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Abstract

The degradation of exopolymeric substances (EPS) by heterotrophic bacteria, con-
comitant release of calcium ions and precipitation of carbonates were studied in a
temperate mountain lake, Lac d'Tlay, Jura France. Phytoplankton blooms in this
lake produced large amounts of exopolymeric substances (EPS; 1.8-3.0mgL™"),
probably inhibiting CaCO, precipitation by binding Ca** as shown by the satu-
ration index of calcite and aragonite remaining well below 1. EPS settled to the
sediments, where additional polymeric substances were produced by the benthic
community. The total amount of EPS decreased downcore from ca 50 pg/g dry sed-
iment near the surface to ca 1.5pg/g dry sediment at the bottom (120cm depth).
A decrease in acidity, protein and sugar content, and calcium-binding capacity of
EPS with depth coincided with active calcite precipitation. Aerobic and anaero-
bic EPS-degrading heterotrophic enrichments were obtained from the top, middle
and bottom of the core. Doubling times of aerobic cultures from the top were six
times shorter than those of cultures obtained from the bottom of the core, but an-
aerobic growth rates were similar across all enrichments. Aerobic turnover rates
of organic compounds decreased by a factor of 4-5 from top to bottom; anaerobic
rates were similar at all depths, except for the turnover of polymers, which was
negligible at the surface compared to rates at the middle and bottom. All enrich-
ments released calcium when grown on EPS. Growth on calcium-saturated EPS in
anaerobic cultures obtained from the bottom of the core was the slowest, but still
released 26% of the Ca in 20days. This release during EPS degradation explained
an increase in free calcium ions with depth reported in a previous study and may
account for a large fraction of the carbonate mud. This suggests that sediments

should be considered as an important source of biogenic carbonates.
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1 | INTRODUCTION

Early diagenesis can be described as the combined chemi-
cal, physical and biological processes acting on sediments
under low temperature and pressure after deposition and
prior to epigenesis and metamorphism (Sujkowski, 1958;
Berner, 1980; McKenzie et al.,, McKenzie et al., 1980;
Henrichs, 1992; Swart, 2015). Initially, biology, pre-
dominantly bioturbation and bioirrigation by meiofauna
(Aller, 1980; Berner & Westrich, 1985), was assigned only
a minor role in early diagenesis (Berner & Westrich, 1985),
and microbial activity, especially deeper within sediments,
was largely discounted (Curtis, 1967; Degens, 1967; Degens
& Mopper, 1976; Tissot et al., 1974). However, microbial res-
piration of organic matter is arguably one of the most impor-
tant contributors to early diagenesis (Deming & Baross, 1993;
Froelich et al., 1979; Henrichs, 1992; Megonigal et al., 2003),
a notion especially supported by studies combining geo-
chemical and various molecular approaches (e.g. Birgel
et al., 2006; Cutts et al., 2022; Mobberley et al., 2015; Pace
et al., 2016; Yu et al., 2023; Zhu et al., 2024).

Microbial metabolisms play a key role in the diagenesis
of organic carbon (Lehmann et al., 2002; Tromp et al., 1995),
and in addition support precipitation, dissolution and alter-
ation of a variety of minerals within sediments (Crosby &
Bailey, 2012; Dong et al., 2022; Douglas & Beveridge, 1998;
Dupraz et al., 2009; Ehrlich, 1996; Ferris et al., 2016; Kleber
et al., 2021; Ortiz-Castillo et al., 2021; Picard et al., 2015;
Spadafora et al., 2010; Vasconcelos & McKenzie, 1995;
Visscher et al., 1998). Notably, the role of various microbial
metabolisms in calcium carbonate precipitation and disso-
lution is particularly well-investigated (Dupraz et al., 2004,
2013;Ercoleet al., 2007; Ferris et al., 1994; Gautret et al., 2004;
Visscher & Stolz, 2005), especially in microbial mats and mi-
crobialites (Dupraz et al., 2009; Visscher et al., 1998, 2022).

Microbial metabolism can impact carbonate mineral
precipitation in several ways (Dupraz et al., 2009; Soetaert
et al., 2007). Calcium ions can be sequestered in freshly
produced EPS through binding by negatively charged func-
tional groups of these biopolymers (Braissant et al., 2003,
2007). Subsequently, bound calcium can be released
during partial or complete microbial degradation (Dupraz
& Visscher, 2005). The precipitation of carbonate minerals
can be influenced by the binding or release of Ca (or Mg)
from the EPS and also by microbial metabolisms through
alteration of the saturation index (SI) of carbonates. For
example, photosynthesis and some types of sulfate reduc-
tion increase the pH or alkalinity and thus the SI, whereas
aerobic heterotrophy, fermentation and sulfide oxidation
decrease the pH and SI (Gallagher et al., 2012; Kamennaya
et al., 2012; Soetaert et al., 2007; Visscher & Stolz, 2005).
In the sediment, microbial processes thus regulate carbon-
ate precipitation, either through EPS production (Decho

et al., 2005; Martinho de Brito et al., 2023) or by increasing
the SI (Gallagher et al., 2012; Pace et al., 2018). However,
the effects of EPS degradation on early diagenetic pro-
cesses such as carbonate mineralisation, although often
assumed (Riding, 1991; Reid et al., 2000; Arp et al., 2003;
Dupraz et al., 2004; Ludwig et al., 2005; Lopez Garcia,
Lopez-Garcia et al., 2005; Sforna et al., 2016; Decho &
Gutierrez, 2017; Del Buey et al., 2021; Duteil et al., 2022;
Boussagol et al., 2024; Sanchez-Roman et al., 2025), have
not been documented to our knowledge. In a few studies,
the use of EPS as a substrate by sediment microbes has
been observed (Braissant et al., 2009; Decho et al., 2005;
Glunk et al., 2011; Visscher et al., 1998, 1999, 2022), but
the actual release of calcium has not been determined.
The goal of the current investigation was to assess EPS
degradation and the concurrent calcium release on a mil-
lennial timescale by heterotrophic bacteria in a lacustrine
sediment.

2 | MATERIALS AND METHODS

2.1 | Site description and sediment
sampling

Lake Ilay (Le Frasnois, France, 46.624681° N, 5.895456° E)
is a temperate mountain lake situated in the central Jura
Mountains. It extends ca 1.9 km along a north-west-south-
east axis, with a maximum width of 400 m. The lake has
an average depth of 10m and a maximum depth of 32m,
with bathymetry progressively deeper towards the north-
ern part of the basin.

Ilay is a dimictic lake, undergoing two periods of ther-
mal stratification each year. During summer, it exhibits a
well-defined epilimnion, metalimnion (marked by a pro-
nounced thermocline) and hypolimnion, whereas in win-
ter only the epilimnion and hypolimnion persist (Magny,
1992). The lake receives inflow from a 320 m channel con-
nected to the nearby Petit Maclu Lake, as well as direct
precipitation (1800-2000 mm annually). Its water column
is completely replenished over the course of 1 year (ca
7x10°m?*). The lake's outflow discharges into the Hérisson
River to the southeast, and a deep-water extraction point
providing 20,000m?* of drinking water per year has been
operational since 2006. This indicates that this lacustrine
system is only marginally impacted by anthropogenic ac-
tivity. Furthermore, Ilay is monitored frequently to ensure
freshwater conditions.

A distinctive geomorphological feature of Lake Ilay
is the presence of carbonate benches—commonly re-
ferred to as lacustrine chalk benches—forming a nearly
continuous belt along the shoreline. Submerged under
shallow water (<5m), these deposits display a geometry
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comparable to that of small carbonate platforms. They
are composed predominantly of calcium carbonate (=80%
CaCO;) mixed with organic matter. The occurrence of
these benches points to an efficient mineralisation mech-
anism, probably dominated by the direct precipitation of
micrite within the sediment column, a process thought to
be coupled with the degradation of extracellular polymeric
substances (EPS) (Boussagol et al., 2024). Radiocarbon
dating of the same sediment core analysed by Boussagol
et al. (2024) indicates that the uppermost section of the
sediment column consists of modern deposits. This find-
ing suggests that carbonate precipitation is not only active
but has also been sustained continuously for at least the
past 2000 years.

Sediment core IL-22-6b was collected on 24 November
2022 on the western shore of Lac d'Tlay (Lat 46.625640°,
Long 5.895115°), Jura, France, at a water depth of 8.4m
(Boussagol et al., 2024). The 120cm core was retrieved
using a Uwitec gravity corer fitted with a 63 mm diameter
PVC tube. In the laboratory, the sediment core was split
into two equal halves. Sediment samples were stored in
the dark at 4°C until processing (Figure 1A). The analyses
presented in this study were carried out on samples col-
lected at various depths of this core, corresponding to dif-
ferent depths within the sediment column. Owing to the
need for minimal sample sizes required for various analy-
ses (notably to obtain a sufficient amount of EPS for chem-
ical analyses and microbial degradation experiments), the
samples from the surface down to 21 cm (Figure 1B) depth
were considered as the ‘top’, from 31 to 69 cm (Figure 1C)
depth as the ‘middle’ and from 83 to 117cm (Figure 1D)
depth as the ‘bottom’ of the core. Chemical analyses and
microbial experiments started within 5months after the
collection of the core.

2.2 | Cryo-SEM Observations

Fresh aliquots were collected from the core sections
whenever a change in facies, texture or colour was ob-
served, and prepared for cryo-scanning electron mi-
croscopy (cryo-SEM) analysis. A detailed focus was
performed at 12cm, between 44 and 47cm, and at
112cm, corresponding to sediment levels marked by
visible changes in texture and colour (Figure 1). This
approach preserved sample microstructures without
denaturation, in contrast to conventional SEM prepara-
tion techniques. Sediments were cryogenically frozen
without dehydration or drying, then sputter-coated with
platinum to enhance conductivity. Ten lacustrine sedi-
ment samples were observed by cryo-SEM using a high-
resolution field-emission scanning electron microscope
(FE-SEM, SU 8230, Hitachi High-Technologies, Tokyo,

Japan) equipped with a cryo-preparation unit (Quorum
PP3010T). Prior to imaging, samples were cryofixed in
the workstation's liquid nitrogen slusher pot, transferred
to the cryo-stage (PP3010T, Quorum, Laughton, United
Kingdom), sublimated at —90°C for 10 min and sputter-
coated with a thin layer of platinum (10 mA, 15s).

2.3 | Measurements of potential
microbial activity at discrete core depths

In order to assess the degradation potential on EPS
(Braissant et al., 2009; Visscher et al., 1998), sediment
slurries were prepared from sediment samples taken from
the top (6-7cm depth), middle (43-44 cm depth) and bot-
tom (117cm) of a 120 cm core (Boussagol et al., 2024). The
outer ca 10 mm of the core plugs was removed to minimise
contamination that may have occurred during sampling.
The individual sediment samples were homogenised by
stirring in 0.22pm filter-sterilised water (1:2 vol. mat/
vol. water) collected from the field site. Potential rates
of aerobic respiration and sulfate reduction (anaerobic
respiration) were determined by supplementing the ho-
mogenised sediment slurries with organic carbon after
48-60h of preincubation in the dark at room tempera-
ture (Braissant et al., 2009; Decho et al., 2005; Visscher
et al., 1998). Aerobic slurries were preincubated in the
presence of air; anaerobic slurries were preincubated
under N, atmosphere. Effects of substrate additions were
assessed by comparisons with endogenous rates (no sub-
strate addition). Autoclaved slurries were used as con-
trols. Respiration rates were measured in a closed 10mL
chamber with an oxygen microelectrode (for aerobic
respiration) or sulfide (for anaerobic respiration) nee-
dle electrode (Unisense, Aarhus, Denmark). For aerobic
respiration, the homogenate and additions were aerated;
for sulfate reduction, the slurry and amendments were
purged with N, for 15min and supplemented with Na,SO,
(100 pM final concentration). Respiration was monitored
for 30-60 min and rates were determined by the decline in
[0,] and increase in [H,S] during aerobic respiration and
sulfate-reducing conditions, respectively. Measurements
were collected every minute. Organic carbon additions
to slurries included acetate, glucose (each at 10mM final
concentration) and dextran sulfate and xanthan as model
EPS (1.5mg-Xanthan equivalent/mL slurry). Additions
were done in triplicate, and the experiment was carried
out twice. Aerobic slurries from the top and middle of
the core were also tested for glutamate (10 mM) turnover.
Rates were calculated from the slope of oxygen production
or sulphide production, which was obtained from four to
eight time points. To allow direct comparison, aerobic and
anaerobic respiration rates were calculated per electron
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FIGURE 1 Sediment core IL-22-6b (A) used in this study. The core was recovered from 8.4 m depth in Lac d'Tlay, on 24 November 2022.
SEM images were taken at depths of 11 cm (B, top), 47 cm (C, middle) and 100 cm (D, bottom). Note the differences in scale. For further
details, see Boussagol et al. (2024).
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accepted: values for the decrease in O, concentration
were divided by two (2e” accepted per O, used); values
obtained for H,S production were divided by eight (8e™ ac-
cepted per sulfate).

2.4 | Enrichment cultures of
heterotrophic EPS degrading microbes

Aliquots (ca. 0.25cm?) of the top (12cm depth), middle
(44-47 cm depth) and bottom (112 cm) core IL-22-6b sedi-
ments were used as inocula for heterotrophic enrichment
cultures capable of EPS degradation. The initial medium
contained (gL™"): NH,CI (0.8), CaCl,.2H,0 (0.05), KCl
(0.2), MgSO,.7H,0 (0.4), KH,PO, (0.5), K,HPO, (0.2), and
yeast extract (0.5). The medium was supplemented with
(O.IgL_l) fructose, mannose, gluconate, glutamate, ser-
ine, glutamine mannose, and as model EPS (gL_l): xXan-
than (0.5), dextran sulfate (0.5). The anaerobic medium
was amended with Na,SO, (1mgL™") and reduced with
Na,S,0, (sodium dithionite; 0.1 mM). The pH was ad-
justed to 8.0. In subsequent transfers, yeast extract was
replaced by Widdel and Pfenning's trace metal solution
SL10 (1 mLL™") and a vitamin mix (pyridoxine.HCI, thia-
mine.HCI, riboflavin, Ca-pantothenate, thioctic acid, p-
aminobenzoic acid, nicotinic acid, vitamin B, ,, biotin and
folic acid, all 0.05mgL™") and dextran sulfate was the sole
source of carbon (2 gL_l). After three additional transfers,
the growth of the enrichments was followed by measur-
ing the optical density (OD) of the enrichment cultures
at 550nm, the pH was recorded and selected subsam-
ples were analysed for the decrease in the dextran sulfate
concentration.

2.5 | EPS extraction and properties

Exopolymeric substances (EPS) were recovered from the
top (0-7, 6-7 and 15-21cm), middle (31-38, 43-44, 45-51
and 67-69cm) and bottom (83-85, 96-98, 111-113 and
117cm) of the cores. The EPS were extracted by diluting
one volume of sediment with two volumes of deionised
water, sonicated for 10min and stirred for 4h (Duteil
et al.,, 2022). After centrifugation (3000g, 10min), the
EPS in the supernatant was precipitated in three volumes
of cold ethanol and extracted at 4°C overnight. The EPS
precipitate in the ethanol was recovered by centrifuga-
tion (3000g, 20min) and dialysed (20kD MWCO) for 24h
once against 1mM EDTA and then twice against deion-
ised water. The EPS composition was determined in each
sample (two samples per layer) in triplicate by measuring
anionic functional groups using the Alcian Blue assay
(Passow & Alldredge, 1995) and reducing sugars using

the phenol-sulphuric acid method (Dubois et al., et al.,
Dubois et al., 1956) with xanthan as a standard. The pro-
tein content was measured using a modified Lowry assay
(Braissant et al., 2009; Duteil et al., 2022) with bovine
serum albumin as the standard. An aliquot of the dialysed
EPS was freeze-dried to determine its concentration in se-
lected core depths.

2.6 | Calcium binding and release
experiments

The calcium binding capacity of model EPS (dextran sul-
fate; 0.5 and l.OgL_1 solutions) and natural EPS from
the top, middle and bottom of the core was determined
by stepwise addition of 50-100pL of a 10mM CacCl, so-
lution (Braissant et al., 2007). After each consecutive
addition, the calcium concentration in the solution was
measured using an ion-selective Ca electrode until satura-
tion of the EPS was reached. The titration was carried out
twice for EPS from all depth horizons: at pH 5-6 (sulfate
and carboxylate functional groups were deprotonated)
and 7.5-8.5 (phosphates, sulfinic acids and potentially
other functional groups were deprotonated). A dextran
sulfate solution (0.2%) was prepared in growth medium
and combined with 0.275g CaCl,L™", which is just below
the maximum binding capacity. The solution was checked
for free calcium using an ion-specific electrode. Cells from
all fourth-generation enrichments were concentrated and
used as inocula for aerobic and anaerobic growth experi-
ments. The growth (OD 550nm), model EPS and calcium
concentration in solution released during transforma-
tion of the EPS were followed for 170-316 h until the EPS
degradation stopped and the increase in biomass ceased.
Finally, the natural EPS isolated from four upper layers
of the sediment (0-7, 6-7, 10 and 15-21cm) was com-
bined and dialysed as described above. Subsequently, cal-
cium was added to a concentration of 0.2mg per g EPS
in growth medium. The Ca-amended natural EPS in me-
dium was inoculated with the anaerobic enrichment from
the bottom of the core and calcium release was recorded
after 120, 240, 360 and 480h.

3 | RESULTS

A detailed description of the characteristics of Lac d'Ilay
and of the 120 cm deep core was previously published
(Boussagol et al., 2024). Briefly, the 120 cm-long sediment
core revealed alternating organic-rich layers and carbon-
ate mud, composed of micrite and biogenic remains. The
uppermost 20cm were dominated by microbial ‘ooze’,
green in colour and gelatinous in texture, gradually
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transitioning into more micritic microbial-rich sediments
with depth (Figure 1A,B). This shift was marked by alter-
nating lighter layers (mean total organic carbon (TOC):
4.6%) and darker layers (mean TOC: 12.1%), reflecting var-
iations in organic carbon content (Boussagol et al., 2024).
Chronological markers identified in the core (Figure 1)
include **’Cs peaks at 14.5cm and 37.5cm, corresponding
to the Chernobyl fallout (1986; Monna et al., 2009) and the
global nuclear fallout peak (1963-1964; Evrard et al., 2020;
Richie & McHenry, 1990). The first detectable 137¢cs at
50cm, along with a radiocarbon-dated leaf at 51cm,
suggests deposition approximating the 1950s (Richie &
McHenry, 1990; Evrard et al., 2020). Deeper radiocarbon
dates indicate that the core spans over 2000 years, reaching
back to the 4th-1st centuries BC. Thus, the analysed core
represents the sedimentary record of the past two millen-
nia (Boussagol et al., 2024). Mineralogical analysis by X-
ray diffraction revealed a dominance of calcite throughout
the core. Below 57cm, an increasing trend in dry density
was observed, along with slight fluctuations in CaCO,
(mean: 78% + 6) and water content (75.4% +2.36%). These
patterns suggest a higher volumetric concentration of cal-
cite with depth (Boussagol et al., 2024).

3.1 | Downcore EPS properties

The existing dataset of EPS properties in eight depth hori-
zons (marked with *) spanning the 120cm deep sediment
core was complemented with five additional measurements
(Table 1). The amount of EPS gradually decreased with

depth from 48.6ugg™ dry at the top, to 8.7pgg ™" sed in the
middle and 1.5pgg™" dry sed at the bottom of the core. The
sugar content decreased from 6.4 to 8.9pugg™" dry sediment
in the upper 10cm of the core, 1.1 to 2.8 ugg™" dry sediment
in the middle section and 0.4 to 0.9ugg™" dry sediment in
the bottom 10cm. The protein content of EPS also decreased
with depth, ranging from 8.1 to 12.1pgg ™" dry sediment in
the upper 10cm of the core, 0.8 to 1.4pgg ™" dry sediment in
the middle section and 0.1 to 0.3ugg™" dry sediment in the
bottom 10cm. The acidic functional groups in EPS measured
with the Alcian Blue assay followed a similar pattern: in the
upper 7cm of the core the acidic group content ranged from
13.2 to 14.8pg equivalentsg™ dry sediment, and declined
rapidly below that depth (3.8-8.3 equivalentsg™ dry sedi-
ment in the 10-21cm interval, 0.9-1.4 equivalentsg™" dry
sediment in the 43-51cm interval, 0.4-0.6 equivalents g_1
dry sediment in the 83-98cm and 0.4-0.5 equivalentsg™
dry sediment in the 108-117 cm depth interval). In contrast,
the sugar to protein ratio increased from 0.7 to 0.8 at the top
to 3-5 at the bottom.

3.2 | Microbial activities and potential to
degrade polymers

Slurry amended with monomers acetate and glucose
showed rapid degradation of these carbon sources with
a lag time ranging from 5 to 15min at the surface, 10 to
20min in the middle and 10 to 30 min at the bottom of
the core. Both aerobic and anaerobic consumption rates
were the highest at the surface, declined in the middle

TABLE 1 Downcore EPS properties in core I1-22-6b from Lac d'Tlay (taken 24 November 2022).

EPS recovered (ng/g  Reactive Sugar (pg/g
Depth (cm) dry sed) dry sed)
0-7° 48.6 8.9+0.3
6-7 nd 8.6+0.6
10 nd 6.4+0.8
15-21* 32.8 5.8+1.1
31-38* nd 2.8+0.3
43-44 8.7 2.8+0.6
45-51° nd 1.1+£0.2
67-69% 34 1.0+£0.2
83-85° nd 1.2+0.3
96-98* nd 0.6+0.1
109-111 1.5 0.9+0.4
111-113* nd 0.4+0.2
117 nd 0.5+0.2

Note: Mean + standard deviation (n=3). Values expressed as xanthan equivalents.

Abbreviation: nd, not determined.
“Designates values reported in Boussagol et al. (2024).

Acidic groups ng/g Protein pg/g dry Sugar:
dry sed sed Protein
13.2+0.1 121+1.1 0.7
14.8+0.9 10.4+0.7 0.8
8.3+1.3 8.1+0.6 0.8
3.8+0.4 2.6+0.3 2c2)
1.3+1.1 0.8+0.2 3.5
1.4+0.3 1.0+0.3 2.8
0.9+0.3 1.4+0.3 0.8
0.8+0.2 0.3+0.2 3.3
0.4+0.1 0.3+0.1 4.0
0.6+0.1 nd =
0.4+0.4 0.3+0.2 3.0
0.5+0.1 0.1+0.0 4.0
0.4+0.2 0.1+0.1 5.0
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and were the lowest at the bottom of the core (Tables 2
and 3). Under aerobic conditions, acetate and glucose
supported the highest electron acceptor consumption
rates (1.62 and 1.23 pmole™ L™! sediment min~", respec-
tively). The polymers xanthan and dextran sulfate sup-
ported the highest aerobic respiration rates in slurries
from the top of the core, and the highest anaerobic res-
piration rates in slurries from the middle and bottom of
the core. Dextran sulfate consumption rates were higher
than xanthan consumption rates in slurries from all lay-
ers under both oxic and anoxic conditions. Anaerobic
consumption rates on monomers were 1.5-5 times
slower than aerobic rates. From top to bottom, acetate
and glucose consumption rates decreased fivefold in
aerobic and twofold in anaerobic slurries, respectively.
Anaerobic respiration rates on dextran sulfate were only
slightly higher than the endogenous rates in top slurries,
and two to three times higher in slurries from the mid-
dle and bottom of the core.

TABLE 2 Aerobic respiration
rates in slurries with amended carbon
compounds.

Carbon amendment
N.A. (endogenous)
Acetate

Glucose

Glutamate

Dextran sulfate

Xanthan

3.3 | Enrichment cultures of EPS
degraders

Aerobic and anaerobic enrichment for EPS degraders
showed rapid growth. Within 4-6 days of initial inocula-
tion, all cultures were visibly turbid. The growth rates of
the enrichments after four transfers on dextran sulfate
as the sole source of carbon were relatively constant.
Xanthan and natural EPS extracted from the core were
also metabolised. The only exception was the aerobic
cultures from the bottom layer, which grew more slowly
with each subsequent transfer and ceased to grow after
six transfers (but remained viable when transferred
into fresh medium with monomers). Doubling times
of anaerobic enrichments obtained from deeper layers
decreased and the amount of dextran sulfate consumed
also decreased with depth (Table 4). Anaerobic enrich-
ments showed less variation, with the exception of a
slower doubling rate in the culture from the middle of

Top core Middle core Bottom core
(6-7 cm) slurry (43-44cm) (117cm)
(pmole L™ (pmole L™ (pmole L™!
slurrymin™) slurrymin™") slurrymin™")
0.39+£0.03 0.19+0.02 0.15+0.03
1.62+0.17 0.93+0.05 0.35+0.04
1.23+0.07 0.74+0.07 0.24+0.05
1.14+0.11 0.75+0.06 nt

0.95+0.09 0.42+0.05 0.19+0.04
0.65+0.06 0.26+0.04 0.15+0.05

Note: Rates were determined from the linear decrease in [0,] and expressed in pmole™ L™ slurrymin™*
to allow direct comparison with anaerobic rates (Table 3). Values are mean +standard deviation of three
replicate samples. The oxygen consumption in autoclaved slurries was less than 5% of that observed in
live slurries. Values are mean + standard deviation from three replicate samples (n=3).

Abbreviation: N.A.,=no addition (endogenous rate); nt, not tested.

TABLE 3 Anaerobic respiration
rates in slurries with amended carbon
compounds.

Carbon amendment
N.A. (endogenous)
Acetate

Glucose

Dextran sulfate

Xanthan

Top core Middle core Bottom core
(6-7cm) (43-44cm) (117cm)
(pmole L™! (pmole " L™! (pmole L™!
slurrymin™") slurrymin™") slurrymin™")
0.02+0.02 0.04+0.02 0.06+£0.02
0.28 +0.06 0.24+0.05 0.14+0.04
0.31+£0.08 0.19+£0.06 0.17£0.06
0.04+0.02 0.13+0.04 0.13+0.04
0.01+0.01 0.12+0.04 0.12+0.06

Note: Rates were determined from the linear increase in sulphide concentration and expressed

in pmole™ L™" slurrymin™" to allow direct comparison with aerobic rates (Table 2). Values are

mean + standard deviation from three replicate samples (n=3). The sulphide production in autoclaved
slurries was less than 12% of those of live slurries.

Abbreviation: N.A.,=no addition (endogenous rate).
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TABLE 4 Approximate doubling times of the enrichments on dextran sulfate as the sole substrate determined after four and six

transfers.

Aerobic doubling time (t,)

after
Origin Four % Dextran sulfate
inoculum transfers Six transfers consumed
Top core 16h 14h 60-65
(7cm)
Middle core 22h 23h 44-46
(43-44cm)
Bottom 98h nd Nd—11
(117cm)

Anaerobic doubling time

(t,) after

Four % Dextran sulfate
transfers Six transfers consumed

22h 21h 32-37

30h 28h 33

24h 24h 36-41

Note: Doubling times were calculated from increases in optical density (ODssg,,)- The presence of dextran sulfate in the medium did not impact the OD. The

percentage of the substrate used was calculated when the growth ceased.
Abbreviation: nd, not determined.

the core. The aerobic enrichment cultures degraded up
to 65% of the dextran sulfate and up to 47% of the xan-
than. The anaerobic enrichments degraded 32%-41% of
the dextran sulfate and 24%-28% of the xanthan as deter-
mined with the Alcian Blue assay. When dextran sulfate
or natural EPS contained bound calcium, the degrada-
tion rate was reduced to about a third in all aerobic and
anaerobic enrichments (data not shown).

3.4 | Calcium binding capacity

Natural EPS removed calcium rapidly from the solution
and showed an increase in the amount that was seques-
tered when the pH was increased (Table 5). EPS from the
upper 7cm of the core bound 316 and 388 mg Cag ™' EPS at
pH 5-6 and pH 7.5-8.5, respectively. This binding capacity
declined with depth to 11% and 17% in acidic (pH 5-6) and
alkaline (pH 7.5-8.5) conditions, respectively. In the upper
two layers tested, the binding capacity barely changed at
the highest pH value tested. The amount of EPS recovered
from deeper layers was insufficient to measure binding at
the highest pH value.

Aerobic and anaerobic enrichments from the top, mid-
dle and bottom of the core used dextran sulfate as the sole
substrate for growth. During growth, EPS was degraded and
calcium was released simultaneously (Figure 2). The aero-
bic culture from the top layer consumed up to 57%-63% of
the EPS and released 40% of the bound calcium during a
96 h period. In contrast, the anaerobic enrichment from the
bottom layer degraded 42-55% of the EPS and released only
30% of the bound calcium in 196 h. The aerobic culture from
the bottom of the core did not show an increase in optical
density during the 15days of the experiment.

A small amount of EPS remained from the top four
layers of the core. Combined, these EPS, amended with

TABLE 5 Calcium binding capacity of EPS isolated from
different depth horizons of the core.

Maximum amount of calcium bound
(mg Cag™' EPS)

Depth (cm) pH5-6 pH7.5-8.5 pH9-9.5
0-7 316 388 376
15-21 264 332 344
43-44 92 148 nd

67-69 24 72 nd
111-113 36 56 nd

Note: The binding capacity was determined at slightly acidic and alkaline
conditions.

Abbreviation: nd, not determined.

calcium, sufficed as substrate for a single incubation of the
anaerobic enrichment from the bottom of the core. After
an initially slow increase in OD, the growth rate increased
between 120 and 240h, slowed between 240 and 360h,
then ceased after 360h (Table 6). About 28% of the bound
calcium was released during growth.

4 | DISCUSSION

As the impact of EPS degradation on early diagenetic
processes such as carbonate mineralisation has yet to be
resolved, this study aimed to correlate degradation of ex-
opolymers with calcium release by heterotrophic bacteria
on a millennial timescale.

Different types of organic carbon molecules undergo
different rates of microbial decomposition: degrada-
tion of simple monomers is rapid (Cole & Lee, 1986;
Kirchman, 2003), but much slower for complex molecules
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FIGURE 2 Growth of enrichment cultures on 0.5gL~"dextran sulfate (model EPS) containing 0.1 mg CamL™". Optical density, amount

of EPS degraded and calcium released are shown for each enrichment, except for the aerobic enrichment from the bottom of the core. Note

the different time scales (x-axes). Aerobic cultures from the bottom of the core lacked measurable activity.

(e.g. photopigments, lipids) and recalcitrant polymers
(Kirchman, 2018; Megonigal et al., 2003). Slow rates of
degradation are typical for large biomolecules of mixed
monomer composition, such as polyphenolic com-
pounds (e.g. lignin), polypeptides (proteins such as col-
lagen) and polysaccharides (e.g. cellulose) (Crawford
& Crawford, 1980; Janusz et al.,, 2017; Pathak, 2017;

Ruiz-Duenas & Martinez, 2009). An exacerbating factor in
the degradation potential of organic carbon in sediments
is the decrease in both microbial biomass and activity with
depth (Haglund et al., 2003; Lewicka-Rataj et al., 2024;
Moriarty et al., 1991; Pamatmat & Ashok, 1973) as well
as a reduced metabolic energy yield with alternative elec-
tron acceptors at depth (Froelich et al., 1979; Megonigal
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TABLE 6 Growth of the anaerobic enrichment from the
bottom of the core on natural EPS amended with calcium.

Time of incubation (h) ODs50nm Careleased (%)
0 0.01 0
120 0.09 8
240 0.40 19
360 0.45 28
480 0.44 26

Note: Growth rate, documented by optical density measurement, was
accompanied by calcium release.

et al., 2003). Due to their slow decomposition rate, com-
plex biopolymers or fragments thereof, remain in sedi-
ments and play an important role in palaeoreconstruction
(Hedges & Prahl, 1993; Summons et al., 2022). Despite
their resiliency, complex polymers do support microbial
respiration in sediments, both under oxic and anoxic con-
ditions (Schink et al., 1992). The EPS matrix comprises a
complex association of biopolymers (Marvasi et al., 2010;
Decho & Gutierrez, 2017; Martinho de Brito et al., 2022,
2023), mainly made up of complex sugars and proteins,
which forms the backbone of many sediments, ranging
from microbial mats to siliciclastic tidal flats (Boussagol
et al., 2024; Braissant et al., 2009; Decho, 1990; Duteil
et al., 2022; Pace et al., 2018). As noted, EPS are an import-
ant source of carbon in sediments (Braissant et al., 2009;
Decho et al., 2005; Glunk et al., 2011; Visscher et al., 1998,
1999, 2022). During microbial degradation, the more
labile part of EPS is selectively metabolised (Visscher
et al., 1998), leaving a more recalcitrant fraction behind.
Changes in EPS composition with depth in sediments have
been recorded in previous work (Boussagol et al., 2024;
Braissant et al., 2009; Duteil et al., 2022; Pace et al., 2018;
Sforna et al., 2016). The increase in sugar to protein ratio
with depth (Table 1) indicates a preference for the protein
fraction of the EPS. The aminopeptidase activity in deep
sea sediment was three orders of magnitude higher than
that of other hydrolytic enzymes (Boetius, 1995), suggest-
ing that cleaving proteins is more beneficial than hydroly-
sis of sugar polymers.

Enzyme activity of sugar polymer cleaving enzymes
decreased with depth in a hypersaline microbial mat, but
to a much lesser extent than the decline of EPS, suggest-
ing that even in the anoxic part of the mat, EPS degra-
dation potential persisted (Braissant et al., 2009). Notably,
all slurries in this study made up of sediments down to
120cm supported model EPS degradation with only a
minor lag in its consumption (Tables 2 and 3).

Enrichments obtained on a mixture of sugars, amino
acids and model EPS displayed rapid growth, even in in-
ocula from >1m depth. Successive transfers in dextran
sulfate as model EPS supported growth under oxic and

anoxic conditions. From top to bottom, aerobic doubling
times of the enrichments increased sixfold with depth. In
contrast, growth of the anaerobic cultures obtained from
the top and the bottom was similar. (Table 4).

The potential to degrade EPS only supports the no-
tion of active carbonate precipitation at >1 m depth doc-
umented by Boussagol et al. (2024). The capacity of EPS
to bind calcium was present throughout the entire core
(Table 5) but decreased by a factor of 6-9 from top to bot-
tom, respectively. The binding capacity increased with
increasing pH, most probably due to more deprotonated
functional groups, available to bind cations (Braissant
et al.,, 2007; Dupraz et al., 2009). FT-IR observations
can reveal the functional groups in EPS (Braissant
et al., 2007; Martinho de Brito et al., 2022, 2023). Most
commonly carboxyl, hydroxyl, sulfate/sulfinic, phos-
phate and amino groups make up the acidic functional
groups in EPS (Braissant et al., 2007; Decho, 2000;
Duteil et al., 2022). The yield of EPS in our study was
insufficient for extensive analyses and further work to
assess functional group (e.g. using FT-IR) composition
is needed.

EPS from the sediment surface of the Lac d'llay
had a binding capacity of calcium (Table 5) similar to
that of the surface of a microbial mat from a tropical
lagoon (Pace et al., 2018). These metal-binding values
are about twice to three times higher than those re-
ported for cyanobacterial (Kauser et al., 2024; Kiran &
Kaushik, 2008) and sulfate-reducing bacterial cultures
(Braissant et al., 2007). Transparent exopolymeric parti-
cles typically associated with algal blooms display a sim-
ilar binding capacity (Martinho de Brito et al., 2023; Tan
et al., 2024). The EPS concentration in the water column
of Lac d'Tlay ranged from 0.6 to 3mgL ™", with a calcium
binding capacity of 1830 mg Ca.g™"' EPS during the late
summer bloom (Martinho de Brito, 2023). The EPS con-
centration in Lac d'Tlay is higher than that of temper-
ate coastal marine environments during diatom blooms
(0.6 mg EPS L', Guo et al., 2020; 0.5 mg EPS L™, Passow
et al., 2001), but lower than reported for subtropical
eutrophic lake (0.2-13.2mg EPS L7 Liu et al., 2023).
Assuming a sinking rate of 10 to >100md~" (Passow
et al., 2001; Tan et al., 2024), we can assume that in Lac
d'Tlay only a small amount of EPS will be degraded in the
water column and most of the exopolymers produced in
the photic zone rapidly reach the sediment surface at a
depth of 8.4m, thus presenting a major calcium source
for carbonate precipitation.

The total amount of calcium bound is a function of
the specific binding capacity and the amount of EPS
present. In the upper ca 120 cm of the sediment column,
the latter was decreasing by a factor of 30, so the total
binding potential decreases by two to three orders of
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magnitude over the length of the core. This decrease in
binding capacity can also be observed from the change in
acidic group density with depth (Table 1). The combined
observations of a calcium binding potential (Table 5),
use of model EPS in slurries (Tables 2 and 3) and rapid
growth on dextran sulfate (Figure 1) suggest that cal-
cium might be available for carbonate precipitation
throughout the 120 cm sediment core. This is consistent
with the report by Boussagol et al. (2024) that free cal-
cium in porewater increased with depth in Lac d'Ilay,
exceeding the calcium concentration in the overlying
water column. In addition to a local source of calcium,
the EPS also fulfils an important role as a nucleation site
for carbonate mineral formation (Dupraz et al., 2009).
Taken together, EPS create a unique biogeochemical
microenvironment different from its surroundings with
potentially increased calcium and carbonate concentra-
tions that also provides a template for mineral growth.

@(1?@ “e
- e"

The potential availability of calcium is helpful in ex-
plaining the carbonate precipitation which was observed
at depth in the sediment core. However, the actual poten-
tial to release calcium through EPS degradation requires
further verification. In experiments with calcium bound
to dextran sulfate as substrate, all enrichments released
calcium during growth (Figure 2). As doubling times of
the enrichments decreased with depth, the release of
calcium is also expected to decrease. Furthermore, the
anaerobic enrichment from the bottom of the core re-
leased calcium bound to EPS (Table 6) obtained from
the core. The relatively rapid release through heterotro-
phic microbial activity strengthens the likelihood that
calcium is sequestered near the surface and brought to
layers below the surface, probably facilitated by contin-
uous accumulation, where it supports carbonate precip-
itation. Studies in lithifying mats in an atoll in Kiribati
(Tonescu et al., 2015) and in a lagoon in Cuba (Pace
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FIGURE 3 Conceptual model of calcium carbonate production in sediments through the degradation of EPS by aerobic and

anaerobic heterotrophic bacteria. The EPS are produced in the photic zone, where it binds calcium and settles at the sediment surface.
There, additional EPS are produced by the benthic microbial community and bind additional EPS. Subsequently, the combined EPS
fractions are incorporated within the sediment column. Near the surface, EPS degradation is aerobic but then changes to predominantly
anaerobic degradation at depth. Ca is released as soon as EPS degradation begins, triggering the onset of precipitation. EPS degradation is
predominantly enzymatic and chemical degradation is negligible (Braissant et al., 2009; Di Martino, 2018; Warren, 1996). The total amount
and quality (i.e. the labile fraction) of EPS and consequently the rate of degradation decreases with depth but remains considerable even at
the bottom of the core. The amount of carbonate keeps increasing with depth until all porosity is closed (Boussagol et al., 2024).
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et al., 2018) proposed a similar conveyor belt model of
calcium transport to deeper layers, where it supports
calcium carbonate precipitation. In a similar scenario,
the precipitation of a variety of metal sulfides in the
upper ca 50cm of a hypersaline microbial mat was also
coupled to EPS degradation (Sforna et al., 2016). In our
study, EPS degradation started near the top of the core,
probably aerobically, and persisted, albeit at a much
slower pace at the bottom of the core, most probably
anaerobically. It should be noted that despite a high po-
tential of aerobic EPS turnover, this degradation appears
gradually (Figure 1; Boussagol et al., 2024) and persists
even at the bottom of the core.

This conveyor belt mechanism from the water column
to subsurface sediments (Figure 3) has important implica-
tions for global carbon cycling. The production of EPS by
phytoplankton is well-studied in field (Morelle et al., 2017;
Passow, 2002) and laboratory settings (Martinho de Brito
et al., 2022, 2023). Phytoplankton blooms in oceans
and lakes have been linked to whiting events (Robbins
& Blackwelder, 1992; Stanton et al., 2023; Thompson
et al., 1997). The finer-grained minerals that cause the whit-
ings are a major source of sedimentary carbonate (Broecker
& Takahashi, 1966; Shinn et al., 1989). However, in deep
waters, the calcium carbonate precipitation produced in
the photic zone is subject to rapid dissolution at the cal-
cium compensation depth (CCD) (Woosley, 2016). Only if
the position of the CaCOj; lysocline is below the depth of
the water column, carbonate produced during photosyn-
thesis can accumulate in sediments. As calcium bound to
EPS is not affected by the CCD (Nagata et al., 2021), this
mechanism of transport to sediments below this depth cir-
cumvents dissolution that minerals undergo.

Most phytoplankton blooms, however, are not as-
sociated with whiting events, but typically do pro-
duce large amounts of EPS (Decho, 2000; Passow &
Alldredge, 1995). The EPS concentrates calcium from the
water column (Martinho de Brito, 2023; Tan et al., 2024)
and settles through the water column onto the sediment
surface (Boussagol et al., 2024; Guo et al., 2020; Passow
et al., 2001). During subsequent microbial degradation
that continues for millennia, this calcium-enriched EPS
is then the source of calcium carbonate within the sed-
iment column.

Mixed populations of microbes containing specialists
and generalists are particularly well-equipped to degrade
polymers (Megonigal et al., 2003; Schaerer et al., 2023).
Our study demonstrates the contribution to carbonate
precipitation through EPS degradation by heterotrophic
enrichments even from deeper in sediments and high-
lights an important biological mechanism for long-term
carbon sequestration (Sanchez-Roman et al., 2025) that
continues for millennia.
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