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A B S T R A C T

Substantial amounts of organic matter are mobilized from upper soil layers during extreme precipitation events.
This results in considerable fluxes of carbon from plant-associated topsoil to deeper mineral soil and to ground-
water. Microbes constitute an important part of this mobile organic matter (MOM) pool. Previous work has
shown that specific bacteria associated with the rhizosphere of decaying maize roots were selectively transported
with seepage water upon snowmelt in winter. However, effective mechanisms of mobilization and also possible
distinctions to microbial transport for living root systems remain poorly understood. In the present study, bac-
teria in seepage water were sampled from lysimeters at an experimental maize field after extreme rain events
in summer. We show that a distinctive subset of rhizoplane-associated bacterial populations was mobilized after
summer rain, especially including abundant members of the Bacteroidetes, representing a microbial conduit for
fresh plant-derived carbon inputs into deeper soil layers. Marked distinctions of seepage communities were not
observed between lysimeters with a different relative contribution of preferential vs. matrix flow. Time-resolved
analyses of seepage water during an artificial rain event revealed temporal patterns in the mobilization of certain
lineages, with members of the Chitinophagaceae, Sphingomonadaceae, and Bradyrhizobiaceae preferentially mobi-
lized in early and late seepage fractions, and members of the candidate phyla Parcubacteria and Microgenomates
mobilized mostly in intermediate fractions. While average bacterial cell counts were at ∼10⁠7ml⁠−1 in seepage
water, the recovery of amended fluorescently labeled cells of Arthrobacter globiformis was low (0.2–0.6%) over
seepage events. Still, mobilized bacteria clearly have the potential to influence bacterial activities and commu-
nities in subsoils. These findings demonstrate that dynamic hydraulic events must be considered for a better un-
derstanding of the connectivities between microbial populations and communities in soil, as well as of the links
between distinct carbon pools over depth.

1. Introduction

Soil is the largest terrestrial reservoir of organic carbon, playing
an essential role in global carbon sequestration (Lal, 2004). A pri-
mary source of soil organic matter (SOM) is provided by plants
(Kögel-Knabner, 2002), which largely determine the distribution of OM
(Jobbágy and Jackson, 2000). Transport of OM from topsoil to deeper
soil layers with seepage water is a main component of carbon fluxes in
soil, representing a significant contribution of fresh inputs of OM to sub-
soil and even to groundwater (Rumpel and Kögel-Knabner, 2011; Küsel
et al., 2016).

Mobile organic matter in soil consists mostly of dissolved and col-
loidal organic carbon, including biocolloids like bacteria, fungi and their
fragments (Totsche et al., 2007; Lehmann et al., 2018). The mecha-
nisms of release and transport of such biocolloids and larger organic
particles from the topsoil to subsoil are complex and poorly understood
so far. They are highly influenced by dynamic environmental condi-
tions like fluctuations in soil moisture, soil gas and temperature (Or et
al., 2007). The soil pore network structure is a main controlling fac-
tor as a path for these fluxes, especially with the presence of macro-
and biopores favoring the preferential and pronounced transport of OM
(Jacobsen et al., 1997; Lægdsmand et al., 1999) and microorganisms
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(Bundt et al., 2001; Wang et al., 2013; Dibbern et al., 2014). The mo-
bilization of viable microbes from topsoil mediated by preferential flow
could also act as an important influx of biodiversity to subsoils, where
the translocated microbes may significantly contribute to local micro-
bial activities (Kieft et al., 1998; Jaesche et al., 2006; Küsel et al., 2016).

The importance of understanding bacterial mobility and transport
mechanisms in soil has been increasingly recognized, mostly connected
to the input of potential pathogens to groundwater (Bradford et al.,
2013). In soil, bacteria either move actively (Sen, 2011), or are mo-
bilized passively by advection after release to the mobile water phase
(Wang et al., 2013), via nematodes (Knox et al., 2004), or along grow-
ing plant roots (Feeney et al., 2006) and fungal hyphae (Simon et al.,
2015). Substantial amounts of suspended materials including bacterial
biomass can be transported vertically from topsoil (Totsche et al., 2007;
Lehmann et al., 2018), especially triggered by weather events produc-
ing large amounts of seepage, such as snowmelt or strong precipita-
tion (Dibbern et al., 2014). Numerous column studies have been con-
ducted to address how the transport of pathogenic bacteria amended
to soil is affected by various physical, chemical and biological factors
(Bradford et al., 2013). Distinct features, such as cellular shape (Weiss
et al., 1995), hydrophobicity (Kim et al., 2009) surface charge (Bolster
et al., 2009), and bacterial interactions (Stumpp et al., 2011) were
found to influence bacterial detachment and transport behavior. How-
ever, while central aspects of the transport of selected bacterial strains
in soil have been intensively investigated, our understanding of the re-
lease and transport of complex indigenous microbiota in natural soils
remains limited.

We have previously addressed this knowledge gap by characteriz-
ing natural bacterial communities mobilized with seepage water after
snowmelt in late winter on an experimental maize field in Germany
(Dibbern et al., 2014). The findings suggested that preferential flow
along root channels played an important role in the transport of top-
soil bacteria to deeper soil layers, and specific subsets of bacteria asso-
ciated with decaying roots were selectively mobilized. However, these
first insights did not address the potential impacts of more pronounced
precipitation events and variability of soil moisture on living root sys-
tems in summer. In the present study, we hypothesize that (i) distinct
subsets of root-associated bacterial populations will be selectively mobi-
lized and transported to deeper soil layers along living root channels in
summer; and (ii) a differential contribution of effective flow paths, i.e.
preferential vs. matrix flow, during seepage events should be reflected
in dynamics of transported microbiota. To address this, we conducted
seepage water sampling after natural and artificial extreme rain events
in late summer. Via direct time-resolved sampling, we characterized mo-
bile organic matter (MOM), related physicochemical parameters as well
as mobilized complex microbiota throughout the seepage process and
compared them to the surrounding soil- and root-associated microbio-
mes. Furthermore, we used fluorescently labeled viable cells of a bacter-
ial strain characteristic of the site as a tracer, to quantify their mobiliza-
tion and transport behavior during seepage events.

2. Materials and methods

2.1. Field site and lysimeters

The agricultural field was located in Holtensen, near the city of
Göttingen (Germany). The area has a temperate climate, with a mean
annual temperature of 7.9°C and a mean annual precipitation of
651mmy⁠−1 (1981–2010; Deutscher Wetterdienst, 2017; aggregated).
The mean monthly precipitation (1981–2010, Göttingen weather sta-
tion, 167 MAMSL; source: Deutscher Wetterdienst, 2017, aggregated)
ranges between 39 and 66mm (minima in February, April, October,

and maxima in June). Thresholds for extreme precipitation events were
determined by rarity (99th percentile; cf. Beniston and Stephenson
(2004)) and were at 16.6mmd⁠−1 for summer (April–September) and at
22.0mmd⁠−1 for winter (October–March). The dominant soil types are
Cambisols (Braunerden), Luvisols (Parabraunerden) and stagnic Luvi-
sols (Pseudogley) (IUSS Working Group WRB, 2007). The albic horizon
typically found for these soils is not detectable, due to the long-term
agricultural management with intensive tillage. Two plough layers were
found at 20 and 30cm below surface, with strong compaction below
the second plough layer. Further details on chemical and physical soil
properties can be found elsewhere (Kramer et al., 2012; Dibbern et al.,
2014).

A long-term field experimental for tracing rhizosphere vs. detritu-
sphere-derived carbon into the soil food web was established in May
2012, with 12 experimental plots (5×5m) with three treatments (maize
rooted, maize-litter-amended and fallow soil, Loeppmann et al., 2016a,
b). All plots with lysimeters used here were planted with maize since
2012. Tension-supported lysimeters (KL2-100, UMS, Munich, Germany)
were installed directly below the plough horizon (35cm depth) and be-
low the main rooted zone (65cm depth). To do so, a horizontal chute
(40cm width, 40cm length, 25cm height) was excavated via a hydraulic
pit. The lysimeters were fully connected to the undisturbed soil overbur-
den by a load compensation plate. A specifically designed, small-sized
lysimeter setup was chosen to sample naturally low concentrated mo-
bile particles (mineral and organic components, aggregates, biocolloids)
up to a size of 10–250μm (Totsche et al., 2018), which percolate from
undisturbed soil. The lysimeters were composed of a stainless-steel ring
(diameter: 30cm; height: 10cm) filled with inert glass beads (size/di-
ameter: 2.0–2.5mm) and a porous silicon carbide suction plate (SIC320;
pore size of ∼20μm, air entry point of 100hPa, less resistance to flow,
diameter 32cm, thickness 1cm; UMS) at the bottom. Suction was ap-
plied and regulated via a vacuum controller (VS-twin, UMS) by using
the prevailing soil water potential that was constantly measured with a
tensiometer (T8, UMS) installed at 35cm depth. While the porous plate
was used to apply the suction to the system, the glass-bead layer served
two purposes: It supported the undisturbed soil overburden and it acted
as a “retention volume” for larger suspended particles and aggregates
that may be released from the soil. Without the glass-bead layer, these
materials would have resulted in filter clogging and rapid malfunction
of the lysimeter system.

2.2. Sampling after a natural rain event

An extreme rainfall event of 30.2mm occurred on 11.09.2012, fol-
lowed by several successive precipitation events (0.2–0.4mm; Fig. S1a)
over the next days. Precipitation was measured with an iMETOS 2
weather station (Pessl Instruments, Weiz, Austria). The volumetric wa-
ter content and soil temperature were measured with sensors (5TM,
Decagon Devices, Pullman, USA) installed at 48cm (n=5) and 58cm
(n=5) below soil surface in the hydraulic pit. Two pairs of co-local-
ized lysimeters (35cm and 65cm depth) were investigated in two dif-
ferent plots, coded with A and B (L35A, L65A and L35B, L65B), which
were ∼15m apart. On 19.09.2012, a further 2.8mm rain event oc-
curred before the actual sampling. Directly before sampling, empty ster-
ilized glass bottles were installed to collect seepage water from the
four lysimeters. Fresh seepage water was sampled within 24h. Imme-
diately after retrieval, seepage water was filtered for bacterial analy-
ses (0.2μm, Corning, New York, USA). Filters with retained microbial
biomass were frozen at −20°C until further processing (∼3–6 months).
For each 24-h water sample, DNA was extracted in duplicate from two
sectioned filter quarters. In addition, subsamples were taken for physic-
ochemical water analysis. On the same day, depth-resolved composite
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soil samples were taken as described previously (Kramer et al., 2012;
Dibbern et al., 2014) from the lysimeter plots. Furthermore, two live
root balls were extracted from each plot. All soil and root samples
were frozen and stored at −20°C until further analyses. Rhizosphere
(Rh) and rhizoplane (Rp) samples were obtained as previously described
(Dibbern et al., 2014). All bulk soil, rhizosphere and rhizoplane sam-
ples were obtained and processed in biological triplicates, whereas wa-
ter samples were processed in biological duplicates due to volume re-
strictions.

2.3. Artificial rain experiment

To investigate the mobilization and transport of bacterial popula-
tions from topsoil under controlled experimental conditions, an artificial
rain experiment was conducted in September 2014. The artificial rain
experiment was set up for six lysimeters, all installed at 35cm depth, but
located in different replicate plots planted with maize, coded with A,
B, C and D. Defined spikes of fluorescently labeled bacterial cells were
amended to the topsoil of four lysimeters (L35A, L35B, LC, LD). Further
two lysimeters (LE, LF) were intended as controls without cell amend-
ment. We used Arthrobacter globiformis (DSM, 20124) obtained from the
DSMZ (Braunschweig, Germany) as amendment. This strain is closely
related to abundant Arthrobacter populations previously detected in both
the rhizosphere (Dibbern et al., 2014; Zhang and Lueders, 2017) and
detritusphere (Kramer et al., 2016) of the investigated soil. Cultures of
A. globiformis were grown in liquid DSMZ medium 53 (Corynebacterium
agar) for 24hat 30°C. Before staining, cells were harvested by centrifu-
gation at 3345 rcf for 15min, washed twice with 1×PBS buffer, and
resuspended in 60ml 1×PBS. Thereafter, the cells were labeled with a
fluorescent protein stain, CFDA/SE (5-(and-6)-carboxyfluorescein diac-
etate, succinimidyl ester; Life Technologies, Inc.), which has been shown
to uniformly stain bacterial cells for up to five months, with no ap-
parent influence on cell viability or transport behavior (Fuller et al.,
2000, 2001). The staining was performed following a procedure mod-
ified from Fuller et al. (2000). Cell suspensions were evenly distrib-
uted to 1.5-ml Eppendorf tubes. Three μl of CFDA/SE (50mM in di-
methyl sulfoxide) were then added to 1.5ml cell suspension to a final
concentration of 100μM. Cells were incubated on a thermomixer (Ep-
pendorf, Germany) at 450rpm for approximately 50min, with temper-
ature cycled between 25°C and 39°C over five cycles. Afterwards, cells
were harvested by centrifugation at 10,000 rcf for 10min, washed three
times with 1×PBS buffer, and resuspended in 200ml 1×PBS, evenly dis-
tributed to four 50-ml Falcon tubes. For quantification, 100μl of these
cell suspensions were removed and measured using flow cytometry as
described (Zhang and Lueders, 2017), with minor modifications. Cells
were counted from 10⁠4-, 10⁠5- and 10⁠6-fold dilutions generated in 10-fold
dilution series prior to analysis. Flow-count fluorospheres (Beckman
Coulter, Germany) were used as quantification standards (bead concen-
tration: 1026μl⁠−1).

The artificial rain water was composed of ultrapure, degassed wa-
ter (Milli-Q⁠®; Integral System, Merck, Darmstadt, Germany; equipped
with a 0.22-μm membrane filter) amended with the following salts:
6.86mgl⁠−1 NaNO⁠3 (Carl Roth, Karlsruhe, Germany), 1.64mgl⁠−1 KHCO⁠3
(Carl Roth) and 33.97mgl⁠−1 CaSO⁠4 ×2 H⁠2O (VWR, Darmstadt, Ger-
many). As non-reactive tracer, 2mM KBr were added for determination
of water flow regimes, resulting in a Br⁠− concentration of 151mgl⁠−1.
The total electrical conductivity was 335μScm⁠−1 and the pH was 6.1.
Although utmost cleanliness was applied during all procedures, the ar-
tificial rain water could not be handled or applied under sterile condi-
tions. We discuss this below.

Two days before the artificial rain experiment in September 2014,
two 2.9- and 4.5-mm rain events occurred, respectively (Fig. S1). Two
rainfall simulator units (emc, Erfurt, Germany) were used to generate
extreme but constant sprinkling irrigation following the principle of a
Boyle-Mariotte bottle. Irrigation occurred via a network of 50 cannulas,
∼50cm above the surface was applied at a uniform rate of 8mmh⁠−1

over ∼8h per lysimeter (50×50cm). This artificial irrigation of 64mm
represented an extreme rain event (16l per 8h). CFDA/SE-stained cells
of A. globiformis were prepared in 1×PBS buffer ∼48h before amend-
ment and transported to the field under cooling. One hour after the arti-
ficial rain started, 50ml of cell suspension were amended to the topsoil
above each of four lysimeters (L35A, L35B, LC, LD). Two other lysime-
ters (LE, LF), intended as controls, did not receive bacterial amend-
ments. Cell suspensions were first transferred to a sterile 50-ml syringe
and injected to topsoil above the lysimeters at ∼2cm depth at ten ran-
dom spots.

Seepage from the individual lysimeters was collected with sterilized
glass bottles. For each sampling, bottles were exchanged and samples
were collected when approximately >250ml seepage water had accu-
mulated, which was the minimum amount required for all downstream
analyses. However, seepage water collection was only successful for two
of the lysimeters with bacterial amendment (LC and LD). Seepage water
did not accumulate in the two other lysimeters with bacterial amend-
ment and in the two control lysimeters. Sampling was continued until
no more seepage water was received, which lasted ∼27h for LC and
∼23h for LD. In the end, six time-resolved seepage water samples were
collected for LC, and seven for LD, respectively. At least half of each
collected sample was immediately filtered and stored for nucleic acid
extraction as described above. Furthermore, 10ml of each seepage wa-
ter sample were fixed with glutardialdehyde (2.5% final conc.) for cell
counting and stored at 4°C. Next to the lysimeters, bulk soil, rhizos-
phere and rhizoplane samples were again obtained as above. All bulk
soil, rhizosphere and rhizoplane samples were processed in biological
triplicates, whereas water samples were analyzed in duplicates due to
volume restrictions.

2.4. Physicochemical analyses of seepage water

Electrical conductivity (EC) and pH of all seepage water samples
were determined with field probes (Cond 197i, Sentix 41; WTW, Weil-
heim, Germany). Seepage water analyses included dissolved (DOC) and
total organic carbon (TOC), measured by catalytic high-temperature
combustion and non-dispersive infrared (NDIR) detection (multi N/C
2100S; Analytik Jena, Jena, Germany). DOC samples were filtered with
0.45μm PES syringe filters (Supor, Pall, Port Washington, USA). Total
inorganic carbon (TIC) was measured by acidification with 10% phos-
phoric acid and NDIR-detection (same device). Sulfate, nitrate, and bro-
mide were quantified by ion chromatography (IC 20, Dionex, Sunny-
vale, USA). Turbidity was determined by UV–Vis spectroscopy (Cary 50
Conc, Varian, Darmstadt, Germany) as spectral absorption at 860nm
and converted to formazine attenuation units (FAU). The hydrodynamic
diameter as well as the zeta potential (Nano ZS) were measured by dy-
namic light scattering (DLS; Nano ZS, Malvern Instruments, Worcester-
shire, UK).

2.5. Molecular analyses

Total DNA from the filters, the soil samples (bulk and rhizosphere)
and the root fragments was extracted as previously described (Dibbern
et al., 2014) with minor modifications: sectioned filter quarters, ∼0.4g
soil (ww) and ∼0.5g roots (ww) were used. Extracted nucleic acids
were dissolved in 80μlEB buffer (Qiagen GmbH, Hilden, Germany).
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DNA extraction was done for duplicate filter quarters and triplicate soil
and rhizoplane samples. Bacterial community structure was first ana-
lyzed by 16S rRNA gene-targeted terminal restriction fragment length
polymorphism (T-RFLP) fingerprinting as described (Dibbern et al.,
2014; Zhang and Lueders, 2017). Then, 454 amplicon sequencing was
performed for all water samples and duplicate soil and rhizoplane sam-
ples. For the natural rain event, sequencing was conducted using bac-
terial primers Ba27f/519r and Titanium chemistry as reported previ-
ously (Pilloni et al., 2012). Amplicons from the artificial rain experiment
samples were generated using FLX + chemistry and bacterial primers
Ba27f/907r as described more recently (Zhang and Lueders, 2017). Se-
quencing was done by IMGM Laboratories (Munich, Germany). Raw
reads obtained from both procedures were then demultiplexed and
trimmed as described (Pilloni et al., 2012; Zhang and Lueders, 2017),
and processed and classified using the SILVAngs data analysis platform
(Quast et al., 2013). All sequencing raw data has been deposited with
the NCBI sequence read archive under the SRA accession number SR-
P103676.

2.6. Cell counting of seepage water samples

Prior to cell counting of the fixed seepage water samples via flow
cytometry, glutardialdehyde was removed by centrifugation of the sam-
ples at 18,000 rcf for 10min and resuspending the cell pellets in 1×PBS
buffer. Afterwards, density gradient centrifugation was performed to re-
move remaining soil particles (Grösbacher et al., 2016). For this, 1.5ml
of each sample was placed on top of 5ml Nycodenz gradient solution
(1.3gml⁠−1; Axis-Shield Poc, Oslo, Norway) in 10ml ultra-centrifugation
tubes cooled to 4°C. Samples were then centrifuged at 15,500 rcf and
4°C in a swinging bucket rotor SW 40 Ti (Beckman Coulter, Germany)
for 1h. Thereafter, the top second and third 1-cm gradient fractions con-
taining the purified cells were collected. Samples were diluted five-fold
in 1×PBS buffer prior to analysis. Counting of the CFDA/SE-stained
cells recovered in seepage water was performed as described above, but
internal standard bead concentration was 992μl⁠−1. For total cell counts
in seepage water, samples were first stained with 1×SYBR Green I (Mol-
ecular Probes, Germany) for 10min in the dark prior to measurements
(Zhang and Lueders, 2017).

2.7. Statistical analysis

Bacterial community structures obtained from different seepage wa-
ter samples, bulk soil, rhizosphere and rhizoplane samples were com-
pared using principal component analysis (PCA), using both T-RFLP

fingerprinting and amplicon sequencing data sets. The relative abun-
dances of OTUs were arcsin transformed (arcsin√) prior to analyses
(Ramette, 2007). PCA was performed using the function ‘rda’ from the
package ‘vegan’ (Oksanen et al., 2017) in R (R Development Core Team,
2013). Pearson correlation coefficients were computed for relations be-
tween TOC and total cell counts of the time-resolved seepage water frac-
tions in the artificial rain experiment, also in R.

3. Results

3.1. Seepage water and bacteria after a natural rain event

Fresh seepage water was first sampled within 24h after a natural
rain event of ∼30mm in late summer 2012 (∼5l per lysimeter). Seep-
age water was taken in duplicates from two pairs of lysimeters located
at 35 and 65cm depth. The mean soil temperature was 15°C at an air
temperature of 14.5°C on the sampling day. The mean volumetric water
content (19.09.2012: 48cm: 23±1vol%, 58cm: 25±1vol%) was signif-
icant lower than the mean annual water content of the soil (2010–2012;
48cm: 26±3vol%, 58cm: 29±3vol%). The two sampled lysimeter plots
(LA and LB) showed different seepage water characteristics over depth
(Table 1). Lysimeter plot A produced a larger seepage volume at 65cm,
while OC, EC, nitrate, and sulfate concentrations decreased with depth.
In contrast, lysimeter plot B showed an inverse trend, with a larger seep-
age volume collected at 35cm, and higher concentrations of OC, anions
and slightly higher EC at greater depth.

Bacterial communities in seepage water were first compared to those
in respective soil and root samples using principal component analysis
(PCA) based on both T-RFLP and sequencing data sets. The spatial or-
dination of distinct samples in PCA plots was mirrored for both data
sets (Fig. 1). Seepage water samples were clearly separated from the
bulk soil communities, especially along PC1s, which seemed to be influ-
enced mostly by compartments. Rhizoplane bacterial communities were
further discriminated from the rhizosphere and bulk soil communities,
and were placed closer to the seepage water samples along PC1 in both
plots. The PC2s seemed to be mostly influenced by depth, which sepa-
rated rhizoplane samples from rhizosphere, bulk soil and water samples
at different depths. In general, replicated fingerprints and sequencing li-
braries were highly comparable, except that the fingerprints of bacterial
communities in seepage water from the two 35cm lysimeters appeared
more variable along PC2.

Sequencing suggested that the bacterial taxa representative for seep-
age water were affiliated to the Bacteroidetes (Chitinophagaceae, Cy-
tophagaceae, Flavobacteriaceae and Sphingobacteriaceae), and also the Al

Table 1
Seepage water volume and hydrochemical parameters of the water samples taken after the natural rain event in September 2012. Duplicate lysimeters (A & B) were sampled at 35 and
65cm depth each.

Lysimeter Seepage volume pH EC Nitrate Sulfate

l – μS cm⁠−1 mg l⁠−1 mg l⁠−1

L35A 0.18 7.1 148 8.58 5.20
L65A 0.42 7.0 72 1.96 1.70
L35B 0.32 7.2 152 1.60 2.88
L65B 0.18 7.3 167 7.49 4.37

TOC DOC (<0.45μm) POC (>0.45μm) Hydrodynamic diameter Zeta potential
mgl⁠−1 mgl⁠−1 mgl⁠−1 nm mV

L35A 94.74 2.92 91.82 1165 −16.6
L65A 16.88 2.67 14.21 p -
L35B 7.09 2.61 4.48 p -
L65B 18.47 3.33 15.14 982 −16.4

p – Polydispersity of the sample resulted in no clear hydrodynamic diameter and zeta potential measurement.
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Fig. 1. PCA biplots of T-RFLP (a) and amplicon sequencing (b) data sets of samples obtained after a natural rain event. Seepage water was sampled from two pairs of lysimeters installed
at 35cm and 65cm depth (LA35, LA65 and LB35, LB65). S10, S50, S70: bulk soil samples from 0 to 10, 40–50 and 60–70cm depth; Rh: rhizosphere; Rp: rhizoplane. Sample codes are
shown in bold and in colors according to sampled compartments. Biological duplicates (a,b) of water samples and triplicates (a,b,c) of soil and rhizoplane samples were first analyzed
by T-RFLP (A), whereas duplicates (a,b) of water, soil and root samples from only one of the two lysimeters (LB) per depth were subject to amplicon sequencing (B). T-RFs (A) and taxa
(B) are denoted by grey arrows, with selected discriminant T-RFs or taxa labeled or named, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

phaproteobacteria (Sphingomonadaceae), Gammaproteobacteria (Moraxel-
laceae) and Verrucomicrobia (Verrucomicrobiaceae), as shown in Fig. 1b.
Reads related to the Comamonadaceae (Betaproteobacteria) seemed to be
characteristic for both the 65cm lysimeter water samples and rhizoplane
samples. Another lineage that appeared associated to rhizoplane sam-
ples was the Pseudomonadaceae (Gammaproteobacteria). Reads affiliated
to unclassified Xanthomonadales (Gammaproteobacteria) and Hyphomi-
crobiaceae (Alphaproteobacteria) were more important in rhizosphere
and 10cm bulk soil samples. In contrast, taxa found characteristic for
bulk soil mostly belonged to the Firmicutes (Bacillaceae, Clostridiaceae,
Paenibacillaceae, Peptococcaceae and Planococcaceae), the Acidobacteria
(Subgroup 4 RB41 and Subgroup 6), the Alphaproteobacteria (Rhodobi-
aceae and Xanthobacteraceae) and also the Gemmatimonadetes (Gemma-
timonadaceae), Nitrospirae (Nitrospiraceae) and Planctomycetes (Plancto-
mycetaceae). Members of the Firmicutes were especially characteristic for
bulk soil at 60–70cm depth.

The comparison of taxon-level community composition of overall se-
quencing libraries substantiated these pronounced differences between
the seepage water and bulk soil communities, as well as over depth
(Fig. 2). Reads of the Flavobacteriaceae, Sphingobacteriaceae and Bacil-
laceae were much more abundant in water at a depth of 35cm (18,
21 and 6%) than at 65cm (4, 2 and 3%). Families that appeared more
frequent in seepage water at 65cm included the Sphingomonadaceae (8
vs. 4%), Comamonadaceae (15 vs. 2%), Oxalobacteraceae (5 vs. 1%) and
Pseudomonadaceae (8 vs. 1%). Some of the taxa abundant in seepage wa-
ter were also frequent on the rhizoplane, i.e. the Chitinophagaceae (L35:
4%, L65: 3%, Rp: 6%), Cytophagaceae (L35: 3%, L65: 4%, Rp: 6%), Co-
mamonadaceae (Rp: 11%), Oxalobacteraceae (Rp: 4%) and Pseudomon-
adaceae (Rp: 6%). All of them were very low in relative abundance in
bulk soil. Other taxa found in seepage water and hardly observed in bulk
soil included the Flavobacteriaceae, Sphingobacteriaceae and Sphingomon-
adaceae. In stark contrast, reads within the Acidobacteria and Chloroflexi
were abundant in bulk soil and in the rhizosphere, but almost absent in
seepage samples. Also, Firmicutes were predominant in rhizosphere and
bulk soils, especially in soils at 40–50cm and 60–70cm depth, but were
clearly lower in relative abundance in seepage waters (L35: 13%, L65:
8%, S50: 21%, S70: 38%).

3.2. Artificial rain experiment

An artificial rain experiment was applied over six lysimeters in Sept.
2014, but seepage water was only obtained for two of the lysimeter
plots with bacterial amendment (LC and LD). Seepage water sampling
at 35cm depth for LC and LD lasted ∼27h and ∼23h, respectively, un-
til no more seepage water appeared. Six time-resolved water samples
were collected for LC (T1-6; ∼210ml average vol.) and seven samples
were obtained for LD (T1-6, ∼250ml average vol.; T7 contained only
22ml of water and was omitted from molecular work). From the total
applied volume, i.e. 16 l per lysimeter, 1.25l and 1.51l (8–9%) were re-
covered. The pH of the seepage water was nearly constant after an ini-
tial increase for both lysimeters, slightly higher than the original pH of
the artificial rain water (pH 6.1) and generally lower in LD (Fig. 3a).
Similarly, the EC values increased to a maximum after ∼0.5 l of total
seepage water volume (LC: 430μScm⁠−1; LD: 390μScm⁠−1; Fig. 3a), fol-
lowed by a subsequent decrease to around the original EC of the arti-
ficial rain water (335μScm⁠−1). The breakthrough curves of bromide as
conservative tracer were distinct for the two lysimeters (Fig. 3b). The
curve for LC was characterized by increasing concentrations and a peak
of 101mgl⁠−1 after 0.5 l seepage was produced, while similarly high con-
centrations of bromide immediately appeared in LD (0.2 l, 110mgl⁠−1).
Notable declines were observed after 4–5 fractions of seepage water
(>1l in total) had been collected. The Br⁠− concentration of the artificial
rain (151mgl⁠−1) was never reached in both lysimeters. In total, only
∼4–6% of the amended bromide mass was recovered in seepage waters
of LC and LD, respectively.

The fluxes of TOC (and DOC) also differed between both lysimeters
(Fig. 3c). LC showed an initial OC concentration of 18mgl⁠−1, which
then decreased to a constant level of ∼10mgl⁠−1. The contribution of
particular organic carbon (POC, > 0.45μm) to TOC was initially high
for LC (∼43%), but then decreased with flow time). Initial TOC concen-
trations were slightly higher in LD (∼21mgl⁠−1), decreased transiently
in fractions 3 and 4, but then increased to final concentrations around
∼27mgl⁠−1. Similarly, the POC content was initially much higher for
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Fig. 2. Relative sequence abundance for bacterial taxa obtained by amplicon sequencing of samples taken during a natural rain event. All phyla with average relative sequence abundance
>1% in at least one of the compartments are shown, as well as Microgenomates and Parcubacteria (<1%, mentioned in text). Error bars (negative only) represent standard error (n=2) of
duplicate sequencing libraries. Selected abundant sub-phylum taxa are highlighted. Sample codes are as in Fig. 1.

LD (69% of TOC), decreased to ∼20%, and then increased again to-
wards final seepage water fractions. Total cell counts fluctuated around
∼10⁠7cells ml⁠−1 of seepage water (Fig. 3d). Total cell counts and TOC
export appeared correlated for LD (Pearson's r=0.85).

3.3. Mobilized bacteria after artificial rain experiment

Bacterial communities recovered in successive seepage water frac-
tions from the two lysimeters were analyzed by T-RFLP fingerprinting
and amplicon sequencing. The spatial ordination of distinct samples in
PCA biplots was again consistent for both data sets (Fig. 4). The PC1s
largely separated the seepage water communities recovered from LC
and LD. Interestingly, the PC2s arranged the samples from LC and LD
in comparable time-resolved patterns. The first water samples (LCT1 &
LDT1) were always well-separated from subsequent samples. In both the
fingerprinting and sequencing data sets, bacterial communities for early
and late time points of seepage water recovery appeared somewhat re-
lated, while they were more distinct from the samples for intermediate
fractions (LCT2-5, LDT3-5). The bacterial communities mobilized in LD
generally showed a greater variation over time.

The PCA biplots helped to identify bacterial taxa characteristic for
the different time points of seepage water collection in the two lysime-
ters (Fig. 4b). While members of the Bradyrhizobiaceae (Alphaproteobac-
teria) seemed to be especially characteristic for initial seepage water

samples, members of two candidate phyla, Microgenomates and Par-
cubacteria, were enriched in intermediate seepage fractions. Further-
more, members of the Flavobacteriaceae, Sphingobacteriaceae (both
within the Bacteroidetes), Planctomycetaceae (Planctomycetes) and others
appeared associated with intermediate water samples of LC, while the
Chitinophagaceae (Bacteroidetes), Nitrospiraceae (Nitrospirae), Comamon-
adaceae (Betaproteobacteria) and others occurred especially in respective
fractions of LD.

Overall taxon-level community dynamics generally substantiated the
marked distinctions between water and soil bacterial communities, as
well as shifts in mobilized populations in seepage water over time (Fig.
5). Members of the Bacteroidetes, the Gammaproteobacteria and the can-
didate phyla Microgenomates, Parcubacteria, SM2F11 and TM6, were of
enriched abundance in seepage water samples, and much less abun-
dant or almost absent in soil. In contrast, the Acidobacteria, Actinobacte-
ria, Chloroflexi, Firmicutes and Gemmatimonadetes, although abundant in
bulk soil, were much less frequently detected in seepage water. The rhi-
zoplane, rhizosphere and bulk soil samples showed highly similar over-
all communities between the two lysimeters, while the rhizoplane sam-
ples again appeared generally more similar to the seepage water sam-
ples (Fig. 5). Consistent variations in relative sequence abundance dur-
ing seepage water collection were observed for several bacterial taxa
in both lysimeters. For example, mobilized Chitinophagaceae, while be-
ing generally more abundant in LD, were always more abundant in
fractions 1 and 6 of both lysimeters. The alphaproteobacterial Sphin
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Fig. 3. Temporal profiles of pH and EC (a), bromide (b), TOC and DOC (c), total bacterial cells (d) and CFSE-stained cells (e) detected in successive seepage water fractions from LC and
LD during the artificial rain experiment. pH, EC and bromide concentration in the original artificial rain water (ARW) are indicated by dashed lines. Error bars represent standard error
(n=2) of duplicate measurements in (d) and (e), and are too small for visualization in (c, internal). Single measurements were conducted for (a) and (b).
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Fig. 4. PCA biplots of bacterial communities in seepage water sampled during the artificial rain experiment based on T-RFLP (a) and amplicon sequencing (b) data. Water samples were
collected from two lysimeters (LC and LD). All samples were subjected to fingerprinting and sequencing in biological duplicates. T-RFs (a) and taxa (b) are denoted by grey arrows, with
selected relevant T-RFs or taxa labeled or named, respectively.

gomonadaceae and Bradyrhizobiaceae showed a similar pattern, same as
members of the Comamonadaceae, the latter only for LD. In contrast,
reads within the Microgenomates and Parcubacteria showed a general in-
crease in abundance between fractions 1 and 4 in both lysimeters, fol-
lowed by slight decreases in relative abundance until the end of the
seepage event. Members of the Gammaproteobacteria (Coxiellaceae, Le-
gionellaceae) also steadily increased and were most abundant in interme-
diate water fractions collected from both lysimeters.

Live fluorescently labeled cells of A. globiformis were amended to
topsoil above LC and LD during the artificial rain experiment at a con-
centration of ∼2.8×10⁠9cells ml⁠−1 (50ml per lysimeter). This corre-
sponded to an amendment of ∼6.2×10⁠7cells per g⁠dw of topsoil (assum-
ing a more or less even distribution throughout the first 2cm of soil),
and thus ∼3% of the indigenous bacterial biomass (previously quanti-
fied at ∼2.1×10⁠9cells per g⁠dw; Dibbern et al. (2014)). The breakthrough
curves of CFDA/SE-stained cells recovered in seepage water were much
lower in concentration, in a range of 10⁠4 - 10⁠5cells ml⁠−1 (Fig. 3e). The
concentration of recovered labeled bacterial cells was always lower in
LD seepage water than in LC, but fluxes in both lysimeters seemed to
follow a similar pattern of slightly increased concentrations at the start
and towards the end of the seepage process (similar as for TOC and total
cells). Corrected for the total amount of bromide tracer retained in seep-
age water, about ∼0.6 and ∼0.2% of the amended A. globiformis cells
were recovered in LC and LD, respectively.

4. Discussion

In this study we traced MOM, mainly in terms of TOC, DOC and
bacterial populations, translocated from maize-rooted topsoil to deeper
horizons after extreme rain events in late summer. To the best of our
knowledge, this is the first study to specifically address the nature of
mobilized seepage microbiota after summer rain, including a time-re-
solved sampling during the artificial rain event. The difficulty of reliable
seepage water collection in the field was illustrated by a considerable
variability of seepage behavior between lysimeters during both events.
The fact that the analysis of a fully replicated set of lysimeters (and also
strain amendment controls) was thus prevented, clearly limits the gen-
eralizations possible from our findings.

After the natural rain event, the release and transport of MOM in
LA seemed to be influenced by preferential flow over depth, as indi-
cated by a higher seepage volume and lower organic content and EC at

65cm depth. In contrast, LB appeared to be comparably more influenced
by matrix flow, with lower seepage volumes but increasing solute con-
centrations over depth. Both illustrates the importance of local hetero-
geneities in hydraulic connectivity and differences in soil pore structure
for seepage water formation (Cey et al., 2009), even for the relatively
homogeneous and regularly tilled agricultural soil at the site (Kramer
et al., 2012; Scharroba et al., 2012). The variability between lysimeters
was even more apparent during the artificial rain experiment, where
only two of the six installations produced seepage water at all. We at-
tribute this to the occurrence of diverted flow along the two compacted
plow layers (at 20 and 30cm depth; Kramer et al. (2012)), where a
large share of the precipitation may have bypassed the lysimeters. More-
over, by assuming a mean soil porosity of 0.41cm⁠3cm⁠−3 for the top-
soil (Kramer et al., 2012), the estimated pore volume of 35l (14l by
assuming 25vol% water content) in the upper 35cm soil monoliths em-
phasizes that unsaturated flow conditions prevailed throughout the ar-
tificial rain event of 16l. A significant share of the irrigated water may
simply have contributed to a recharge of the soil water storage capacity
at the end of the dry summer. However, the rapid arrival and high ini-
tial concentrations of the Br⁠− tracer, especially in LD, also points to the
activation of preferential flow paths (Jacobsen et al., 1997; Cey et al.,
2009) along secondary macropores, most likely earthworm burrows or
root-channels. Nevertheless, the lower initial concentrations and slightly
delayed arrival of Br⁠− suggested a relatively larger contribution of ma-
trix flow and resided soil water to seepage water in LC. Potentially, this
should also be reflected in mobilized microbiota of both lysimeters.

4.1. Mobilized bacterial populations in summer seepage

In contrast to the above assumption, systematic differences between
the microbiota mobilized in LA & LD (comparably less matrix flow) and
LB & LC (more matrix flow) were not observed. Rather, as previously
observed for decaying roots after snowmelt in winter (Dibbern et al.,
2014), mobilized bacterial communities always appeared highly influ-
enced by rhizoplane communities, suggesting an important role of mo-
bilization via seepage flow along live root channels in summer. More-
over, many dominant lineages mobilized in winter were consistently
observed also in summer, such as members of the Sphingobacteriaceae
(Bacteroidetes), the Sphingomonadaceae and Bradyrhizobiaceae (Alphapro-
teobacteria), the Comamonadaceae (Betaproteobacteria) and the
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Fig. 5. Relative sequence abundance for bacterial taxa obtained by amplicon sequencing of successive seepage water and soil samples during the artificial rain experiment. Error bars
(negative only) represent standard error (n=2) of duplicate sequencing libraries. Selected abundant sub-phylum taxa are highlighted. Sample codes and other details are as in Figs. 1 and
4.

Legionellaceae (Gammaproteobacteria). In summer, however, members
of the Bacteroidetes (Flavobacteriacea and Sphingobacteriaceae) appeared
much more enriched in seepage water than in winter. Members of both
families have been previously reported as typical maize rhizosphere bac-
teria (Li et al., 2014; Yang et al., 2017). Their abundant detection in
seepage water after extreme rain suggests a notable ‘flushing effect’
along root channels, despite living roots interact closely with associated
microbes by releasing exudates, mucilage and border cells to increase
the root-microbe bond (Haichar et al., 2014) and counteract rhizopore
water flow (Ghestem et al., 2011).

Interestingly, members of the Parcubacteria and Microgenomates, both
belonging to the candidate phyla previously named OD1 and OP11
(Brown et al., 2015), consistently appeared enriched in successive seep-
age water samples during the artificial rain experiment. They were
not abundant in previous winter seepage (Dibbern et al., 2014), but
also detected in seepage water after natural rain, albeit at much

lower relative abundance (Fig. 2). Since both lineages belong to the ul-
tra-small bacteria and can pass through ∼0.2μm membranes (Luef et
al., 2015), we were at first concerned of whether they could have been
introduced with the artificial rain water. Although this was indeed fil-
tered through 0.22μm membranes, handling and application of the ar-
tificial rain water could not be realized under sterile conditions, which
calls for a cautioning of respective conclusions. However, an ‘ex post’
test of water originating from the same Milli-Q machine produced cell
counts as low as ∼10⁠2ml⁠−1, approaching the detection limit of the cy-
tometer. This was much lower than the ∼10⁠7cells ml⁠−1 detected in seep-
age water after the artificial rain experiment, and thus could not have
caused a contamination notable in seepage water sequencing libraries.
Moreover, members of the Parcubacteria have been recently reported
for several rhizosphere soils including that of maize (Correa-Galeote
et al., 2016; Dawson et al., 2017). Therefore, our observation
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that these lineages may be selectively mobilized from oxic rhizosphere
systems with seepage water adds a new perspective to their potential
origin in the subsurface, where they are currently considered to be
rather characteristic for anoxic groundwater (Luef et al., 2015; Nelson
and Stegen, 2015).

4.2. Dynamic nature of the artificial seepage event

A key finding of the present study was the dynamic nature of seep-
age water microbiota observed between successive fractions of the ar-
tificial rain experiment. Here, members of the Chitinophagaceae, Sphin-
gomonadaceae and Bradyrhizobiaceae were amongst the populations with
the most characteristic “early” and “late” patterns of mobilization. Since
the respective water fractions also were lowest in EC, close to the re-
spective conductivity of the artificial rain water, it can be speculated
that the mobilization of these lineages was influenced by the compara-
bly low ionic strength (Wang et al., 2013; Choi et al., 2017) of the artifi-
cial rain water. Higher concentrations of organic matter have also been
reported to promote bacterial transport through soil (Jimenez-Sanchez
et al., 2015), a characteristic also observed in early and late seepage wa-
ter fractions. In contrast, members of the Parcubacteria, Microgenomates
and the potentially pathogenic Legionellaceae were enriched in interme-
diate seepage fractions. Cellular parameters like hydrophobicity (Wan et
al., 1994; Kim et al., 2009) or surface charge (Bolster et al., 2009) could
have influenced their delayed mobilization behavior. The contribution
of matrix flow could also have increased in intermediate seepage frac-
tions, resulting in a sequential mobilization of microbes from the soil
matrix. Irrespective of which mechanisms were ultimately controlling
this distinct mobilization behavior of populations in seepage water, tar-
geted transport experiments under controlled conditions with variable
strain amendments will be necessary to further elucidate the possible
regulators. In the present study, the consistent observation of such mo-
bilization patterns between duplicate lysimeters demonstrates, that dif-
ferent overarching factors control the detachment and mobilization of
specific populations within complex soil microbiota.

4.3. Low recovery of the amended Arthrobacter globiformis

A. globiformis cells were amended to the artificial rain experiment
as a fluorescently labeled bacterial tracer. Members of this genus and
closely related bacteria were identified as abundant and functionally rel-
evant in rhizosphere and bulk soil of the investigated field site (Kramer
et al., 2016; Zhang and Lueders, 2017). We are aware that a single bac-
terial strain will not reflect the full spectrum of conceivable transport
behaviors effective for microbes at the site. Still, we believe this tracer
can provide a first reference for quantifying bacterial efflux with seep-
age from topsoil.

Various other Arthrobacter strains have been used previously in bac-
terial transport experiments, mostly in laboratory studies (Gannon et
al., 1991; Wan et al., 1994). Arthrobacter spp. typically feature lysine
as diamino acids in the cell wall and are characterized by a growth
cycle in which cells are rod-shaped in young cultures and coccoid in
older cultures (Jones and Keddie, 2006). A low recovery of the A. glob-
iformis amendment of only ∼0.2–∼0.6% was observed in our artificial
rain experiment. Still, considering maximal recovery rates of ∼8% re-
ported for Arthrobacter cells transported through 5cm columns of a loam
soil (Gannon et al., 1991), our recovery of up to ∼0.6% at 35cm depth
of a natural Cambisol/Luvisol was not exceedingly low. The compacted
plough layer present at the field site could also have obstructed the
transport of microbes to deeper soil layers. Still, our results support the
idea that the application of labeled microbial strains isolated from or
closely related to indigenous microbes can provide valuable insights on
subsurface bacterial transport and mobility (Fuller et al., 2004).

5. Conclusions

Our results provide primary insights on how the mobility of spe-
cific soil microbiota upon extreme precipitation events can link distinct
metacommunities across soil compartments. We also uncover a marked
dynamic nature of MOM and microbiota mobilized between successive
fractions of seepage water. This adds a new perspective to our under-
standing of the heterogeneity and physical separation of microbial habi-
tats in soil as being a major driver of soil microbial diversity (Zhou et
al., 2002; Or et al., 2007; Carson et al., 2010). If occasional hydraulic
events are considered, this should allow for sufficient connectivities be-
tween microbial habitats in soil macro- and micropores to counteract
spatial isolation as evolutionary mechanisms potentially effective during
dryer periods. The observed high intra-event dynamics of mobilized mi-
crobial populations may even be an important determinant for subsoil
microbial community composition and dynamics, as well as their activ-
ity in soil carbon cycling.

For selected populations originating from topsoil, i.e. for the ob-
served Legionellaceae, their mobilization during extreme precipitation
events and their fate in deeper soil and in groundwater is not with-
out relevance for the spreading of potential pathogens. Numerous stud-
ies have demonstrated the leaching and spreading of pathogens from
agricultural soils to groundwater, especially under the application of
manure (Bradford et al., 2013; Oliver and Heathwaite, 2013). Also for
other lineages, such as the Parcubacteria and Microgenomates observed
in intermediate seepage fractions, a better mechanistic understanding of
their mobilization and transport behavior will be crucial for making pre-
dictions on their impact on subsoils and groundwater under scenarios
of an increasing intensity and frequency of extreme precipitation (Baker
et al., 2011; Min et al., 2011). To this end, we believe that our study
can provide important first cues, as well as that it can inspire further re-
search on soil microbiomes mobilized in seepage water.
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