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Abstract: Microbial communities and dissolved organic matter (DOM) are intrinsically linked within
the global carbon cycle. Demonstrating this link on a molecular level is hampered by the complexity
of both counterparts. We have now investigated this connection within intertidal beach sediments,
characterized by a runnel-ridge system and subterranean groundwater discharge. Using datasets
generated by Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) and Ilumina-
sequencing of 16S rRNA genes, we predicted metabolic functions and determined links between
bacterial communities and DOM composition. Four bacterial clusters were defined, reflecting
differences within the community compositions. Those were attributed to distinct areas, depths, or
metabolic niches. Cluster I was found throughout all surface sediments, probably involved in algal-
polymer degradation. In ridge and low water line samples, cluster III became prominent. Associated
porewaters indicated an influence of terrestrial DOM and the release of aromatic compounds from
reactive iron oxides. Cluster IV showed the highest seasonality and was associated with species
previously reported from a subsurface bloom. Interestingly, Cluster II harbored several members of
the candidate phyla radiation (CPR) and was related to highly degraded DOM. This may be one of the
first geochemical proofs for the role of candidate phyla in the degradation of highly refractory DOM.

Keywords: microbial diversity; dissolved organic matter; DOM; functional diversity; sandy beach;
intertidal area; North Sea; SGD

1. Introduction

Dissolved organic matter (DOM) is one of the major carbon sources within the oceans
and an active compartment of the global carbon cycle [1]. In the water column, it is pro-
duced and released by phytoplankton [2], making it one of the main nutrient sources for
heterotrophic bacteria in marine environments [3]. Another large source of chemically
distinct DOM is terrestrial runoff through rivers and groundwater into the coastal ocean [4].
The release of terrestrial and marine DOM from rivers and coastal sediments, together
with inorganic nutrients like dissolved iron and ammonium, has been shown to fuel phyto-
plankton blooms, thus transforming terrestrial inorganic and organic matter into marine
algal-produced DOM [5,6]. Labile, low molecular weight compounds like phytoplankton-
derived organic matter (OM) are degraded preferentially. In comparison, high molecular
weight plant polymers, e.g., cellulose or lignin, accumulate as specialized enzymes are
necessary for their degradation [7]. It is estimated that 90% of the oceans’ carbon pool is
refractory dissolved organic carbon [8]. The most stable compounds within that pool form
the so-called island of stability with a turnover time of geological timescales [9]. Despite
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the methodological challenges, the composition and fate of DOM has been investigated in
many aquatic environments like oceans, rivers, and estuaries [10–13] as well as the pore-
waters of terrestrial and marine environments [14–16]. The fate of DOM in subterranean
estuaries (STEs) and porewaters of intertidal areas is of special interest, since here terrestrial
and marine components are mixed, substantially altered, and potentially released again
into the coastal ocean [17]. These processes take place along the flow paths of STEs and the
so-called intertidal seawater recirculation cell [6,18]. At sandy and high energy beaches, the
remineralization is additionally enhanced due to elevated recharge of oxic seawater and
organic matter by strong physical forcing. In combination with advective porewater flow,
both lead to enhanced rates of an initial aerobic degradation of DOM [18,19]. In previous
studies on porewaters of North Sea tidal flat margins [20] or a sandy beach aquifer [21], it
was found that those sediments are also sources of recalcitrant and dissolved back carbon
(DBC) for the coastal ocean. Based on the composition of inorganic constituents, this
discharge was linked to anoxic processes, yet overlooking the microorganisms driving
those processes.

Heterotrophic bacteria in marine sediments not only depend on the import of fresh
DOM from the water column [22], but out of necessity, many are also capable of degrading
older and more recalcitrant DOM [23,24]. Their potential to degrade OM depends on envi-
ronmental factors like electron acceptor availability [25], quantity and quality of OM [26],
and a wide variety of other factors such as temperature-driven kinetics and porewater
residence time [27]. Furthermore, their physiological capability of OM degradation is
determined by functional traits like (exo)enzymes necessary to break down larger poly-
mers [28,29] and the pathways to degrade a certain substrate spectrum. Phyla like the
Flavobacteria and Planctomycetes can usually degrade a wide range of polymers [30],
while groups like Gammaproteobacteria and Deltraproteobacteria are known for their
capability of fermentation or using small volatile fatty acids, respectively [31–33]. A group
of organisms probably involved in the degradation of highly recalcitrant DOM is the “can-
didate phyla radiation group” (CPR group). They are found in a wide range of habitats
from freshwater [34] and marine environments [35,36], but also the terrestrial realm [37]
and aquifers [38,39]. They are supposed to be obligate symbionts or syntrophs due to their
lack of essential biosynthetic genes [38,40]. Nevertheless, metagenomic evidence suggests
that they are capable of degrading complex DOM like cellulose, starch, and lipopolysac-
charides [41]. By supplying degradation products like acetate to the surrounding microbial
community, they might have a “priming” effect on carbon cycling within their respective
environment [41,42].

Despite the obvious link between microorganisms and DOM cycling, only a few
studies have investigated the mutual influence of DOM and bacterial diversity so far. For
instance, correlations between labile DOM and the active part of bacterial communities
were detected within the coastal North Sea [43]. Those correlations could be subtle due to
steady state substrate conditions within the water column. However, heterotrophic bacteria
likely play a major role in the production of recalcitrant DOM [44]. In another study by Oni
et al. [45], algal polymer-associated microbial communities were detected in muddy surface
sediments of Helgoland (Germany), while deeper sediments were dominated by microbes
known for degrading more recalcitrant DOM. They could also observe a correlated shift
in DOM composition from oxygen rich aromatics with a low hydrogen-carbon ratio and
highly unsaturated molecules to compounds containing less oxygen while having a higher
hydrogen to carbon ratio. Based on those findings, we aimed to expand this knowledge
by investigating DOM cycling in sediment porewaters and connecting it with bacterial
community structures and predicted metabolic functions.

As a model study site, we chose a high-energy beach in the German North Sea. Previ-
ous studies found indications of rapid and efficient organic matter degradation, resulting
in the accumulation of inorganic nutrients and recalcitrant DOM along the advective pore-
water flow paths [19,46,47]. Studies on microbial diversity revealed a large core community
as well as cross-shore gradients across the intertidal area [19,48,49]. However, diversity
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data only allow speculations about functional diversity, making it difficult to establish
links between microbial metabolism and molecular traits in DOM. By additionally using
the bioinformatic tool Tax4Fun2, it is possible to infer functions from 16S rRNA gene
amplicon data based on metagenomic reference databases [50]. Hypothetical functional
profiles are partly comparable to metagenome sequencing and allow for the generation of
a nuanced artificial dataset to characterize functional properties of the microbial commu-
nities. In this study, we applied this novel data processing tool, and furthermore used a
conditional inference tree to determine the factors responsible for the observed community
compositions.

The main questions we wanted to answer were: (i) Are there patterns in DOM com-
position and functional community profile across the intertidal area? If so, (ii) can we
detect relationships between bacterial diversity, their metabolic potential, and the DOM
composition, gaining insight into the processes dominating DOM remineralization within
the beach sediments? To do so, we used 16S rRNA gene amplicon data, predicted functions,
and linked them to a DOM dataset obtained by FT-ICR-MS. The analysis spans the upper
meter of sediment, sampled along two transects across the intertidal area at three different
seasons.

2. Materials and Methods
2.1. Site Description

Spiekeroog Island is part of the East Frisian Barrier Island chain located in the southern
North Sea, with the German Wadden Sea in its back barrier region. The island harbors a
subsurface freshwater lens, which is separated from sea water by a density gradient and
which partially flows northward to form a subterranean estuary (STE) facing the open
North Sea. The intertidal area of this STE is characterized as a mesotidal, sandy, high energy
beach with a runnel-ridge system. This system is frequently relocated within the intertidal
area due to tides, waves, and storm surges. At elevations above the mean sea-level,
seawater infiltrates into the sediments, while areas below are net submarine groundwater
discharge (SGD) areas of the STE [51]. Due to the strong beach morphodynamics, in- and
exfiltration areas are not static. Thus, the discharge is patchier than observed for other
STEs. Detailed descriptions of hydrogeochemistry, geochemistry and microbial diversity
can be found in previous studies investigating the Spiekeroog STE [19,52,53].

2.2. Sediment Sampling and Porewater

Samples were collected in October 2016, March 2017 and August 2017 at the seaward
beach of Spiekeroog Island. Sediment cores were recovered with aluminum core liners
along two transects between the high (HWL) and low water line (LWL). Four cores were
taken along each transect at specific topographical features: HWL, runnel, ridge, and LWL.
During the first sampling campaign in October 2016, an additional sediment core was
retrieved at the LWL (LWLb). Due to the tidal range, this site was not accessible during
the following sampling campaigns. All cores were subsampled at 0–2, 10–12, 30–32, 50–52,
and 100–102 cm depth using sterile cut-off syringes. Samples were stored frozen at −20 ◦C
until further processing as previously described in Degenhardt et al. [48].

Porewater samples were obtained by using stainless steel push-point samplers and
pre-rinsed polyethylene syringes and were processed according to Ahrens et al. [46] for
O2, NO3

−, NO2
−, NH4

+, Fe, and Si. PO4
3− was determined photometrically, following the

methods of Itaya and Ui [54] for samples with concentrations below 2.1 µM and Laskov
et al. [55] for samples exceeding 2.1 µM PO4

3−. Porewater samples used for DOC analysis
were treated and processed according to Waska et al. [53], and DOM samples were extracted
and analyzed with ultra-high resolution Fourier-transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS) according to Waska et al. [47]. In addition to the chemical
characteristics (e.g., elemental ratios and compound classes) and molecular indices (e.g.,
Ideg and ITerr), which were calculated in the same way as in Waska et al. [47], we included
here the homologous series network number, which is described in Merder et al. [56] as
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part of the ICBM-OCEAN data processing output. DNA extraction was performed with
Phenol chloroform after a modified protocol of Lueders et al. [57] and Gabor et al. [58].
PCR as well as sequencing settings can be found in Degenhardt et al. [48].

2.3. Bioinformatics and Statistical Analysis of Sequence Data

Raw sequence data were processed as described in Degenhardt et al. [48]. In short,
dissimilarities between samples were calculated using the Bray-Curtis dissimilarity applied
on Hellinger transformed bacterial read counts [59]. Hierarchical clustering using the
complete linkage algorithm was performed on the resulting dissimilarity matrix to cluster
samples based on similar community composition [59,60]. The optimal number of clusters
was five based on the silhouette coefficient, which quantifies the quality of clustering
achieved. The silhouette coefficient is based on the arithmetic mean of silhouette values,
which are calculated for each sample and represent how well a sample fits into its attributed
cluster compared to the next neighboring cluster. Thus, with this analysis, not only the
optimal cluster number can be identified but also the strength of each sample to belong
to its cluster. As cluster V represents only one sample, it was excluded for the following
interpretation, and the subsequent analysis was based on the four remaining clusters. For
each of the clusters, bacterial species that are representative for their respective cluster were
identified based on the indicator species value (IndVal) [61]. This value is calculated for
each species-cluster combination and is defined as the product of the fidelity of a species
(average relative abundance of speciesj that are in a clusterk divided by the sum of average
relative abundances of speciesj in all other clusters) and specificity of a species (proportion
of samples in the clusterk that contain the speciesj). Statistical significance of the IndVal for
a species cluster combination is based on permutation tests. The p-values were corrected
for multiple testing based on the Benjamini-Hochberg method [62]. Only significant
(padj < 0.05) zOTUs were considered in the follow-up analysis and interpretation [62]. To
link the DOM composition to the observed bacterial clusters, we also repeated the IndVal
analysis on Hellinger transformed data of intensities of molecular formulae identified
in DOM.

We fitted a Conditional Inference Tree to explain the observed clustering by chemical
and metabolic covariates [63]. Those covariates included chemical parameters such as O2,
NO3

−, NO2
−, NH4

+, Fe, Si, PO4
3−, and DOC, as well as the predicted presence of genes

indicative for, e.g., nitrification, denitrification, sulfate reduction, or polymer degrading
enzymes. A Conditional Inference Tree is a class of decision tree that applies binary splits at
thresholds of explanatory variables to lead to an optimal separation between clusters. The
threshold and explanatory variable that leads to the lowest p-value based on a permutation
test statistic is selected at each split. If no further splitting increases the separation into
clusters significantly (here p ≥ 0.001), splitting stops. Results are visualized as a binary
tree. Because we know how well a sample fits into its respective cluster based on the
silhouette value calculation, we used this value as additional weighting in the Conditional
Interference Tree analysis.

2.4. Functional Prediction Using Tax4Fun2

Functional prediction based on the 16S rRNA genes was carried out using Tax4Fun2 [50]
and R (version 4.0.3) available online: http://www.R-project.org (accessed on 10 October
2020). Tax4Fun2 relies on the SILVA [64] and KEGG [65] databases and associated 16S rRNA
genes with specific KEGG orthologues and pathways. Tax4Fun2 was able to use on average
4.998% (Cluster I), 4.305% (Cluster II), 4.957% (Cluster III), and 39.912% (Cluster IV) of all
sequences to a functional profile representing 3.463%, 3.147%, 4.957%, and 12.702% of all
zOTUS respectively. The low prediction efficiencies are probably related to the usage of all
zOTUs also uncultivated or unknown, considerably lowering the prediction efficiency. The
output was plotted in heat maps using the R packages “ggplot2” [66] and “gridExtra” [67].
Hereby, we focused on key genes, which are frequently used to detect metabolic pathways
within environmental samples, since they encode for enzymes catalyzing a specific reaction

http://www.R-project.org
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by microbial cells. The entire list of genes that were screened can be found in the heat maps
within the Supplementary Material Figures S2–S8.

3. Results
3.1. Clusters in Community Composition

The community composition of the investigated beach has previously been described
as very homogeneous. We achieved a more detailed insight by using a statistic approach
to find the optimal number of clusters within the bacterial communities that describes
its composition. Four clusters with an individual composition and distribution across
the intertidal zone of Spiekeroog beach were identified (Figure 1). Based on Indicator
species values (IndVal), cluster I was composed of 68 zOTUs (IndVal 0.73–0.32), cluster
II of 153 zOTUs (IndVal 0.95–0.17), cluster III again of 68 zOTUs (IndVal 0.92–0.14), and
cluster IV of 36 zOTUs (IndVal 0.92–0.17). We only considered IndVals that are significantly
high after p-value adjustment. Focusing on the 20 “best” hits based on their IndVal, cluster
I was dominated by Flavobacteria (n = 9), the other groups present being Planctomycetes
(n = 3), Alphaproteobacteria (n = 2), Gammaproteobacteria (n = 3), Verrucomicrobia (n = 2),
and Kirimatellaeota (n = 1). Cluster II was not only the largest but also most heterogeneous
group with Acidobacteria (n = 3), Chloroflexi (n = 1), Actinobacteria (n = 2), Gammapro-
teobacteria (n = 4), Deltaproteobacteria (n = 1) Chlamydiae (n = 3), Myxococcales (n = 1), the
candidate phyla Candidatus Yanofskybacteria, Candidatus Omnitrophus, and Candidatus
Protochlamydia. Cultivated closest relatives of the latter are known as endosymbionts of
amoeba [68].

Even though the used primers did not specifically target Archaea, reads of Nitrosop-
umilus zOTUs were associated with cluster II. This is plausible since reads of Nitrosococcus
zOTUs also fell into cluster II, while being not among the top 20. Cluster III also contained
three different archaeal zOTUs. However, all archaeal zOTUs will be neglected in the
following analysis, since the primers used were not designed to target Archaea and their
detection was due to a miss-priming during sequencing. The dominant bacterial groups
were Chloroflexi (n = 6), and also present were Deltaproteobacteria (n = 3), Sphingomon-
adales (n = 1), Chlamydia (n = 1), Actinobacteria (n = 2), Acidobactereia, Spirotriches, and
Nitrospirae with one zOTU each. It is worth noting that all Chloroflexi detected belong
to the Dehalococcoides. Cluster IV was the least diverse with Flavobacteria (n = 4), Acti-
nobacteria (n = 6), Alphaproteobacteria (n = 4), and Firmicutes (n = 6). All firmicute related
zOTUs were members of the Planococcaceae, and all zOTUs related to Alphaproteobac-
teria were members of the Roseobacter group. Despite some overlapping taxa, the four
clusters were taxonomically different, as can be seen in NMDS plot Figure S1 within the
supplements.

zOTUs of cluster I were present at every site in October. This was also the case during
August, except for the LWL samples. In March, they were present only at the ridge and
runnel. Overall, this cluster was strongly represented in samples from 0 cm and 10 cm
but could be detected at a deeper depth as well, depending on site and season. Cluster II
increased in relative abundance at deeper depths of the HWL and runnel sites and was
especially pronounced at the HWL but was not detected at the ridge and LWL. Instead,
cluster III showed elevated relative abundances from 30 cm downwards at the ridge and
particularly the LWL site. Its members increased in relative abundances in March and
especially August, where the LWL was completely characterized by cluster III, and it could
even be detected at the HWL from 30 cm downwards. Cluster IV was not representative
for any October sample but was very dominant in March, especially at the ridge and LWL,
but also at the surface of the HWL. In August, this cluster was only found in larger relative
abundances at 10 cm and 30 cm at the runnel site. Similar to cluster II, it also showed no
distinct depth related pattern.
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Figure 1. The spatial and temporal distribution of the four clusters based on their relative abundances within the Illumina
dataset. The pie charts depict the 20 most representative classes of each cluster based on the respective IndVals. A NMDS
visualizing the taxonomic relationship between the cluster can be found in the Supplementary Figure S1.

3.2. DOM Components Related to Clusters within the Bacterial Community

In a next step, we identified masses within the porewater DOM pool that were
significantly related to each of the four clusters derived from bacterial beta-diversity
(Figure 2). DOM clusters corresponding to those diversity clusters were characterized by
very similar H/C (mean 1.15 to 1.17) and O/C ratios (mean 0.47). In the van Krevelen
space, cluster II related compounds were located in the so called “island of stability” and
comprised of masses that are very resistant to degradation. It also showed almost no
scatter. Cluster I and III had a similar amount of significantly correlated masses with
cluster III related molecules showing a scatter towards higher H/C ratios. Cluster IV had
the lowest number of significantly related masses. Some of those clustered at the boundary
between unsaturated and highly unsaturated oxygen poor compounds and showed a
scatter towards a higher degradation state.
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correlated, but not significant after p-adjustment. Colored dots are also correlated significantly after p-adjustment. Grey
numbers give the amount of related masses, colored numbers the proportion that is significant after p-adjustment. The color
scale represents IndVal, with higher IndVals indicating stronger correlations.

Porewater and DOM constituent characteristics related to the four clusters showed
strong heterogeneity in some cases, since they included seasonal and spatial variations. The
comparison of the highest and lowest mean values nevertheless revealed some interesting
trends. Cluster I related masses had the highest mean concentrations of porewater DOC
and Mn together with the highest average nitrogen heteroatoms (N), aromaticity index
(AI.mod), double bond equivalents (DBE), and aromatic compounds (Table 1). Further-
more, the related DOM compounds had the lowest average H/C and O/C ratios, molecular
mass (Da), homologous series, and highly unsaturated compounds. Geochemical pore-
water conditions related to cluster II displayed the highest salinity, oxygen, and nitrate
concentrations, as well as the lowest ammonium, silicate, iron, manganese, DOC, and
FDOM concentrations. DOM compounds related to this cluster had the highest amount
of highly unsaturated formulae, mean O/C ratio, homologous series members, and the
lowest AI.mod. In contrast to this, the highest average ammonium, silicate, iron, and
FDOM concentrations and the lowest salinity, oxygen, and nitrate concentrations were
associated with cluster III. The related DOM compounds were characterized by the lowest
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mean O/C ratios (shared with cluster I), unsaturated compounds, DBE, and nitrogen
heteroatoms. Cluster IV was characterized chemically by the highest average H/C ratio,
molecular mass (Da), and amount of sulfur heteroatoms.

Table 1. Average (± standard deviation) concentrations of environmental parameters and relative abundances of DOM
molecular characteristics for the four clusters. DOM molecular data were derived from intensity weighted means of
molecular formulae with a padj < 0.05 (depicted in van Krevelen plot). The highest value of each parameter amongst the
four clusters is in bold and the lowest in italic. Wilcoxson pairwise comparisons between the clusters were performed for
each category; the results are included in Supplementary Table S1.

Cluster I Cluster II Cluster III Cluster IV

Salinity 29.86 ± 3.59 30.21 ± 2.83 27.43 ± 6.65 29.18 ± 2.49
O2 (µM) 20.63 ± 40.73 101.32 ± 122.48 13.11 ± 26.96 46.01 ± 53.33

NH4 (µM) 16.81 ± 15.46 3.17 ± 3.85 24.73 ± 22.25 11.03 ± 11.97
NO3 (µM) 6.77 ± 13.61 13.71 ± 15.8 6.41 ± 17.54 9.99 ± 16.66

Si (µM) 49.81 ± 27.35 34.05 ± 16.01 92.38 ± 57.31 49.1 ± 18.65
Fe (µM) 29.59 ± 40.18 0.16 ± 0.19 36.96 ± 35.19 18.28 ± 30.73
Mn (µM) 10.69 ± 15.54 0.74 ± 1.82 5.59 ± 6.06 3.91 ± 3.89

DOC (µM) 136.08 ± 29.95 105.49 ± 20.66 128.5 ± 19.02 131.25 ± 21.08
FDOM (ppb QSE) 41.47 ± 10.65 29.65 ± 10.71 50.51 ± 10.26 38.37 ± 10.99

Homologous series 8326 ± 251 13039 ± 81 12925 ± 55 11835 ± 98
H/C ratio 0.82 ± 0.01 1.21 ± 0.003 0.99 ± 0.01 1.24 ± 0.02
O/C ratio 0.41 ± 0.01 0.53 ± 0.003 0.41 ± 0.003 0.46 ± 0.003

N 1.23 ± 0.06 0.21 ± 0.02 0.02 ± 0.002 0.17 ± 0.01
S 0 0.005 ± 0.0004 0.13 ± 0.01 0.19 ± 0.01

CHO 10 (17) 314 (68) 59 (67) 9 (50)
CHON 48 (83) 141 (30) 4 (5) 4 (22)
CHOS 0 (0) 9 (2) 25 (28) 5 (28)

Mass (Da) 294.25 ± 1.85 464.37 ± 1.88 315.01 ± 2.01 488.55 ± 1.25
AI.mod 0.58 ± 0.01 0.23 ± 0.002 0.45 ± 0.01 0.24 ± 0.01

DBE 10.01 ± 0.06 9.48 ± 0.04 9.18 ± 0.16 9.92 ± 0.2
Aromatic 72.45 ± 1.71 0 37.34 ± 2.63 4.11 ± 0.76

Highly Unsaturated 27.55 ± 1.71 100 ± 0 62.08 ± 2.60 95.89 ± 0.76
Unsaturated 0 0 0.58 ± 0.09 0

Unsaturated with N 0 0 0 0
Saturated 0 0 0 0

* Ideg 0.70 ± 0.07 0.79 ± 0.09 0.70 ± 0.05 0.72 ± 0.07
* MLB_l 9.22 ± 1.66 8.63 ± 2.28 8.73 ± 1.47 9.18 ± 1.63
* ITerr 0.21 ± 0.02 0.17 ± 0.02 0.22 ± 0.02 0.20 ± 0.02

Numbers of respective molecular formulae in each cluster with a padj < 0.05, with percent of total in brackets. * The molecular indices Ideg,
MLB_L, and ITerr were calculated using the whole DOM datasets from the sites which were associated with each of the clusters (all seasons
combined). Information on compound classes can be found in the text as well as in Waska et al. [47].

Using the whole DOM pool of sites that classed in each cluster, we calculated molecular
indices indicative of degradation state (Ideg and MLB_l, [69,70]) and terrestrial influence
(ITerr, [71]). Cluster I associated sampling sites showed the highest average molecular
lability index (MLB_1) in their DOM geometabolome that represents the entirety of DOM
produced by biotic and abiotic processes. In contrast, cluster II-associated sites displayed
the lowest MLB_l, the highest mean degradation index (Ideg), and the lowest terrestrial
index (ITerr). For cluster III, the highest ITerr was found, while Ideg was among the
lowest. No significant trends were apparent for molecular indices calculated from cluster
IV-associated sites.

3.3. Predicted Functional Diversity and Its Influence on Cluster Formation

For an insight beyond the community compositional level, we created artificial
metagenomes by predicting functions based on 16S rRNA gene data and correspond-
ing KEGG orthologs. We specifically screened for the presence of key genes for catabolic
processes, such as nitrate and nitrite reduction (Figure 3), ammonia oxidation, nitrogen
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fixation, sulfate reduction, and sulfur oxidation. Furthermore, we looked for genes related
to polysaccharide degradation with a special focus on algal polymers (alginate, laminarin,
fucoidan, carrageenan) but also polymers of terrestrial origin like starch, cellulose, tannin,
and lignin. All genes that were predicted in notable amounts were used within a decision
tree. For a complete overview of predicted genes screened, see Supplementary Materials
Figures S2–S8.
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In order to assign potential ecological roles to the detected clusters, we combined the
predicted functional genes together with DOM indicator species as well as environmental
and nutrient data into a decision tree (Figure 4). The presence of cluster I was positively
related to the predicted presence of polymannuronate lyase at the LWL and ridge during
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August and October, or the presence of K-carrageenase at the HWL and runnel, when
porewater DOM was already more degraded (highly unsaturated (HU) > 0.768) and
dissolved iron concentrations were comparably low (≤34 µM). While cluster I was linked
to splits caused by the predicted absence of nitrite and nitrate reductase, cluster IV was
always related to the presence of both enzymes. Cluster IV was also linked to a higher
HU index and higher dissolved iron concentrations (>34 µM), which might indicate an
additional ecological role unrelated to denitrification. As previously described, cluster
II was exclusively found at the upper beach sites, HWL and runnel. The only tested
parameters with a relation to cluster II were unsaturated nitrogen-rich DOM compounds
and a HU index < 0.768. If this index was higher, lower dissolved iron concentration
and the absence of K-carrageenase were predicted to favor the presence of cluster II. The
occurrence of cluster III was also unrelated to the parameters tested, such as the presence
of nitrate and nitrite reductase or polymannuronate lyase. The predicted presence of the
latter was the only link to cluster III, but exclusively within samples taken in March, which
might be indicative for seasonal changes in algal polymer supply.
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4. Discussion

In this study, we used next generation sequencing data as well as FT-ICR-MS data to
investigate relations between microbial and chemical diversity. We were able to detect a
significant relation between 30–500 DOM compounds with each of the clusters identified
within beta-diversity. Those clusters do not represent the most abundant zOTUs, but are
significantly linked to distinct zones within the intertidal area. For a deeper insight, we
applied advanced bioinformatic approaches and additionally predicted functional diversity.

4.1. Depth and Cross-Shore Distribution of Bacterial Clusters Is Governed by DOM Age
and Source

The four clusters detected within the bacterial community composition showed dis-
tinct horizontal and vertical distributions across the intertidal area. According to our
predicted functional data and previous studies, aerobic organic matter degradation of
algal polymers by cluster I bacteria, and nitrate reduction especially by cluster IV, seem to
dominate shallower sediments and seasonal dynamics across the intertidal area. The latter
is in accordance to findings by Ahrens et al. [46]. In contrast, cluster II and III were never
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representative for the surface samples (0 cm) and often increased in relative abundance,
or even dominated deeper depth. Notably, cluster II was exclusively found at the HWL
and runnel sites, while cluster III was almost exclusively found at the ridge and LWL.
Furthermore, cluster II and III showed no link to any of the investigated functional genes
but were linked to the degradation state of DOM.

This distribution is presumably related to observable changes within geochemical
conditions along the flow path of the intertidal recirculation cell, most likely caused by
different sources and residence times of porewater [19,51–53]. The degradation state and
composition of DOM which influence the presence of cluster II and III at Spiekeroog beach
are in turn influenced by the mixing of the terrestrial and marine endmembers. The first
is characterized by containing old and partially plant-derived constituents [21,53] while
the latter is characterized by less degraded, algae-derived nitrogen-rich DOM [4]. Both are
mixed within the seawater recirculation cell and degraded along the flow path of the STE.
Thus, our data support previous findings [7,27,72] that microbial and molecular diversity
are linked by mutually influencing each other.

4.2. Candidate Phyla and the Island of Stability

Cluster II was linked to the largest amount of DOM compounds, which were also
forming the so-called “island of stability” within the van Krevelen space (Figure 2). The
island of stability was first observed as an accumulation of recalcitrant open-ocean DOM,
which may resist microbial degradation up to millennial timescales [73]. However, similar
trends in DOM fractionation were reported from incubation experiments with river and lake
water [74,75]. It appears that during degradation, molecular formulae in DOM progress
towards the island of stability. However, the large amount of related masses is probably
also caused by the characteristics of cluster II, which is the largest and phylogenetically
most heterogeneous of all four clusters. The porewater data that are related to cluster II
were characterized by the highest average salinity, oxygen, and nitrate concentrations,
which is indicative of seawater infiltration and recirculation areas. The DOM within those
samples was on average composed of the largest compounds with the highest O/C ratio
and degradation index. The latter fits to the presence of this cluster in deeper depths.

Interestingly, we detected eleven so-far uncultured members of the CPR-group (three
among the 20 best fitting zOTUs) and the island of stability to be associated to cluster
II. The CPR-group is almost exclusively known from metagenomic studies and is hy-
pothesized to be involved in the degradation of highly recalcitrant OM and partially in
nitrate reduction [40,41,76,77]. By doing so, they might provide easier degradable DOM
to the surrounding community, possibly enhancing microbial carbon turnover rates. The
Gammaproteobacteria associated to cluster II are likely some of these community members
benefitting from such DOM upcycling [31]. These hypotheses from studies by Danczak
et al. [77] and Vigneron et al. [41] are now backed up by our environmental and community
data for the first time.

Another adaptation to recalcitrant DOM is the presence of many zOTUs related to
chemolithoautotrophic bacteria such as Sulfuristfustis or Candidatus Omnitrophus [78,79].
Those organisms are suspected or known to produce H2, which would additionally supply
electron donors to those bacteria already benefitting from the potential priming effect
of CPR-group members. Another conspicuity within the composition of cluster II is
the presence of Chlamydiae. Many of those are intracellular parasites of Acantamobae,
including Candidatus Protochlamydiae [68]. Nevertheless, a recent study by Dharamshi
et al. [80] found a wide variety of non-host associated Chlamydiae in deep-sea sediments.
Therefore, chlamydial zOTUs within cluster II might also be non-host associated but free
living within the sediment matrix.

4.3. SGD Impacted Sediments Are Characterized by a Typical Deep Subsurface Community

Porewater samples that are linked to cluster III were characterized by the highest
ammonium, silicate, dissolved iron, and FDOM concentrations, which is in line with their
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link to the lower beach (ridge, LWL). This can especially be explained by the LWL being
an exfiltration area of the subterranean estuary fed by recirculating seawater and fresh
groundwater from the island’s freshwater lens [51,53]. On average, the DOM compounds
associated with cluster III had the lowest degradation index and DBE but highest ITerr. The
high ITerr as well as the relatively low salinity revealed an enhanced influence of terrestrial,
vascular plant-derived DOM, connected to cluster III. This is in accordance with findings
by Seidel et al. [21] and Waska et al. [53] who described an export of terrestrial compounds
and DBC along the STE into the coastal North Sea. Furthermore, vascular plant-derived
DOM strongly interacts with reactive iron oxides, resulting in adsorption under oxic, and
release under reducing conditions [73,81,82]. Significant positive correlations of humic-like
FDOM concentrations with those of dissolved iron have been reported as an indication
that a substantial fraction of FDOM interacts with iron cycling [47,82]. Such a geochemical
link would explain the co-occurrence of high FDOM and iron concentrations related to
cluster III.

The relatively high aromaticity of DOM is reflected in the bacterial community compo-
sition, since cluster III was dominated by members of Dehalococcoida and Deltaproteobac-
teria. The latter include the typical sulfate-reducing bacteria of anoxic marine sediments,
which preferentially make use of small carbon compounds. Even though cluster III con-
tained several Deltaproteobacteria, sulfate reduction does only play a minor role at the
depths investigated in our study. Nevertheless, cluster III related molecular formulae had
elevated relative sulfur contributions and the highest number of S-containing formulae
among all clusters (Table 1). Analogous to intertidal flats in the Wadden Sea, sulfurization of
DOM is likely to take place at or below the low water line, albeit to a much lesser extent [20].
Dehalococcoida, in turn, are also known for the anaerobic degradation of halogenated
and aromatic compounds [83–87]. Furthermore, cultivated strains are known to require
hydrogen or formate as an electron donor and acetate in order to produce biomass [88].
Apart from that, Dehalococcoides have been detected in deep sediments by many previous
investigations [24,85,86,89]. A study on mudflat sediments close to Helogoland by Oni
et al. [45] also detected related sequences within the deep parts of their sediment cores
(3–5 m). Furthermore, the authors found a connection between their occurrence and older,
more recalcitrant DOM, which is in accordance with our findings. Since those sediments
are much deeper and not known to be impacted by SGD, the dominance of Chloroflexi
in our samples is probably more related to the anoxic subsurface conditions than to the
freshwater influence.

4.4. Algal Polymer Degraders and the Lack of Algal Polymers

Cluster I was detected at every site and distributed across all depths, yet showed a
strong seasonal variation. Nevertheless, especially in October and August, it dominated
shallower samples (0–10 cm). Since cluster I contained a large amount of flavobacterial and
planctomycete zOTUs, we identified it as “the surface cluster”. The community is mostly
thriving under oxic conditions and probably involved in the degradation of algal-derived
DOM [90,91]. The presence of cluster I at deeper depths of the ridge and LWL in October
or at the HWL, runnel, and ridge in August could be attributed to sediment burial by
physical reworking. Additionally, the presence of facultative anaerobes such as Chloroflexi,
of the genus Phycisphaera within cluster I, supports its connection to algal biomass, since
cultivated representatives of that genus have been detected on algal tissue [92]. This is
backed up by porewater data related to cluster I, which had on average the highest values
for DOC concentrations, as well as MLB_l, and the amount of N-containing molecular
formulae. The high abundance of nitrogen heteroatoms fits to algal derived biomass, which
has been described to be nitrogen-rich [4]. The connection between the presence of cluster
I to the predicted presence of alginate lyase and K-carrageenase additionally suggests
a role in degrading algal polysaccharide polymers under mostly oxic conditions. The
high DBE could therefore be caused by the degradation of alginate into guluronic acid
and mannuronate. The increase in double bonds is even used in quantification of alginate
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degradation [93]. Note that we could not detect molecular formulae of any of the oligomers,
i.e., the building blocks of alginate or k-carrageenan in our DOM pool. Although the BOND
ELUT PPL cartridges were developed for the isolation of compounds with a wide polarity
range, the SPE method still has lower recoveries for highly polar compounds compared
to those with a more hydrophobic character [94]. Moreover, due to the fast turnover of
mono- and oligomeric sugars and amino acids, they are already scarce in natural aquatic
systems. Easily degradable labile DOM is rapidly taken up and degraded under oxic
conditions, which may lead to an underrepresentation of those compounds within the
dataset, in addition to the semi-selectivity of the analytical approach. Contradictory to
our assumption of cluster I to be connected to the degradation of algal polymers, cluster I
related DOM was also characterized by containing on average the smallest compounds
and the highest amount of aromatic compounds. This and the comparably high Ideg of
this surface-associated cluster might be explained by the few DOM data from a 0 cm depth
due to porewater scarcity.

4.5. Predicted Functional Data Support the Hypothesis of a Subsurface Bloom of Denitrifiers

Cluster IV showed no spatial pattern but a temporal pattern by appearing in March in
high relative abundances and still being visible at the runnel in August. This observation
has been described previously in a preceding publication by Degenhardt et al. [48]. The
clear connection of cluster IV to the predicted presence of nitrate reductase at the LWL and
ridge within the decision tree analysis supports the previous findings where the subsurface
bloom was related to enhanced concentrations and penetration depths of nitrate during
that month. The additional connection to higher HU and dissolved iron concentration
allows a speculation concerning an involvement of some Cluster IV members in iron
cycling when nitrate and labile OM are not available. While in the preceding study, the
subsurface bloom was attributed to members of the Planococcaceae as well as Gillisia, we
also found a large amount of zOTUs related to Actinobacteria and Alphaproteobacteria
within that cluster. Since Alphaproteobacteria of the roseobacter group are also known to
be opportunistic regarding their substrate spectrum, their contribution to cluster IV fits
with previous findings by Buchan et al. [90]. Most zOTUs related to the Actinobacteria
were members of the genus Nocardioides, which includes many cultivated representatives
involved in denitrification. Thus, their presence is also in line with the hypothesis of a
subsurface bloom of denitrifiers [48].

5. Conclusions

The synergistic analysis of bacterial and DOM diversity in combination with predic-
tions of metabolic functions as well as applying advanced statistical methods revealed
previously overlooked relations of both counterparts. We could detect a relation between
four bacterial clusters and associated porewater DOM compounds which showed distinct
cross-shore and depth zonations. Within deep upper beach sediments, members of the
candidate phyla radiation, ultra-small Gammaproteobacteria, and several autotrophic
bacteria are linked to DOM compounds of the island of stability. This finding supports a
previously published metagenomic hypothesis about the involvement of candidate phyla
in the degradation of very recalcitrant DOM which might then be utilized by other bacteria.
SGD-impacted deep sediments of the lower beach showed a correlation of small, partially
terrestrial-derived DOM compounds and Dehalococcoides, which are typically found in
deep sediments and are also suspected to be involved in the degradation of recalcitrant
DOM. The relation between nitrogen-rich DOM, Flavobacteria, and the predicted presence
of algal polymer degrading enzymes indicates an involvement of the surface community
in alginate and carrageen degradation across the intertidal area. Lastly, we could confirm
our previous hypothesis about a subsurface bloom of denitrifiers with the help of pre-
dicted functional data. Furthermore, the findings are a promising starting point for future
metagenomic and transcriptomic studies.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9081720/s1, Figure S1: NMDS of all Hellinger standardized zOTUs of
the respective clusters. Colors indicate cluster affiliation, distance between datapoints indicates
taxonomic dissimilarity. Figure S2: Predicted expression of genes involved in assimilatory nitrate
reduction in relation to all KEGG orthologs (Kos) observed. Gene expression levels are presented
individually for each of the four clusters at every station, depth, and month across the two transects
sampled, Figure S3: Predicted expression of genes involved in dissimilatory nitrate reduction to
ammonium in relation to all KEGG orthologs (Kos) observed. Gene expression levels are presented
individually for each of the four clusters at every station, depth, and month across the two transects
sampled, Figure S4: Predicted expression of genes involved in assimilatory sulfate reduction in
relation to all KEGG orthologs (Kos) observed. Gene expression levels are presented individually
for each of the four clusters at every station, depth, and month across the two transects sampled,
Figure S5: Predicted expression of genes involved in sulfur oxidation in relation to all KEGG orthologs
(Kos) observed. Gene expression levels are presented individually for each of the four clusters at
every station, depth, and month and month across the two transects sampled, Figure S6: Predicted
expression of genes involved the degradation of algal-derived polymers in relation to all KEGG
orthologs (Kos) observed. Gene expression levels are presented individually for each of the four
clusters at every station, depth, and month across the two transects sampled, Figure S7: Predicted
expression of genes involved in dissimilatory sulfate reduction in relation to all KEGG orthologs
(Kos) observed. Gene expression levels are presented individually for each of the four clusters at
every station, depth, and month across the two transects sampled, Figure S8: Predicted expression of
genes involved in nitrification in relation to all KEGG orthologs (Kos) observed. Gene expression
levels are presented individually for each of the four clusters at every station, depth, and month
across the two transects sampled. Table S1: Wilcoxson pairwise comparisons between environmental
factors and DOM indices of each cluster. p-values are given for each significant difference.
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