values and relative proportions of major molecular subgroups were

fitted as vectors indicating the direction of the strongest increasing gradients.

clustering was produced along the two axes with the distribution
on PC1 strongly reflecting the 114C-based groupings and
variabilities (Figure 3). The gradient vector of 114C was parallel
to PC1, which supported the role of 14C depletion as a major
determinant of DOM composition (Flerus et al., 2012).

The gradient vectors of major molecular subgroups in DOM
indicated that DOM was spatially characterized by distinctly
differing proportions of these groups. We found that DOM
from the wells H31, H32, and H51 contained higher proportions
of highly unsaturated and polyphenolic compounds. Together,
these molecular subgroups identify labile, surface-derived DOM
components, likely derived from the degradation of plant
material in the recharge areas. Plant-derived DOM has been
previously characterized as more unsaturated and aromatic than
microorganism-derived DOM components (Einsiedl et al., 2007;
Fellman et al., 2008). The high proportions of polyphenols in
H31, H32, and H51 likely identify contributions from the decay
of the plant biopolymer lignin (Benk et al., 2018; Jia et al.,
2019). In contrast to the contributions of plant-derived DOM
to wells H31, H32, and H51, we found high proportions of
unsaturated aliphatic and peptide-like DOM components in
well H53, indicating microorganism-derived DOM (Kallenbach
et al., 2016). Since the peptide-like assigned group of compounds
could contain a multitude of different N-containing molecules,
we aimed at exploring this compound group in more detail.
We compiled structure suggestions from the ChEBI database
for the sum formulas that contained three or more nitrogen
atoms and whose relative intensities rose with increasing 14C age
(Supplementary Table S2). For half of the 26 nitrogen-rich sum
formulae oligopeptide structures were suggested by the database,
confirming the assignment of the peptide-like group. The results
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FIGURE 4 | Relative proportions of major molecular subgroups in DOM with

respect to 14C depletion, normalized to the respective within-group maxima.

Lines result of a locally estimated scatterplot smoothing (LOESS), gray areas

indicate 95% confidence intervals.

of the chemical structure assignment via the ChEBI database
supported our indication of high proportions of microorganism-
derived DOM in H53. Our findings from the spatial patterns in
DOM composition support our initial hypothesis that surface-
connection of the aquifers would be a strong driver for DOM
composition. We found high proportions of surface-derived
DOM in the wells with high surface connectivity (H31, H31,
H51). Isolation from surface-derived inputs (H53) resulted in
higher proportions of microorganism-derived DOM. The wells
with medium surface-connectivity were not clearly characterized
in the ordination by PCA. Therefore, a mixing of 14C enriched
plant material with 14C depleted microbial carbon is likely valid
over the whole Hainich CZ groundwater transect.

Relationship of DOM Composition and
Age
The spatial patterns observed in the wells indicated that DOM
composition and age were highly interrelated. To generalize
these indications to the whole 3 years of observations from all
wells of the transect, we normalized the proportions of each
molecular subgroup to their respective maximum and followed
their evolution with respect to 14C depletion (Figure 4). We note
that as a result of the normalization, the shown trends refer to
within-group effects. The non-normalized relative proportions
are shown separately in Supplementary Figure S1. The order of
relative proportion between the groups was: highly unsaturated
molecules >> unsaturated aliphatics > polyphenols > peptide-
like compounds. We found that with increasing 14C age, the
relative proportions highly unsaturated molecules decreased by
∼10% and those of polyphenols almost halved. In contrast,
unsaturated aliphatic and peptide-like substances more than
tripled. We observed a shift from the compositional signatures
of plant-derived DOM to microorganism-derived DOM. This
trend of continuous recycling and microbial transformation of
DOM in contrast to the accumulation of recalcitrant molecules
(that are chemically resistant to degradation), has been the

topic of extensive discussion in the soil community (Marschner
et al., 2008; Kaiser and Kalbitz, 2012; Lehmann and Kleber,
2015). Recently, Roth et al. (2019) indicated that during the
passage of DOM through soil, small plant-derived molecules
were preferentially consumed and transformed into larger
microorganism-derived molecules. Our results show that the
transition from plant-derived to microorganism-derived DOM
is reflected in groundwater as well. Based on this finding and
the previously discussed link between aquifer-surface connection
and DOM composition and age, we hypothesize that temporally
changing proportions of plant-derived and microorganism-
derived DOM in groundwater will reflect hydrological system
shifts that affected DOM transport.

Variable Input During Groundwater
Recharge Events
Investigating the temporal variability of 114C in DOM showed
that the wells H32, H41, H42, and H43 were characterized
by a yearly reoccurring pattern that was potentially linked to
their hydraulic head configuration. Their 114C values were
more enriched during the first quarter of the year and retreated
back to more depleted values in the remaining 9 months
(Figure 5A). This pattern was most pronounced in well H41.
The shift to less depleted 114C values coincided with the onset
of rising hydraulic heads as well as rising air temperatures and
precipitation at the end of the winter period (Figures 5B,C). The
groundwater levels (Figure 5B) showed pronounced seasonal
fluctuation with maxima in early spring (well H32) or early
summer (other wells) and minima occurring in late autumn
(2015, 2016) or late winter (2017). The latter is the consequence
of high (2014, 2015) or low amounts (2016) of precipitation in
the dormancy period and points to a fast-responding shallow
groundwater flow system. In the shallow well H32, responses
to single recharge events are contained in the hydrograph,
whereas responses are dampened and delayed in the wells with
larger contribution areas (Kohlhepp et al., 2017). The varying
hydraulic heads represented phases of elevated to reduced
groundwater recharge, as well as the variation in subsurface
flow patterns (Lehmann and Totsche, 2019). More 14C-enriched
DOM and correspondingly higher relative intensities of surface-
derived molecular species during phases of rising hydraulic
heads point to a fast subsurface passage. The configuration of
the fractured aquifer system in the Hainich CZE gave rise to
an uneven distribution of observed responses to the shifts in
hydraulic pressure associated with recharge events. It would
be reasonable to expect the strongest responses of the DOM
composition and age to recharge-related system shifts in wells
close to the recharge sources, such as H31 and H32 at the upper
midslope. However, we observed the largest variability in well
H41 with regards to intra-annual fluctuations of the hydraulic
heads as well as 14C depletion and molecular composition of
DOM. Our observations suggest that the exceptionally strong
recharge signals in H41 were not solely caused by directly
surface-sourced input, but instead potentially reflect a complex
temporal flow dynamic in the Hainich CZE fractured aquifer
system. Underlying aquifers have been suggested as sources for
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FIGURE 5 | Combined graph highlighting the connection of the 14C depletion of SPE-DOM and the hydraulic pressure layout of the Hainich Critical Zone aquifers

over three consecutive years. (A) 114C in SPE-DOM. Missing values resulted from either non-productive wells during the time of sampling or measurement failure.

(B) Hydraulic head configuration. (C) Cumulative 12-monthly precipitation and daily mean air temperature recorded by the meteorological station in Weberstedt

(MeteoGroup Deutschland GmbH, Germany; 270 m asl).

upward to lateral cross-stratal exchange between sites H4 and
H5, as inferred from exceptionally high sulfate concentrations
in waters from well H51 that are likely derived from evaporite
layers contained in the underlying Middle Muschelkalk strata
(Kohlhepp et al., 2017). Recharge-related episodic integration
of H4 into upward flow patterns could have caused the large
variability in H41. This hypothesis was supported by sulfate
concentrations in H41 being highest when DOM was 14C-
enriched (Nov 2015: SO4

2− = 75 mg/L, 114C = −383; Feb
2016: SO4

2− = 117 mg/L, 114C = −156). Thus, at the lower
midslope, the input of surface-derived DOM to the main aquifer
is likely coupled to ascending groundwater flow of meteoric

origin. A meteoric origin was likely, considering that stable water
isotopes at H41 did not show strong changes during the phases
of the observed shifts in organic matter composition and age
(Nov 2015: δ18O = −9.3, δ2H = −63.4; Feb 2016: δ18O = −9.0,
δ2H = −63.0).

Responses of the in situ Biosphere
As microorganisms are key mediators for the transformation of
DOM (Carlson et al., 2004; Young et al., 2004; Jiao et al., 2010;
D’Andrilli et al., 2019), we hypothesized that the variable DOM
input following groundwater recharge potentially affected the
bacterial communities in the aquifers. Here, we focused on the
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FIGURE 6 | Shannon alpha diversity values of DOM and the bacterial community in well H41 in response to groundwater recharge.

FIGURE 7 | Principal coordinates analysis (PCoA) graph based on Bray-Curtis

dissimilarity, summarizing the bacterial community composition in well H41

over 3 years of recharge and recession cycles.

temporal variation of DOM composition and age in well H41,
which showed the strongest responses to groundwater recharge,
disregarding already reported microbiological differences
between the transect sites (Opitz et al., 2014). In addition
to composition and age, also the Shannon alpha diversity
of DOM in well H41 followed a yearly cycle corresponding
to groundwater recharge (Figure 6). During late recharge
phases at the end of the winter season, DOM was more diverse
compared to the rest of the year. There was no significant
net change of DOM diversity in well H41 over the three
observed years. In contrast, the Shannon alpha diversity of
the bacterial community in well H41 showed an increase of
diversity over time, overlain by yearly cycles corresponding to

the DOM dynamics. Our data suggested that in our fractured-
rock ecosystem the alpha diversities of DOM and bacteria
were linked. A coupling between the diversities of DOM and
bacteria during groundwater recharge could occur as a result of
differing processes: (1) combined transport of surface-derived
DOM and diverse, allochthonous bacterial communities into
the aquifer (Pronk et al., 2006, 2009; Herrmann et al., 2019).
(2) Stimulation of the autochthonous bacterial community in
response to influx of diverse DOM substrate from the surface
(Zhang et al., 2015; Rajala and Bomberg, 2017; Wu et al., 2018).
The two potential drivers are not mutually exclusive and
could have a combined effect. Previous studies in comparable
carbonate-rock environments, though karst aquifers, reported
stable autochthonous bacterial communities (Farnleitner
et al., 2005), that were overprinted during recharge events by
allochthonous communities together with a peak of inflowing
DOM from the surface (Pronk et al., 2006, 2009). Combined
transport of DOM and allochthonous bacteria are likely common
phenomena, with potential stimulation effects of autochthonous
bacteria fading during the recession phase. In our study, the
molecular diversity of DOM returned to the pre-event state
after the recharge periods had ended, however, the bacterial
community diversity did not. A PCoA graph of the bacterial
community composition in well H41 further revealed that,
similar to the diversity dynamics, also the bacterial community
composition did not return to the original state in the recession
phases (Figure 7). Instead, the ordination suggested responses
to recharge that entailed community evolution. The overprinting
return, which happened for DOM during every observed
recession phase, was lacking for bacterial communities in H41.
This suggested that the autochthonous bacterial community was
stimulated by diverse, surface-derived DOM during recharge.
During groundwater recharge, the input of relatively more
diverse DOM potentially represented a wide range of food
types, allowing a diverse bacterial community to flourish, as has
been reported from culture experiments (Farjalla et al., 2009;
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Landa et al., 2013).Mixtures of allochthonous and autochthonous
carbon, simultaneously provided to freshwater bacterial
communities, can cause community shifts (Attermeyer et al.,
2014). In the fractured and stratified subsurface of the Hainich
CZE, mixing of subsurface waters is likely during intensive
recharge events in the winter season. In contrast to pronounced
karst aquifers, showing more distinct event-scale responses, our
retarded flow system within limestone-mudstone alternations
covers low-frequency responses, leading to the observed
trends in molecular and bacterial diversity and community
composition. The observed phenomena of the main aquifer
well H41 are the most pronounced along the well transect,
however, they highlight the rarely studied dynamics within
shallow groundwater resources. In this study we cannot finally
disentangle the individual effects of transport from shallow or
soil sources and stimulation by mobile DOM. However, our data
indicated that surface-derived DOM is a contributor to bacterial
community evolution.

CONCLUSION

Our study showed that the analysis of composition and age
of groundwater DOM, in combination with hydrochemical
and environmental data, creates a better understanding of
links between surface and subsurface ecosystems and of
drivers of microbial community dynamics in groundwater
ecosystems. Mostly overlooked dynamics of DOM diversity
are likely an important factor for the groundwater bacterial
community structure. We suggest that future studies take
into account the metabolic pathways that are relevant for
the biotransformation of DOM in groundwater. Extracting
metabolic pathway information from DOM will lead to
an increased specificity in targeting the coupling between
DOM and microbial communities, which will help in
separating autochthonous stimulation from transport effects
(Anantharaman et al., 2016; Bomberg et al., 2016). Advances in
assessing these links between DOM and microbial communities
in the CZ will aid future management of ecosystem services
such as crop production and water quality as human
demands on the environment are constantly increasing
(Brantley et al., 2007; Frimmel and Abbt-Braun, 2009;
Richter and Mobley, 2009).
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Abstract 21 

The decomposition of senescent plant material in the litter layer leaches dissolved organic 22 

matter (DOM), which fuels microbial life and carbon storage in the subsurface. Contrasting 23 

theories exist on the interactions between DOM, microorganisms and litter during 24 

decomposition, suggesting that they could be vegetation-specific or site-specific and that 25 

decomposer communities could function collaboratively or competitively. To disentangle the 26 

different theories, we performed a multi-omics analysis combining 16S rRNA gene amplicon 27 

sequencing, metaproteomics, metabolomics and DOM meta-metabolome profiling on a 22-day 28 

decomposition experiment using Beech, Oak, Pine and Grassland litter from two geologically 29 

distinct sites. Our data suggest that initial degradation processes are litter-specific and site-30 

independent. The predicted metabolic potential of the native decomposer communities was 31 

similar between different litter types, but the relative expressions of corresponding functional 32 

metabolites were optimized towards specific properties of the litter. A litter-dependent 33 

divergent succession of the native decomposer communities was likely driven by competition. 34 

The meta-metabolome in DOM revealed complex interactions of antibiotics release and 35 

resistance on all tested litter types, indicating a potentially critical role of natural antibiotics in 36 

facilitating competitive succession within decomposer communities. Our findings suggest that 37 

initially generalist decomposer communities undergo divergent competitive succession to 38 

functionally optimize for litter-specific properties. 39 

  40 
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Introduction 41 

Decomposition of senescent plant material and subsequent leaching of dissolved organic matter 42 

(DOM) from the litter layer into the subsurface are important steps in terrestrial carbon 43 

sequestration [1–4]. Since the decomposition process supplies forests, grasslands and 44 

agricultural fields with naturally available carbon and nutrients, detailed knowledge on the 45 

metabolism of decomposer communities is needed to assess the function and health of terrestrial 46 

ecosystems [5, 6]. While the critical role of microorganisms as mediators for the transformation 47 

of DOM leachates is well acknowledged [7, 8], our metabolic understanding of the conversion 48 

from plant-derived compounds to soil organic matter is still limited [9–15].  49 

The vegetation type could be a strong determinant of DOM. It would thus shape the decomposer 50 

community since the decomposition process is likely adapted to the plant’s metabolite profile 51 

[16–18]. During decomposition the chemistry of plant litter commonly converges [19–21], 52 

potentially leading to the evolution of DOM and microbial profiles, which relate strongly to 53 

site-specific environmental controls, such as mineralogy and pH [22–27]. Lab studies focusing 54 

on the microbial metabolization of DOM have shown that couplings are multilateral, 55 

simultaneously affecting both carbon dynamics and microbial community succession [28, 29]. 56 

However, how signals of microbial metabolism or community succession are molecularly 57 

expressed in the leaching DOM remains mostly unexplored. Competition and antagonistic 58 

behavior could be a driver of community succession during decomposition [30–32]. Thereby, 59 

the secretion of microbial antibiotics to suppress and compete against each other could have a 60 

significant impact on the composition of the leaching DOM [33]. 61 

By embracing several analytical perspectives, interdisciplinary multi-omics investigations have 62 

the potential to achieve an integrated view on DOM-microorganism interaction [34, 35]. For a 63 

joint metabolic and functional analysis of plant litter decomposition, we anticipated that 64 
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heterogeneous data covering the following analytical perspectives needed to be combined: i) 65 

Profiles of the plant metabolome to assess the input signal. ii) Taxonomic profiles of the native 66 

microbial communities and their succession. iii) Non-targeted profiles of the meta-metabolome 67 

in DOM to characterize their potential interactions. iv) Profiles of the metaproteome to identify 68 

microbial metabolic functions. As one of the most extensive database resources for 69 

understanding metabolism on a molecular level, the Kyoto Encyclopedia of Genes and 70 

Genomes (KEGG) could serve as a key integrative tool for multi-omics data on litter 71 

decomposition [36]. Metabolites, proteins and amplicon sequences of the 16S rRNA gene can 72 

be linked to KEGG either directly or via bioinformatical tools, that can infer functional profiles 73 

from microbial community compositions [37].  74 

The objective of this study was to elucidate the metabolic interaction between microorganisms 75 

and DOM during the decomposition of plant litter. We aimed at identifying spatial and temporal 76 

patterns as potential metabolic indicators for the state, function and change of near-surface 77 

carbon sequestration in terrestrial ecosystems. To test our hypotheses of site- and litter-78 

specificity, we conducted a lab-scale decomposition experiment using Beech, Oak, Pine and 79 

Grassland litter from two locations with distinct characteristic soils: one with sandy, acidic soil, 80 

one carbonaceous and with neutral soil pH. We did not employ any microbial inoculation, but 81 

aimed at following the metabolism of the native decomposer communities using a multi-omics 82 

approach comprised of metabolomics, 16S rRNA gene amplicon sequencing, metaproteomics 83 

and meta-metabolomics. 84 

Materials and Methods 85 

Sampling 86 

Senescent Beech (Fagus sylvatica) and Oak leaves (Fraxinus excelsior), Pine needles (Pinus 87 

sylvestris) and mixed grassland litter were sampled on two consecutive days in October 2017 88 
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in the Hainich forest (Thuringia, Germany) as well as in a forest near the village Linde, 89 

Märkisch Luch (Brandenburg, Germany). We chose a site replication of our sampling to avoid 90 

site-specific biases regarding both the composition of the native microbial communities on the 91 

plant material and the secondary metabolite composition of the plant material itself. The two 92 

specific sampling sites were selected as they are both well-studied and share a high similarity 93 

in their vegetation composition. The Hainich forest features near-neutral soil water (pH=6), 94 

whereas in the Linde forest the soil water is more acidic (pH=4–6). The differences in pH arise 95 

due to carbonate buffering in the Hainich forest soil, which developed on a bedrock of marine 96 

carbonate sediments from the Triassic era [38]. In contrast, the Linde forest developed on 97 

siliciclastic material from the Weichselian Glaciation during the Pleistocene. Thus, our site 98 

replication covers a wide range of the natural pH-related variability in both microbial 99 

community composition and secondary metabolite profile of the plant material. The plant litter 100 

was collected from the forest floor at single-specie stands within both forests, transported to the 101 

lab and immediately dried at 40 °C for 72 hours. A photographic overview of litter sampling in 102 

the Hainich forest, sample preparation and incubation setup can be found in Supplementary 103 

Figure S1. 104 

Experimental Setup 105 

The dried plant litter was coarsely cut and separately mixed with pre-combusted (500 °C / 5 h) 106 

acid-washed sand at a ratio of 3 g plant material per 100 g final mixture. The sand and plant 107 

material mixtures were placed inside 250 mL filter holders (Nalgene, ThermoFisher Scientific, 108 

Waltham, MA, USA) above GF/D and GF/F filters stabilized with pure sand. The glass fiber 109 

filters were pre-combusted (500 °C / 5 h) and the plastic filter holders were pre-autoclaved (121 110 

°C / 20 min). Sand and litter mixtures were set up in triplicate, resulting in 24 parallel 111 

decomposition setups (four plant litter types from two sampling sites replicated three times). 112 

We set up three blanks containing only sand with no plant material, which were treated and 113 
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sampled equally. The sand and litter mixtures were wetted with ultrapure water and checked 114 

daily for continuous wetness. After 2, 4, 8, 15 and 22 days 100 mL of ultrapure water were 115 

added to leach DOM from the litter. During this time, prolonged periods of stagnant water were 116 

avoided by accelerating throughflow using a soft vacuum of ~500 mbar for a maximum of five 117 

minutes. Immediately after the last leachate sampling, the sand and litter mixtures were sampled 118 

destructively into sterile falcon tubes for microbial community analysis.  119 

DOM extraction and meta-metabolomics 120 

DOM was extracted from the leachate samples using a common solid-phase extraction protocol 121 

on PPL resin [39]. The concentration of the extracts was adjusted to 20 mg/L in a 1:1 water and 122 

methanol solvent mixture. 100 µL of DOM extract were directly injected into an Orbitrap Elite 123 

mass spectrometer (Thermo Fisher Scientific). Electrospray ionization (ESI) was run in 124 

negative ionization mode. 100 scans of m/z 175-1000 were acquired per sample with detailed 125 

settings and sum formula assignment as previously described in [40, 41]. Metabolic pathway 126 

information was gathered from KEGG using their application programming interface at 127 

https://www.kegg.jp/kegg/rest/ (access date: 2019-11-04) [36].  128 

LC-MS based metabolic profiling 129 

Metabolic profiles were obtained by injecting 1 µL of each leachate extract on a LC- (Ultimate 130 

3000) Q-Exactive (MS) system (Thermo Fisher Scientific). Separations were achieved on a 131 

Accucore C18 column (100×2.1mm, 2.6µm, Thermo Fisher Scientific) by using a mobile phase 132 

of A: Water (with 0.1% formic acid (FA) and 0.2% acetonitrile), and B: Acetonitrile (with 0.1% 133 

FA) as follows: 0-0.2 min 100% (v/v) A isocratic, 0.2-8 min a gradient to 100% (v/v) B, 8-11 134 

min 100% (v/v) B isocratic, 11.0-12.0 min a gradient to100% (v/v) A, 12.1-14 min 100% (v/v) 135 

A isocratic. The flow rate was set to 400 µl/min. Electrospray ionization was set to negative 136 

ionization mode (spray voltage of 2.5 kV). Full MS acquisition with a resolution of 70.000 137 
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m/m, automated gain control (AGC target) of 3 × 106, and a scan range of 100-1500 m/z. Raw 138 

data files were then converted to mzXML format by using MSConvert (ProteoWizard 3.0). 139 

Data were processed with XCMS and CAMERA package under R 3.3.3 environment. 140 

Afterward, the peak matrix was filtered by removing background ions from negative control 141 

samples and features with a relative standard deviation (RSD) of >20%. 142 

Extraction of DNA 143 

DNA was extracted from the initial plant litter samples as well as from the sand-litter-mix after 144 

22 days of incubation. For each sample, 0.5 g of plant litter or sand-litter-mix were weighed 145 

into a silica beads tube, and 375 µl of 120 mM phosphate buffer (pH 8.0), 125 µl of TNC buffer 146 

(0.5 M Tris-HCl, 0.1 M NaCl, 10% CTAB, pH 8.0), and 500 µl of PCI 147 

(phenol:chloroform:isoamylalcohol 25:24:1, pH 8.0; Roth, Karlsruhe, Germany) were added. 148 

Bead beating was performed for 30 s at 6.5 m s-1 in an MP Biomedicals FastPrep-24 (Fisher 149 

Scientific, Schwerte, Germany), followed by centrifugation at 13,000 g for 5 min. The 150 

supernatant was transferred to a new tube, and the extraction from the plant litter or sand-litter-151 

mix was repeated twice as described. The pooled aqueous phases were extracted once more 152 

with PCI and once with chloroform:isoamylalcohol 24:1 (Roth), followed by an addition of 1 µl 153 

20 µg/µl glycogen and 1.5 ml PEG solution (30% PEG 8000, 1.6 M NaCl) for DNA 154 

precipitation. Following 2 h of incubation at room temperature, samples were centrifuged at 155 

14 000 g for 90 min at 4 °C, DNA pellets were washed with 75% ethanol and centrifuged as 156 

above for 20 min, and resuspended in 100 µl TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 157 

8.0). 158 

Amplicon sequencing of bacterial 16S rRNA genes 159 

Polymerase chain reaction targeting the V3 to V5 region of bacterial 16S rRNA genes was 160 

performed using primer pair Bact_341F/Bact_805R  and HotStarTaq Mastermix (Qiagen, 161 
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Hilden, Germany) as previously described [42, 43]. Purification of amplicons was done using 162 

NucleoSpin Gel & PCR Clean-Up Kit (Macherey-Nagel, Düren, Germany). Libraries for 163 

amplicon sequencing were prepared using the NEBNext Ultra DNA Library Prep Kit for 164 

Illumina (New England Biolabs, Frankfurt, Germany) following the manufacturer’s 165 

instructions. They were purified using AMPure XP beads (Beckman Coulter, Krefeld, 166 

Germany). Amplicon sequencing was carried out using a MiSeq Illumina platform (Illumina, 167 

Eindhoven, The Netherlands) with v3 chemistry. Analysis of raw sequence data was performed 168 

in mothur (v. 1.39) following the mothur standard operating procedures as previously described 169 

[44–46]. Sequences were binned to OTUs with a 3% identity cutoff, and OTUs were classified 170 

using the SILVA reference database release SSU 132 [47].  171 

Metaproteomics 172 

Protein extraction and sample preparation for LC-MS/MS measurements were performed 173 

according to [48]. In brief, the proteins were prepared by SDS-polyacrylamide gel 174 

electrophoresis (SDS-PAGE) for sample decontamination and in-gel digested by 0.5 µg trypsin 175 

(Sigma-Aldrich, St. Louis, USA), overnight. The extracted peptides were desalted using ZipTip 176 

filter (Thermo Fischer Scientific) following the manufacturer’s instructions and analyzed using 177 

liquid chromatography (HPLC, Ultimate 3000 RSLCnano, Dionex/Thermo Fisher Scientific, 178 

Idstein, Germany) coupled via a TriVersa NanoMate (Advion, Ltd., Harlow, UK) source in LC 179 

chip coupling mode with a Q Exactive HF mass spectrometer (Thermo Fisher Scientific). The 180 

samples were measured according to the settings outlined in Starke et al. (2017) [49]. The 181 

acquired raw data were searched by Sequest HT in Proteome Discoverer v2.1 (Thermo Fischer 182 

Scientific) against an in-silico protein database containing all bacteria (>106 sequences), 183 

downloaded 2017 from Uniprot. We considered only proteins with a false-discovery rate of 1%.  184 

Data Processing 185 



9 

 

Statistical data analyses, data transformations and visualizations were performed in R3.6 [50] 186 

using packages vegan [51], dplyr [52] and ggplot2 [53]. 187 

Weighted Correlation Network Analysis 188 

Weighted correlation network analysis (WGCNA) was performed on the HR-MS DOM data 189 

using an interactive web application available at https://shiny-bird.univ-190 

nantes.fr/app/Mibiomics [54]. 191 

WGCNA infers a weighted graph from DOM co-expression matrices [55], where nodes are 192 

sum formulae and edges describe the correlation between two corresponding sum formulae (i.e., 193 

edges weighted by their respective correlation scores). We used Pearson correlation to build the 194 

similarity matrix between all combinations of sum formulae in our data set. WGCNA employs 195 

soft thresholding by raising the Pearson correlation coefficients to a power p. The value of p is 196 

selected such that the resulting network exhibits an approximate scale-free topology 197 

(Supplementary Figure S2). At the same time, p should retain the highest mean number of 198 

connections, which in WGCNA is regarded as the row sum of the adjacency matrix. A signed 199 

adjacency matrix (A) was created as 𝐴𝑖,𝑗 = (0.5 ∗ (1 + 𝑐𝑜𝑟))𝑝
 with p=9. In a signed adjacency 200 

matrix, we consider the original sign of the correlation and negative Pearson correlations result 201 

in low adjacencies. To transform the adjacencies stored in A to node dissimilarities, we 202 

calculated the Topological Overlap Matrix (TOM). This score reflects the relative 203 

interconnectedness of two nodes as 204 

 𝑇𝑂𝑀𝑖𝑗 =  𝑙𝑖𝑗 +𝑎𝑖𝑗𝑚𝑖𝑛(𝑘𝑖,𝑘𝑗)+1−𝑎𝑖𝑗  205 

where l represents the connectivity to shared neighbors and k the total connectivity of each node 206 

individually [56–58]. The distance metric follows as 𝑑𝑖𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 = 1 − 𝑇𝑂𝑀. Hierarchical 207 

clustering of the node dissimilarities identified subnetworks, called modules in WGCNA. The 208 
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WGCNA dissimilarity matrix was scaled into a three-dimensional representation via classical 209 

multidimensional scaling and visualized with R package rgl [59]. 210 

Results and Discussion 211 

Simultaneous Divergence and Convergence 212 

We performed a parallel beech, oak, pine and grassland litter decomposition series over 22 days 213 

(Figure 1a). To test litter-specific and site-specific decomposition strategies we sampled 214 

similar vegetation litter from two forests, which differed in their soil mineralogy and soil pH, 215 

the likely strongest drivers of site-specificity for both DOM and microbial communities [22, 216 

23, 25, 26]. We investigated the uniqueness of the litter-derived metabolome over time using 217 

liquid chromatography-mass spectrometry (LC-MS). A principal component analysis (PCA) of 218 

the LC-MS data resumed 67.5% of the variability among the first two principal components 219 

(Figure 1b). It revealed significant initial differences between the metabolome of the broadleaf 220 

and coniferous tree litter as well as the grassland litter. Then, over the 22 days of decomposition 221 

the metabolome composition of all three tree litter types converged towards the grassland litter, 222 

which showed little temporal evolution after 8 days. The temporal change occurred mostly with 223 

the first principal component (PC), whereas the second PC spread the litter types. Noteworthy, 224 

the PCA did not reveal significant differences between the two sampling sites. Our LC-MS data 225 

suggest that i) the metabolome is initially litter-specific, rather than site-specific ii) the tree litter 226 

metabolome changes more strongly than the grassland litter over the 22 days of incubation iii) 227 

metabolome convergence occurs fast, reaching high similarity after 22 days. 228 

We performed amplicon sequencing of bacterial 16S rRNA genes on DNA extracted from the 229 

plant litter before and after the 22-day incubation. A PCA of the 16S rRNA gene sequencing 230 

data summarized 35.8% of the variability among the first two PCs (Figure 1c). The bacterial 231 

community compositions showed distinct differences between the litter types before and after 232 
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the 22 days of incubation, indicating high litter-specificity. Similar to the metabolome, there 233 

was only minor variability related to the sampling sites, but the bacterial communities did not 234 

converge with time. In contrast to the changes in metabolome profiles of the pine and oak litter 235 

(Figure 1b), their bacterial communities temporally evolved along divergent paths (Figure 1c). 236 

A pairwise Euclidean distance matrix of the 16S rRNA data showed that during decomposition 237 

the dissimilarity between all litter types even increased by ~6% (Supplementary Table S1). 238 

Our data suggest a divergent development of litter-specific bacterial communities. 239 

Convergence and divergence during litter decomposition have been reported previously, but 240 

rarely jointly observed. Various studies have reported convergence of chemical litter quality 241 

with time [19–21, 60, 61]. Studies targeting the microbial perspective have instead highlighted 242 

strong tree species preferences of fungi [18] and fast, litter-dependent community succession 243 

of both bacteria and fungi [62, 63]. Our findings are concordant with these previous 244 

investigations. Thus, we conclude that a focus on only one of the respective realms (chemical 245 

or biological) may lead to a very different perception of the decomposition process. 246 

Recent studies of microbial and DOM interrelations have shown the potential of meta-247 

metabolome analyses using non-targeted HR-MS to integrate the chemical and biological 248 

perspectives on metabolism and community succession during decomposition [29, 64]. To test 249 

this potential, we performed non-targeted HR-MS on the DOM leachates and summarized the 250 

results in a PCA plot, that resumed 39.2% of the variability (Figure 1d). The PCA revealed a 251 

high similarity between the initial day two samples of oak, pine and beech. From there the 252 

composition of the tree-derived DOM diverged until day 8. From day 8 to 22 we observed that 253 

the paths of temporal change of the tree-derived DOM in the PCA became more parallel. The 254 

grassland DOM did not share the initial similarity with the tree-derived DOM, but it converged 255 

and parallelized with the beech signal after ~8 days of decomposition. A comparison of all three 256 

PCA graphs in Figure 1 indicates that the non-targeted HR-MS data incorporated trends from 257 
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both the metabolomic as well as the bacterial community patterns, since it revealed initial 258 

divergence followed by parallel evolution and convergence. Even though our non-targeted HR-259 

MS DOM data combined some features of both the LC-MS and 16S rRNA gene analyses, we 260 

conclude that a complete integration of the patterns was not yet evident from the respective 261 

PCAs.  262 

We hypothesize that in a multi-omics approach, PCA (arguably one of the most common 263 

dimension reduction and visualization techniques in the field today) might be problematic in 264 

itself. PCA identifies the few most prevalent vectors of covariance within highly dimensional 265 

data while at the same time hiding unexplained minor variability components for more 266 

straightforward interpretation. This focus on the most significant gradients within each data set 267 

may amplify the most apparent differences between the analytical approaches, obscuring their 268 

subtler interrelations. Similarly, if the HR-MS DOM data contained information on the 269 

integrated metabolomic and bacterial patterns, the PCA might be unable to reveal them in their 270 

entirety, which advocates for a more detailed visualization of HR-MS DOM data. We proposed 271 

here the use of weighted correlation network analyses (WGCNA), which have already been 272 

widely applied for genomic, transcriptomic or proteomic investigations [65–69].  273 

We performed a WGCNA on the combined relative intensity matrix of 120 individual non-274 

targeted HR-MS spectra, which produced a weighted graph composed of 6 999 nodes (Figure 275 

2a). The topological position of two nodes within the network reflects the similarity of the 276 

individual molecules’ relative abundance evolution during the litter decomposition experiment: 277 

The closer two nodes are together, the higher the similarity between the relative intensity 278 

patterns of the individual molecules in non-targeted HR-MS. From the whole graph, we 279 

identified ten distinct subnetworks (called modules) depicted in different colors. The three-280 

dimensional shape of the network is tetrahedron-like, suggesting four potential endmember 281 
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components. These four endmembers could potentially correspond to the beech, oak, pine and 282 

grassland litter types used in the decomposition series or temporal components.  283 

To identify whether the input litter types and their temporal evolution indeed shaped the 284 

structure of the network, we analyzed each sample’s contributions to the network modules 285 

(Figure 2b). In WGCNA, the module eigenvalues depict these contributions. We found that 286 

the eigenvalues of the modules corresponded to both the input litter types as well as the temporal 287 

evolution of DOM. The two sampling sites of different soil pH and three respective replicates 288 

are minor contributors to the overall variability. Contributions from single litter types 289 

dominated seven of the ten network modules (in Figure 2b beech: black and brown, oak: blue, 290 

grass: magenta and turquoise, pine: green and red). The yellow network module represented the 291 

initial conditions of the tree species beech, oak and pine. This suggests that the DOM leached 292 

from the tree litter samples at the early stage of the experiment had significant compositional 293 

similarities and was distinct from the grassland DOM. The blue, green and magenta modules’ 294 

contribution patterns indicated that throughout the decomposition series, litter-specific 295 

compositional patterns were consolidating. The WGCNA revealed a divergent evolution of the 296 

tree-derived DOM from an initial similarity in the yellow module into seven modules that are 297 

dominated by respective contributions from only one litter type. However, the WGCNA also 298 

identified two modules that appeared to indicate convergence (pink and purple). The pink 299 

module describes a convergence between the beech, grass and pine litter, whereas the purple 300 

module refers to a convergence between the beech, grass and oak litter. These two distinct 301 

convergence modules filled the topological space between the endmember-corners (Figure 2c). 302 

We conclude that the DOM network topology strongly reflected the sources and processing of 303 

the individual litter material. Concerning the temporal evolution, the WGCNA revealed 304 

simultaneous convergence and divergence during litter decomposition. The samples’ 305 

contributions to the WGCNA modules suggest that distinct molecular patterns exist, which 306 
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relate to the plant litter species and associated decomposition processes, but are mostly 307 

independent of the respective sampling sites. 308 

The PCA (Figure 1c) and the WGCNA (Figure 2) captured the same major variability patterns 309 

in the non-targeted HR-MS data. Nevertheless, the WGCNA revealed more detailed 310 

information by identifying two local convergence points. Our multi-omics results suggest that 311 

during decomposition, litter-specific microbial strategies for the metabolization of the plant 312 

material can initially lead to a divergence in bacterial community composition. However, the 313 

release of common precursors from the breakdown of the plant litter can simultaneously result 314 

in a convergence of the litter metabolome. Our data indicates that HR-MS data on DOM has 315 

the potential to merge both perspectives and thereby potentially capture metabolic interactions 316 

during litter decomposition. However, detailed molecular analyses are needed to reveal these 317 

intricate interrelations within the complexity of DOM. 318 

Competitive Metabolism 319 

Databases like the Kyoto Encyclopedia of Genes and Genomes (KEGG) store two critical types 320 

of information, molecules and functions, which in combination describe a metabolic pathway 321 

per se [36]. We built a coverage map of metabolic pathways composed of molecules detected 322 

with non-targeted HR-MS and predictively assigned via KEGG as well as microbial functions 323 

predicted from the 16S rRNA gene via ‘Tax4Fun2’ ([37]; Figure 3). We hypothesized that 324 

higher relative coverage in both data sets could indicate potential metabolic interaction. In 325 

contrast, uneven coverage in the data sets could indicate i) the presence of plant metabolites 326 

without a corresponding microbial function to process them or ii) core microbial maintenance 327 

functions with a low overall impact on the extracellular DOM pool. As an overview of the 328 

potential metabolic interactions during our litter decomposition experiment, we report the 329 

average molecular and predicted functional coverages in Figure 3 as well as the full list of 330 
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values for each litter type, time point and sampling site in Supplementary Table S2. Among 331 

these factors, the standard deviations of the coverages were on average ±6% for the HR-MS 332 

data and ±4% for the 16S rRNA gene data, indicating overall high qualitative similarity. 333 

Generally, the layout of the metabolic pathways follows our hypotheses, as mentioned above. 334 

For example, the pathway ‘phenylpropanoid biosynthesis’, which refers to lignin precursors 335 

[70], is highly covered in DOM, but not in the 16S rRNA gene. This finding indicates the 336 

leaching and residual presence of litter-derived molecular components that cannot be explained 337 

by microbial activity. Correspondingly, central pathways of microbial maintenance such as 338 

‘ABC transporters’, ‘quorum sensing’ and ‘phosphotransferase system PTS’ [71–73] are highly 339 

covered in the 16S data, but have only a few hits in DOM. The pathways ‘steroid degradation’ 340 

and ‘polycyclic aromatic hydrocarbon degradation’ indicate bacterial catabolism [8, 74] and are 341 

among the most highly covered pathways in our analysis. Surprisingly, we furthermore found 342 

that several pathways, that are highly covered both in DOM and 16S, relate to the biosynthesis 343 

of antibiotics (Figure 3). Not only did we find high coverages in the broad overview pathways 344 

‘biosynthesis of antibiotics’, ‘biosynthesis of enediyne antibiotics’ and ‘biosynthesis of type II 345 

polyketide products’, which could still potentially be regarded as database biases, but there are 346 

many more specific hits as well. One of the most highly covered pathways ‘betalain 347 

biosynthesis’ refers to a compound that has been suggested to enable defense against pathogenic 348 

fungi [75]. The pathway ‘tetracycline biosynthesis’ refers to a typical class of antibiotics, which 349 

are effective against a wide range of gram-positive and gram-negative bacteria [76]. The 350 

pathway ‘phenazine biosynthesis’ hints at microbial defense, as phenazine production in 351 

biofilms has been shown to promote antibiotic tolerance [77]. Correspondingly, the pathway 352 

‘clavulanic acid biosynthesis’ indicates the production of a compound, not an antibiotic itself, 353 

but used to overcome β-lactam resistance in bacteria that secrete β-lactamase, which otherwise 354 

inactivates many common antibiotics [78]. 355 
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Our data suggest that bacteria may employ highly sophisticated attack and defense mechanisms 356 

during litter decomposition. Since fast microbial community succession has been shown 357 

previously during litter decomposition [79, 80], we hypothesize that the observed release of 358 

potential antibiotic compounds in our study might be a driver of such community change. 16S 359 

rRNA gene data reveals that Proteobacteria were the dominant phyla on all four litter types 360 

(Supplementary Figures S3 and S4). However, their relative abundance decreased by ~15% 361 

on average over the 22-day incubation, whereas Actinobacteria rose by approximately the same 362 

amount. Relative abundances of Actinobacteria have previously been shown to increase during 363 

litter decomposition and described as secondary generalist decomposers [79, 81]. The initially 364 

dominant phylum of Proteobacteria could be under increasing competitive pressure from 365 

Actinobacteria, who are generally known for their production of a variety of antibiotic 366 

compounds [82]. 367 

Since the HR-MS and 16S data are only predictive, we performed metaproteome analysis for 368 

functional validation [48]. Due to constraints in sample amount and protein amount, we only 369 

analyzed pine and grassland litter after 22 days of incubation. The metaproteome data are 370 

summarized in Supplementary Table S3. Here, we observed multiple defense functions of 371 

Proteobacteria and Firmicutes, namely beta-lactam resistance and cationic antimicrobial 372 

peptide (CAMP) resistance [83]. Monobactam and novobiocin biosynthesis could be assigned 373 

to Proteobacteria. Both are potent antibiotics [84, 85] and were predicted by our HR-MS and 374 

16S rRNA gene data as well (Figure 3). In accordance with the decrease of Proteobacteria, the 375 

metabolite coverages of the monobactam and novobiocin biosynthesis pathways also decreased 376 

(Supplementary Table S2). This finding suggests a distinct effect of competitive metabolism 377 

and community succession on the relative proportions of metabolites within DOM. 378 

Metabolic Specificity and Redundancy 379 
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Our data mapping to metabolic pathways revealed a diverse array of potential (16S rRNA gene 380 

amplicon sequencing) and likely active (metabolomics and metaproteomics) metabolic 381 

functions during litter decomposition (Figure 3). As discussed, with ±6% and ±4% standard 382 

deviation, the differences in pathway coverage between the litter types were marginal. This 383 

finding supports a prevalent theory in microbial ecology, which suggests high functional 384 

redundancy in soils, especially in the context of organic matter decomposition [86, 87]. In 385 

contrast, our weighted network analysis of DOM, based on relative abundances, suggests the 386 

emergence of highly litter-specific molecular patterns (Figure 2). This finding supports theories 387 

of metabolic specificity during decomposition [18, 88].  388 

We integrated our molecular network and pathway prediction to resume metabolic specificity 389 

and functional redundancy during litter decomposition (Supplementary Table S4). We found 390 

that the distribution of the functional metabolites in the network differed sharply between 391 

pathways (Figure 4). The pathway ‘alpha-linolenic acid metabolism’ is distinctly associated 392 

with the green module, which represents high relative abundances in the pine litter. The 393 

pathway ‘polycyclic aromatic hydrocarbon degradation’ however shows an opposite pattern, 394 

being under-represented in the pine litter modules (green and red). Even though the coverages 395 

of both pathways are similar between the litter types, the respective metabolite profiles reveal 396 

litter-specific relative expression patterns. Since the litter in our decomposition study was 397 

coarsely cut, the pine needles were structurally intact. The metabolization of the needle wax 398 

covers, which have been shown to contain alpha-linolenic acid, could have required priority in 399 

the decomposition process of the pine litter [89]. The breakdown of the polymerized aromatic 400 

hydrocarbons from lignin could, as a result, be delayed during pine needle degradation. This 401 

finding indicates that while the decomposition processes are likely functionally redundant from 402 

a qualitative perspective, the relative expression of individual pathways is potentially optimized 403 

towards specific functional requirements stemming from the structure and composition of the 404 
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particular litter types. Conversely, we did not find a litter-specific association to explain the 405 

competitive aspects of the decomposition processes. The metabolites annotated into the 406 

pathway ‘biosynthesis of antibiotics’ were spread throughout the weighted network graph. 407 

Thus, our data suggest that in contrast to the specificity of pathways, which directly facilitate 408 

litter breakdown, competitive metabolism could be a universal feature of the initial 409 

decomposition process, confirming proposed global patterns of microbial competition in the 410 

topsoil [90]. 411 

Conclusions 412 

Our study expanded on recent advances in deciphering metabolic systems that facilitate carbon 413 

sequestration in terrestrial ecosystems. A network analysis identified litter- and metabolism-414 

specific molecular assemblages within the complexity of DOM. These could develop into 415 

indicator patterns for the metabolization and storage of plant-derived carbon in soil and 416 

contribute to assessments of the function and health of terrestrial ecosystems. In this 417 

investigation, we highlighted the potential of integrating heterogeneous data from multi-omics 418 

to reveal functional interactions between microorganisms and DOM. Our findings suggest that 419 

even though the metabolic potential of decomposer communities is functionally redundant from 420 

a qualitative perspective, the relative expression of decomposition functions is optimized 421 

towards the properties of the immediate substrate. Resulting functional specialization likely 422 

induces adaptive metabolic divergence and competitive community succession especially in the 423 

early stages of decomposition, while as a result, the remaining plant metabolome 424 

simultaneously converges. Irrespective of litter- or site-specific substrate properties, complex 425 

interactions of antibiotics release and resistance potentially play a critical role in facilitating 426 

competitive succession and functional optimization within decomposer communities in general.  427 
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Figure captions 700 

701 

Figure 1 a Conceptual overview of the study design. b PCA of the LC-MS results indicates 702 

chemical convergence, likely induced by the release of common plant precursors during the 703 

breakdown of the litter material. c PCA of the 16S rRNA gene barcoding data indicates 704 

divergence, suggesting a litter-specific community evolution. d PCA of the HR-MS data reveals 705 

a divergence between the tree-derived DOM, yet convergence between the beech and grass-706 

derived DOM after ~8 days. 707 
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Figure 2 a Weighted Correlation Network Analysis (WGCNA) of a combination of 120 HR-709 

MS DOM spectra. The weighted graph consists of 6 999 nodes, each representing a sum 710 

formula. The dissimilarity of the nodes over 120 HR-MS spectra is scaled into the three-711 

dimensional distance. b Contributions of the DOM samples to the network modules. The 712 

samples are grouped by litter type. Each bar summarizes three biological replicates. A lighter 713 

color shade indicates bars containing samples from the Linde forest, a darker shade samples 714 

from the Hainich forest. c Summary graph indicating simultaneous divergence and convergence 715 

during litter decomposition. 716 
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717 

Figure 3 Multi-omics functional prediction graph via KEGG based on average coverages in 718 

DOM HR-MS and 16S rRNA gene amplicon sequencing. The font size is scaled relative to the 719 

respective pathway size. Underlined predictions could be validated by metaproteomics on the 720 

pine and grassland litter. Pathways highlighted in red indicate competitive metabolism through 721 

antibiotics release and resistance. 722 
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 723 

Figure 4 Distinct metabolic pathways are highlighted within the same DOM HR-MS weighted 724 

correlation network. Pathways indicative of the degradation of needle waxes (top) and lignin 725 

(middle) are highly and little expressed in the pine litter, respectively, suggesting specifically 726 

optimized degradation strategies. Molecules in the pathway biosynthesis of antibiotics (bottom) 727 

do not show any litter-specificity, indicating potentially universal competitive metabolism 728 

during litter decomposition. 729 


