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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'Ilay, Jura France. Phytoplankton blooms in this 
lake produced large amounts of exopolymeric substances (EPS; 1.8–3.0 mg L−1), 
probably inhibiting CaCO3 precipitation by binding Ca2+ 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 μg/g dry sed-
iment near the surface to ca 1.5 μg/g dry sediment at the bottom (120 cm 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 20 days. 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; Ercole et 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, 
López-García 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 10 m and a maximum depth of 32 m, 
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 
7 × 106 m3). The lake's outflow discharges into the Hérisson 
River to the southeast, and a deep-water extraction point 
providing 20,000 m3 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 (<5 m), these deposits display a geometry 
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comparable to that of small carbonate platforms. They 
are composed predominantly of calcium carbonate (≈80% 
CaCO3) 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'Ilay (Lat 46.625640°, 
Long 5.895115°), Jura, France, at a water depth of 8.4 m 
(Boussagol et  al.,  2024). The 120 cm 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 117 cm (Figure 1D) 
depth as the ‘bottom’ of the core. Chemical analyses and 
microbial experiments started within 5 months 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 12 cm, between 44 and 47 cm, and at 
112 cm, 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, 15 s).

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 (6–7 cm depth), middle (43–44 cm depth) and bot-
tom (117 cm) 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 0.22 μm 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 
48–60 h 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 N2 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 10 mL 
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 N2 for 15 min and supplemented with Na2SO4 
(100 μM final concentration). Respiration was monitored 
for 30–60 min and rates were determined by the decline in 
[O2] and increase in [H2S] during aerobic respiration and 
sulfate-reducing conditions, respectively. Measurements 
were collected every minute. Organic carbon additions 
to slurries included acetate, glucose (each at 10 mM final 
concentration) and dextran sulfate and xanthan as model 
EPS (1.5 mg-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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F I G U R E  1   Sediment core IL-22-6b (A) used in this study. The core was recovered from 8.4 m depth in Lac d'Ilay, 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 O2 concentration 
were divided by two (2e− accepted per O2 used); values 
obtained for H2S production were divided by eight (8e− ac-
cepted per sulfate).

2.4  |  Enrichment cultures of 
heterotrophic EPS degrading microbes

Aliquots (ca. 0.25 cm3) of the top (12 cm 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 (g L−1): NH4Cl (0.8), CaCl2.2H2O (0.05), KCl 
(0.2), MgSO4.7H2O (0.4), KH2PO4 (0.5), K2HPO4 (0.2), and 
yeast extract (0.5). The medium was supplemented with 
(0.1 g L−1) fructose, mannose, gluconate, glutamate, ser-
ine, glutamine mannose, and as model EPS (g L−1): xan-
than (0.5), dextran sulfate (0.5). The anaerobic medium 
was amended with Na2SO4 (1 mg L−1) and reduced with 
Na2S2O4 (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 mL L−1) and a vitamin mix (pyridoxine.HCl, thia-
mine.HCl, riboflavin, Ca-pantothenate, thioctic acid, p-
aminobenzoic acid, nicotinic acid, vitamin B12, biotin and 
folic acid, all 0.05 mg L−1) and dextran sulfate was the sole 
source of carbon (2 g L−1). After three additional transfers, 
the growth of the enrichments was followed by measur-
ing the optical density (OD) of the enrichment cultures 
at 550 nm, 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 15–21 cm), middle (31–38, 43–44, 45–51 
and 67–69 cm) and bottom (83–85, 96–98, 111–113 and 
117 cm) of the cores. The EPS were extracted by diluting 
one volume of sediment with two volumes of deionised 
water, sonicated for 10 min and stirred for 4 h (Duteil 
et  al.,  2022). After centrifugation (3000 g, 10 min), 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 (3000 g, 20 min) and dialysed (20 kD MWCO) for 24 h 
once against 1 mM 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 1.0 g L−1 solutions) and natural EPS from 
the top, middle and bottom of the core was determined 
by stepwise addition of 50–100 μL of a 10 mM CaCl2 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 0.275 g CaCl2 L−1, 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 550 nm), 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 15–21 cm) was com-
bined and dialysed as described above. Subsequently, cal-
cium was added to a concentration of 0.2 mg 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 480 h.

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 20 cm 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 137Cs peaks at 14.5 cm and 37.5 cm, 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 137Cs at 
50 cm, along with a radiocarbon-dated leaf at 51 cm, 
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 57 cm, an increasing trend in dry density 
was observed, along with slight fluctuations in CaCO3 
(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 120 cm deep sediment 
core was complemented with five additional measurements 
(Table  1). The amount of EPS gradually decreased with 

depth from 48.6 μg g−1 dry at the top, to 8.7 μg g−1 sed in the 
middle and 1.5 μg g−1 dry sed at the bottom of the core. The 
sugar content decreased from 6.4 to 8.9 μg g−1 dry sediment 
in the upper 10 cm of the core, 1.1 to 2.8 μg g−1 dry sediment 
in the middle section and 0.4 to 0.9 μg g−1 dry sediment in 
the bottom 10 cm. The protein content of EPS also decreased 
with depth, ranging from 8.1 to 12.1 μg g−1 dry sediment in 
the upper 10 cm of the core, 0.8 to 1.4 μg g−1 dry sediment in 
the middle section and 0.1 to 0.3 μg g−1 dry sediment in the 
bottom 10 cm. The acidic functional groups in EPS measured 
with the Alcian Blue assay followed a similar pattern: in the 
upper 7 cm of the core the acidic group content ranged from 
13.2 to 14.8 μg equivalents g−1 dry sediment, and declined 
rapidly below that depth (3.8–8.3 equivalents g−1 dry sedi-
ment in the 10–21 cm interval, 0.9–1.4 equivalents g−1 dry 
sediment in the 43–51 cm interval, 0.4–0.6 equivalents g−1 
dry sediment in the 83–98 cm and 0.4–0.5 equivalents g−1 
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 15 min at the surface, 10 to 
20 min 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 

T A B L E  1   Downcore EPS properties in core Il-22-6b from Lac d'Ilay (taken 24 November 2022).

Depth (cm)
EPS recovered (μg/g 
dry sed)

Reactive Sugar (μg/g 
dry sed)

Acidic groups μg/g 
dry sed

Protein μg/g dry 
sed

Sugar: 
Protein

0–7a 48.6 8.9 ± 0.3 13.2 ± 0.1 12.1 ± 1.1 0.7

6–7 nd 8.6 ± 0.6 14.8 ± 0.9 10.4 ± 0.7 0.8

10 nd 6.4 ± 0.8 8.3 ± 1.3 8.1 ± 0.6 0.8

15–21a 32.8 5.8 ± 1.1 3.8 ± 0.4 2.6 ± 0.3 2.2

31–38a nd 2.8 ± 0.3 1.3 ± 1.1 0.8 ± 0.2 3.5

43–44 8.7 2.8 ± 0.6 1.4 ± 0.3 1.0 ± 0.3 2.8

45–51a nd 1.1 ± 0.2 0.9 ± 0.3 1.4 ± 0.3 0.8

67–69a 3.4 1.0 ± 0.2 0.8 ± 0.2 0.3 ± 0.2 3.3

83–85a nd 1.2 ± 0.3 0.4 ± 0.1 0.3 ± 0.1 4.0

96–98a nd 0.6 ± 0.1 0.6 ± 0.1 nd —

109–111 1.5 0.9 ± 0.4 0.4 ± 0.4 0.3 ± 0.2 3.0

111–113a nd 0.4 ± 0.2 0.5 ± 0.1 0.1 ± 0.0 4.0

117 nd 0.5 ± 0.2 0.4 ± 0.2 0.1 ± 0.1 5.0

Note: Mean ± standard deviation (n = 3). Values expressed as xanthan equivalents.
Abbreviation: nd, not determined.
aDesignates values reported in Boussagol et al. (2024).
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      |  7 of 16VISSCHER et al.

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 μmol e− L−1 sediment min−1, 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.

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 

Carbon amendment

Top core 
(6–7 cm) slurry 
(μmol e− L−1 
slurry min−1)

Middle core 
(43–44 cm) 
(μmol e− L−1 
slurry min−1)

Bottom core 
(117 cm) 
(μmol e− L−1 
slurry min−1)

N.A. (endogenous) 0.39 ± 0.03 0.19 ± 0.02 0.15 ± 0.03

Acetate 1.62 ± 0.17 0.93 ± 0.05 0.35 ± 0.04

Glucose 1.23 ± 0.07 0.74 ± 0.07 0.24 ± 0.05

Glutamate 1.14 ± 0.11 0.75 ± 0.06 nt

Dextran sulfate 0.95 ± 0.09 0.42 ± 0.05 0.19 ± 0.04

Xanthan 0.65 ± 0.06 0.26 ± 0.04 0.15 ± 0.05

Note: Rates were determined from the linear decrease in [O2] and expressed in μmol e− L−1 slurry min−1 
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.

T A B L E  2   Aerobic respiration 
rates in slurries with amended carbon 
compounds.

Carbon amendment

Top core 
(6–7 cm) 
(μmol e− L−1 
slurry min−1)

Middle core 
(43–44 cm) 
(μmol e− L−1 
slurry min−1)

Bottom core 
(117 cm) 
(μmol e− L−1 
slurry min−1)

N.A. (endogenous) 0.02 ± 0.02 0.04 ± 0.02 0.06 ± 0.02

Acetate 0.28 ± 0.06 0.24 ± 0.05 0.14 ± 0.04

Glucose 0.31 ± 0.08 0.19 ± 0.06 0.17 ± 0.06

Dextran sulfate 0.04 ± 0.02 0.13 ± 0.04 0.13 ± 0.04

Xanthan 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 μmol e− L−1 slurry min−1 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).

T A B L E  3   Anaerobic respiration 
rates in slurries with amended carbon 
compounds.
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8 of 16  |      VISSCHER et al.

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 7 cm of the core bound 316 and 388 mg Ca g−1 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 15 days of the experiment.

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

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 240 h, slowed between 240 and 360 h, 
then ceased after 360 h (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 

T A B L E  4   Approximate doubling times of the enrichments on dextran sulfate as the sole substrate determined after four and six 
transfers.

Origin 
inoculum

Aerobic doubling time (td) 
after

% Dextran sulfate 
consumed

Anaerobic doubling time 
(td) after

% Dextran sulfate 
consumed

Four 
transfers Six transfers

Four 
transfers Six transfers

Top core 
(7 cm)

16 h 14 h 60–65 22 h 21 h 32–37

Middle core 
(43–44 cm)

22 h 23 h 44–46 30 h 28 h 33

Bottom 
(117 cm)

98 h nd Nd—11 24 h 24 h 36–41

Note: Doubling times were calculated from increases in optical density (OD550nm). 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.

T A B L E  5   Calcium binding capacity of EPS isolated from 
different depth horizons of the core.

Depth (cm)

Maximum amount of calcium bound 
(mg Ca g−1 EPS)

pH 5–6 pH 7.5–8.5 pH 9–9.5

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.
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      |  9 of 16VISSCHER et al.

(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 

F I G U R E  2   Growth of enrichment cultures on 0.5 g L−1dextran sulfate (model EPS) containing 0.1 mg Ca mL−1. 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.
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10 of 16  |      VISSCHER et al.

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 
120 cm 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 >1 m 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'Ilay 
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'Ilay ranged from 0.6 to 3 mg L−1, with a calcium 
binding capacity of 1830 mg Ca.g−1 EPS during the late 
summer bloom (Martinho de Brito, 2023). The EPS con-
centration in Lac d'Ilay is higher than that of temper-
ate coastal marine environments during diatom blooms 
(0.6 mg EPS L−1, Guo et al., 2020; 0.5 mg EPS L−1, Passow 
et  al.,  2001), but lower than reported for subtropical 
eutrophic lake (0.2–13.2 mg EPS L−1; Liu et  al.,  2023). 
Assuming a sinking rate of 10 to >100 m d−1 (Passow 
et al., 2001; Tan et al., 2024), we can assume that in Lac 
d'Ilay 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 8.4 m, 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 

T A B L E  6   Growth of the anaerobic enrichment from the 
bottom of the core on natural EPS amended with calcium.

Time of incubation (h) OD550nm Ca released (%)

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.
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      |  11 of 16VISSCHER et al.

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.

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 
(Ionescu et  al.,  2015) and in a lagoon in Cuba (Pace 

F I G U R E  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 50 cm 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 CaCO3 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.

FUNDING INFORMATION
PTV and EV acknowledge ISITE project UB18016-
BGS-IS that supported the field sampling. This work 
was further supported in part by NASA Exobiology pro-
ject NNH22ZDA001N-EXO (to PV and RW); AAPG-1-
HARMI-ANR ‘Microbial carbonate muds, a potential for 
Carbon capture’ (to EV); ANR EXODIA ‘EXOpolymeric 
substances as catalyzers of DIAgenetic reactions: im-
plications for metal accumulation in modern and an-
cient estuaries’ supported by the Agence Nationale de la 
Recherche (Projet-ANR-23-CE01-0012) and a Fulbright 
Visiting Scholar Program (RB); ARC Discovery Project 
DP230100769 (to BPB).

DATA AVAILABILITY STATEMENT
All data used in this study are available on OSF (https://​
osf.​io/​46bwt/​​).

REFERENCES
Aller, R.C. (1980) Quantifying solute distributions in the bio-

turbated zone of marine sediment by defining an average 
micro-environment. Geochimica et Cosmochimica Acta, 44, 
1955–1965.

Arp, G., Reimer, A. & Reitner, J. (2003) Microbialite formation in sea-
water of increased alkalinity, Satonda Crater Lake, Indonesia. 
Journal of Sedimentary Research, 73, 105–127.

Berner, R.A. (1980) Diagenetic chemical processes I: equilibrium, 
homogeneous, and microbial reactions. In: Early diagenesis: a 
theoretical approach. Princeton series in geochemistry. Princeton, 
NJ: Princeton Univ Press, pp. 57–89. https://​doi.​org/​10.​2307/j.​
ctvx8​b6p2.​8

Berner, R.A. & Westrich, J.T. (1985) Bioturbation and the early di-
agenesis of carbon and sulfur. American Journal Science, 285, 
193–206. https://​doi.​org/​10.​2475/​ajs.​285.3.​193

Birgel, D., Thiel, V., Hinrichs, K.-U., Elvert, M., Campbell, K.A., 
Reitner, J., Farmer, J.D. & Peckmann, J. (2006) Lipid biomarker 
patterns of methane-seep microbialites from the Mesozoic 
convergent margin of California. Organic Geochemistry, 37, 
1289–1302.

Boetius, A. (1995) Microbial hydrolytic enzyme activities in deep-sea 
sediments. Helgoländer Wissenschaftliche Meeresuntersuchungen, 
49, 177–187.

Boussagol, P., Vennin, E., Monna, F., Millet, L., Bonnotte, A., 
Montreuil, S., Bundeleva, I., Rius, D. & Visscher, P.T. (2024) 
Carbonate mud production in lakes is driven by degradation of 
microbial substances. Communications Earth & Environment, 
5, 533. https://​doi.​org/​10.​1038/​s4324​7-​024-​01709​-​9

Braissant, O., Cailleau, G., Dupraz, C. & Verrecchia, E.P. (2003) 
Bacterially induced mineralization of calcium carbonate in 
terrestrial environments: the role of exopolysaccharides and 
amino acids. Journal of Sedimentary Research, 73, 485–490.

Braissant, O., Decho, A.W., Dupraz, C., Glunk, C., Przekop, K.M. 
& Visscher, P.T. (2007) Exopolymeric substances of sulfate-
reducing bacteria: Interactions with calcium at alkaline pH and 
implications for formation of carbonate minerals. Geobiology, 
5, 401–411.

 20554877, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dep2.70057 by Stiftung T

ierärztliche H
ochschule H

annover, W
iley O

nline L
ibrary on [05/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://osf.io/46bwt/
https://osf.io/46bwt/
https://doi.org/10.2307/j.ctvx8b6p2.8
https://doi.org/10.2307/j.ctvx8b6p2.8
https://doi.org/10.2475/ajs.285.3.193
https://doi.org/10.1038/s43247-024-01709-9


      |  13 of 16VISSCHER et al.

Braissant, O., Decho, A.W., Przekop, K.M., Gallagher, K.L., Glunk, 
C., Dupraz, C. & Visscher, P.T. (2009) Characteristics and turn-
over of exopolymeric substances (EPS) in a hypersaline micro-
bial mat. FEMS Microbal Ecology, 67, 293–307.

Broecker, W.S. & Takahashi, T. (1966) Calcium carbonate precipita-
tion of the Bahama Banks. Journal of Geophysical Research, 1, 
1575–1602.

Cole, J.J. & Lee, C. (1986) Rapid microbial metabolism of non-
protein amino acids in the sea. Biogeochemistry, 2, 299–312.

Crawford, D.L. & Crawford, R.L. (1980) Microbial degradation of lig-
nin. Enzyme and Microbial Technology, 2, 11–22.

Crosby, C.H. & Bailey, J.V. (2012) The role of microbes in the for-
mation of modern and ancient phosphatic mineral deposits. 
Frontiers in Microbiology, 3, 241.

Curtis, C.D. (1967) Diagenetic iron minerals in some British 
Carboniferous sediments. Geochimica et Cosmochimica Acta, 
31(11), 2109–2123. https://​doi.​org/​10.​1016/​0016-​7037(67)​
90055​-​5

Cutts, E.M., Baldes, M.J., Skoog, E.J., Hall, J., Gong, J., Moore, K.R. & 
Bosak, T. (2022) Using molecular tools to understand microbial 
carbonates. Geosciences, 12, 185.

Decho, A.W. (1990) Microbial exopolymer secretions in ocean en-
vironments: their role(s) in food webs and marine processes. 
Oceanography and Marine Biology. Annual Review, 28, 73–154.

Decho, A.W. (2000) Microbial biofilms in intertidal systems: an over-
view. Continental Shelf Research, 20, 1257–1273.

Decho, A.W. & Gutierrez, T. (2017) Microbial extracellular polymeric 
substances (EPSs) in ocean systems. Frontiers in Microbiology, 
8, 922.

Decho, A.W., Visscher, P.T. & Reid, R.P. (2005) The cycling and 
production of natural microbial exopolymers within marine 
stromatolite biofilms. Palaeogeography Palaeoclimatology 
Palaeoecology, 219, 71–86.

Degens, E.T. (1967) Diagenesis of organic matter. In: Larsen, G. & 
Chilingar, G.V. (Eds.) Developments in sedimentology, Vol. 8. 
Amsterdam: Elsevier, pp. 343–390. https://​doi.​org/​10.​1016/​
S0070​-​4571(08)​70846​-​X

Degens, E.T. & Mopper, K. (1976) Factors controlling the distribu-
tion and early diagenesis of organic material in marine sedi-
ments. Chemical Oceanography, 6, 59–113. https://​doi.​org/​10.​
1016/​B978-​0-​12-​58860​6-​2.​50012​-​6

Del Buey, P., Sanz-Montero, M.E., Braissant, O., Cabestrero, Ó. & 
Visscher, P.T. (2021) The role of microbial extracellular poly-
meric substances on formation of sulfate minerals and fibrous 
Mg-clay. Chemical Geology, 581(1), 120403. https://​doi.​org/​10.​
1016/j.​chemg​eo.​2021.​120403

Deming, J.W. & Baross, J.A. (1993) The early diagenesis of organic 
matter: bacterial activity. In: Engel, M.H. & Macko, S.A. (Eds.) 
Organic geochemistry. topics in geobiology, Vol. 11. Boston, MA: 
Springer. https://​doi.​org/​10.​1007/​978-​1-​4615-​2890-​6_​5

Di Martino, P. (2018) Extracellular polymeric substances, a 
key element in understanding biofilm phenotype. AIMS 
Microbiology, 4, 274–288. https://​doi.​org/​10.​3934/​micro​biol.​
2018.2.​274

Dong, H., Huang, L., Zhao, L., Zeng, Q., Liu, X., Sheng, Y., Shi, L., 
Wu, G., Jiang, H., Li, F., Guo, D., Li, G., Hou, W. & Chen, H. 
(2022) A critical review of mineral-microbe interaction and 
coevolution: mechanisms and applications. National Science 
Review, 9, 128. https://​doi.​org/​10.​1093/​nsr/​nwac128

Douglas, S. & Beveridge, T.J. (1998) Mineral formation by bacteria in 
natural communities. FEMS Microbial Ecology, 26, 79–88.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.T. & Smith, F. 
(1956) Colorimetric method for determination of sugars and 
related substances. Analytical Chemistry, 28, 350–356.

Dupraz, C. & Visscher, P.T. (2005) Microbial lithification in marine 
stromatolites and hypersaline mats. Trends in Microbiology, 13, 
429–438.

Dupraz, C., Fowler, A., Tobias, C. & Visscher, P.T. (2013) Stromatolitic 
knobs in Storr's Lake (San Salvador, Bahamas): a model system 
for formation and alteration of laminae. Geobiology, 11, 527–
548. https://​doi.​org/​10.​1111/​gbi.​12063​

Dupraz, C., Reid, R.P., Braissant, O., Decho, A.W., Norman, R.S. & 
Visscher, P.T. (2009) Processes of carbonate precipitation in 
modern microbial mats. Earth-Science Reviews, 96, 141–162.

Dupraz, C., Visscher, P.T., Baumgartner, L.K. & Reid, R.P. (2004) 
Microbe-mineral interactions: early carbonate precipitation in 
a hypersaline lake (Eleuthera Island, Bahamas). Sedimentology, 
51, 745–765.

Duteil, T., Bourillot, R., Braissant, O., Grégoire, B., Leloup, M., Portier, 
E., Brigaud, B., Féniès, H., Svahn, I., Henry, A., Yokoyama, Y. & 
Visscher, P.T. (2022) Preservation of exopolymeric substances 
in estuarine sediments. Frontiers in Microbiology, 13, 921154. 
https://​doi.​org/​10.​3389/​fmicb.​2022.​921154

Ehrlich, H.L. (1996) How microbes influence mineral growth and 
dissolution. Chemical Geology, 132, 1–4.

Ercole, C., Cacchio, P., Botta, A.L., Centi, V. & Lepidi, A. (2007) 
Bacterially induced mineralization of calcium carbonate: 
the role of exopolysaccharides and capsular polysaccharides. 
Microscopy and Microanalysis, 13, 42–50.

Evrard, O., Chaboche, P.A., Ramon, R., Foucher, A. & Laceby, 
J.P. (2020) A global review of sediment source fingerprint-
ing research incorporating fallout radiocesium (137Cs). 
Geomorphology, 362, 107103.

Ferris, F.G., Enright, A., Fortin, D. & Clark, I.D. (2016) Rates of 
Fe(II)-oxidation and solubility of bacteriogenic iron oxides. 
Geomicrobiology Journal, 33, 237–242.

Ferris, F.G., Wiese, R.G. & Fyfe, W. (1994) Precipitation of carbonate 
minerals by microorganisms: Implications for silicate weath-
ering and the global carbon dioxide budget. Geomicrobiology 
Journal, 12, 1–13.

Froelich, P.N., Klinkhammer, M.L., Bender, M.L., Luedtke, N.A., 
Heath, G.R., Cullen, D., Dauphin, P.P., Hammond, D., Hartman, 
B. & Maynard, V. (1979) Early oxidation of organic matter in 
pelagic sediments of the eastern equatorial Atlantic: suboxic 
diagenesis. Geochimica et Cosmochimica Acta, 43, 1075–1090.

Gallagher, K.L., Kading, T.J., Braissant, O., Dupraz, C. & Visscher, 
P.T. (2012) Inside the alkalinity engine: the role of electron do-
nors in the organomineralization potential of sulfate-reducing 
bacteria. Geobiology, 10, 518–530.

Gautret, P., Camoin, G., Golubic, S. & Sprachta, S. (2004) Tracing 
automicrite formation and its biochemical setting in modern 
lagoonal microbialites. Journal of Sedimentary Research, 74, 
462–478.

Glunk, C., Dupraz, C., Braissant, O., Gallagher, K.L., Verrecchia, E.P. 
& Visscher, P.T. (2011) Microbially-mediated carbonate precip-
itation in a hypersaline lake, Big Pond (Eleuthera, Bahamas). 
Sedimentology, 58, 720–738. https://​doi.​org/​10.​1111/j.​1365-​
3091.​2010.​01180.​x

 20554877, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dep2.70057 by Stiftung T

ierärztliche H
ochschule H

annover, W
iley O

nline L
ibrary on [05/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/0016-7037(67)90055-5
https://doi.org/10.1016/0016-7037(67)90055-5
https://doi.org/10.1016/S0070-4571(08)70846-X
https://doi.org/10.1016/S0070-4571(08)70846-X
https://doi.org/10.1016/B978-0-12-588606-2.50012-6
https://doi.org/10.1016/B978-0-12-588606-2.50012-6
https://doi.org/10.1016/j.chemgeo.2021.120403
https://doi.org/10.1016/j.chemgeo.2021.120403
https://doi.org/10.1007/978-1-4615-2890-6_5
https://doi.org/10.3934/microbiol.2018.2.274
https://doi.org/10.3934/microbiol.2018.2.274
https://doi.org/10.1093/nsr/nwac128
https://doi.org/10.1111/gbi.12063
https://doi.org/10.3389/fmicb.2022.921154
https://doi.org/10.1111/j.1365-3091.2010.01180.x
https://doi.org/10.1111/j.1365-3091.2010.01180.x


14 of 16  |      VISSCHER et al.

Guo, S., Zhao, Y., Zhu, M., Liang, J., Du, J. & Sun, X. (2020) Spatio-
temporal variation of transparent exopolymer particles (TEP) 
and their sinking flux in a temperate bay: Jiaozhou Bay, China. 
Estuarine, Coastal and Shelf Science, 246, 107051.

Haglund, A.-L., Lantz, P., Tornblom, E. & Tranvik, L.J. (2003) Depth 
distribution of active bacteria and bacterial activity in lake sed-
iment. FEMS Microbiology Ecology, 46, 31–38.

Hedges, J.I. & Prahl, F.G. (1993) Early diagenesis: consequences 
for applications of molecular biomarkers. In: Engel, M.H. & 
Macko, S.A. (Eds.) Organic geochemistry. Topics in geobiology. 
Boston, MA: Springer, pp. 237–253. https://​doi.​org/​10.​1007/​
978-​1-​4615-​2890-​6_​11

Henrichs, S.M. (1992) Early diagenesis of organic matter in marine 
sediments: progress and perplexity. Marine Chemistry, 39, 119–
149. https://​doi.​org/​10.​1016/​0304-​4203(92)​90098​-​U

Ionescu, D., Spitzer, S., Reimer, A., Schneider, D., Daniel, R., Reitner, 
J., de Beer, D. & Arp, G. (2015) Calcium dynamics in microbi-
alite- forming exopolymer-rich mats on the atoll of Kiritimati, 
Republic of Kiribati, Central Pacific. Geobiology, 13, 170–180. 
https://​doi.​org/​10.​1111/​gbi.​12120​

Janusz, G., Pawlik, A., Sulej, J., Swiderska-Burek, U., Jarosz-
Wilkolazka, A. & Paszczynski, A. (2017) Lignin degradation: 
microorganisms, enzymes involved, genomes analysis and evo-
lution. FEMS Microbiology Reviews, 41, 941–962. https://​doi.​
org/​10.​1093/​femsre/​fux049

Kamennaya, N., Ajo-Franklin, C., Northen, T. & Jansson, C. (2012) 
Cyanobacteria as biocatalysts for carbonate mineralization. 
Minerals, 2, 338–364. https://​doi.​org/​10.​3390/​min20​40338​

Kauser, S., Saeed, A., Farooq, U. & Hussain, A. (2024) Investigation 
of extracellular polymeric substances (EPS) from cyanobac-
teria/blue green algae and their interaction with heavy metal 
ions: insights from excitation-emission matrix fluorescence 
spectroscopy. Biologia, 79, 3461–3473.

Kiran, B. & Kaushik, A. (2008) Chromium binding capacity of 
Lyngbya putealis exopolysaccharides. Biochemical Engineering 
Journal, 38, 47–54.

Kirchman, D.L. (2003) The contribution of monomers and other 
low-molecular weight compounds to the flux of dissolved 
organic material in aquatic ecosystems. In: Findlay, S.E.G. 
& Sinsabaugh, R.L. (Eds.) Aquatic ecosystems. Boston, MA: 
Academic Press, pp. 217–241.

Kirchman, D.L. (2018) Ch 7 Degradation of organic matter. In: 
Processes in microbial ecology, 2nd edition. Oxford: Oxford Univ 
Press, pp. 113–132. https://​doi.​org/​10.​1093/​oso/​97801​98789​
406.​003.​0007

Kleber, M., Bourg, I.A., Coward, E.K., Hansel, C.M., Myneni, S.C.B. & 
Nunan, N. (2021) Dynamic interactions at the mineral-organic 
matter interface. Nature Reviews Earth and Environment, 2, 
402–421.

Lehmann, M.F., Bernasconi, S., Barbieri, A. & McKenzie, J.A. (2002) 
Preservation of organic matter and alteration of its carbon and 
nitrogen isotope composition during simulated and in situ early 
diagenesis. Geochimica et Cosmochimica Acta, 66, 3573–3584.

Lewicka-Rataj, K., Heese, T., Pikuła, K. & Arciszewski, M. (2024) 
The microbiological activity of lake sediments before and after 
application of EM (effective microorganisms). Ecohydrology 
and Hydrobiology, 24, 311–320.

Liu, L., Huang, Q., Zhou, J. & Qin, B. (2023) Abundance, distribution 
patterns and the contribution of transparent exopolymeric par-
ticles and dissolved acidic polysaccharides to organic carbon in 
Lake Taihu, China. Water, 15, 663.

López-García, P., Kaźmierczak, J., Benzerara, K., Kempe, S., Guyot, 
F. & Moreira, D. (2005) Bacterial diversity and carbonate pre-
cipitation in the giant microbialites from the highly alkaline 
Lake Van, Turkey. Extremophiles, 9, 263–274.

Ludwig, R., Al-Horani, F.A., De Beer, D. & Jonkers, H.M. (2005) 
Photosynthesis-controlled calcification in a hypersaline micro-
bial mat. Limnology and Oceanography, 50, 1836–1843.

Magny, M. (1992) Sédimentation et dynamique de comblement 
dans les lacs du Jura au cours des 15 derniers millénaires. Revu 
d’Archéométrie, 16, 27–49.

Martinho de Brito, M. (2023) The role of cyanobacterial extracellu-
lar polymeric substances (EPS) in carbonate precipitation. PhD 
Thesis 196. Dijon: Universite de Bourgogne Frache-Comte.

Martinho de Brito, M., Bundeleva, I., Marin, F., Vennin, E., Perraud, 
L., Wilmotte, A. & Visscher, P.T. (2022) Effect of culture pH on 
properties of exopolymeric substances from Synechococcus PCC 
7942: implications for carbonate precipitation. Geosciences, 
12(5), 210.

Martinho de Brito, M., Bundeleva, I., Marin, F., Vennin, E., Wilmotte, 
A., Plasseraud, L. & Visscher, P.T. (2023) Properties of exo-
polymeric substances (EPSs) produced during cyanobacterial 
growth: potential role in whiting events. Biogeosciences, 20, 
3165–3183. https://​doi.​org/​10.​5194/​bg-​20-​3165-​2023

Marvasi, M., Visscher, P.T. & Casillas-Martinez, L. (2010) 
Extracellular polymeric substances (EPS) from Bacillus sub-
tilis: polymers and genes encoding their synthesis. FEMS 
Microbiology Letters, 313, 1–9.

McKenzie, J.A., Bernoulli, D. & Schlanger, S.O. (1980) Shallow-
water carbonate sediments from the Emperor Seamounts: their 
diagenesis and paleogeographic significance. In: Initial reports 
of the Deep Sea Drilling Project, Vol. 55. Washington, DC: US 
Government Printing Office, pp. 415–456. https://​doi.​org/​10.​
2973/​dsdp.​proc.​55.​115.​1980

Megonigal, J.P., Hines, M.E. & Visscher, P.T. (2003) Anaerobic 
metabolism and production of trace gases. In: Holland, H.D. 
& Turekian, K.K. (Eds.) Treatise on geochemistry, Vol. 8. 
Amsterdam: Elsevier, pp. 317–424.

Mobberley, J.M., Khodadad, C.L.M., Visscher, P.T., Reid, R.P., 
Hagan, P. & Foster, J.S. (2015) Inner workings of thrombolites: 
spatial gradients of metabolic activity as revealed by meta-
transcriptome profiling. Scientific Reports, 5, 12601. https://​doi.​
org/​10.​1038/​srep1​2601

Monna, F., van Oort, F., Hubert, P., Dominik, J., Bolte, J., Loizeau, 
K.L., Labanowski, J., Lamri, J., Petit, C., Le Roux, G. & Chateau, 
C. (2009) Modeling of 137Cs migration in soils using an 80-year 
soil archive: role of fertilizers and agricultural amendments. 
Journal of Environmental Radioactivity, 100, 9–16.

Morelle, J., Schapira, M. & Claquin, P. (2017) Dynamics of phyto-
plankton productivity and exopolysaccharides (EPS and TEP) 
pools in the Seine Estuary (France, Normandy) over tidal cycles 
and two contrasting seasons. Marine Environmental Research, 
131, 162–176.

Moriarty, D.J.W., Syring, G.W., O'Brien, G.W. & Heggie, D.T. (1991) 
Heterotrophic bacterial activity and growth rates in sediments 
of the continental margin of eastern Australia. Deep Sea 
Research, Part A, 38, 693–712.

Nagata, T., Yamada, Y. & Fukuda, H. (2021) Transparent exopolymer 
particles in deep oceans: synthesis and future challenges. Gels, 7, 
75. https://​doi.​org/​10.​3390/​gels7​030075

Ortiz-Castillo, J.E., Mirazimi, M., Mohammadi, M., Dy, E. & Liu, W. 
(2021) The role of microorganism in the formation of secondary 

 20554877, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dep2.70057 by Stiftung T

ierärztliche H
ochschule H

annover, W
iley O

nline L
ibrary on [05/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/978-1-4615-2890-6_11
https://doi.org/10.1007/978-1-4615-2890-6_11
https://doi.org/10.1016/0304-4203(92)90098-U
https://doi.org/10.1111/gbi.12120
https://doi.org/10.1093/femsre/fux049
https://doi.org/10.1093/femsre/fux049
https://doi.org/10.3390/min2040338
https://doi.org/10.1093/oso/9780198789406.003.0007
https://doi.org/10.1093/oso/9780198789406.003.0007
https://doi.org/10.5194/bg-20-3165-2023
https://doi.org/10.2973/dsdp.proc.55.115.1980
https://doi.org/10.2973/dsdp.proc.55.115.1980
https://doi.org/10.1038/srep12601
https://doi.org/10.1038/srep12601
https://doi.org/10.3390/gels7030075


      |  15 of 16VISSCHER et al.

minerals in mine rock and drainage: a review. Minerals, 11, 
1349.

Pace, A., Bourillot, R., Bouton, A., Vennin, E., Braissant, O., Dupraz, 
C., Duteil, T., Bundeleva, I., Patrier, P., Galaup, S., Yokoyama, Y., 
Franceschi, M., Virgone, A. & Visscher, P.T. (2018) Formation 
of stromatolite lamina at the interface of oxygenic-anoxygenic 
photosynthesis. Geobiology, 16, 378–398. https://​doi.​org/​10.​
1111/​gbi.​12281​

Pace, A., Bourillot, R., Bouton, A., Vennin, E., Galaup, S., Bundeleva, 
I., Patrier, P., Dupraz, C., Thomazo, C., Sansjofre, P., Yokoyama, 
Y., Franceschi, M., Anguy, Y., Pigot, L., Virgone, A. & Visscher, 
P.T. (2016) Microbial and diagenetic steps leading to the miner-
alisation of Great Salt Lake microbialites. Scientific Reports, 6, 
31495. https://​doi.​org/​10.​1038/​srep3​1495

Pamatmat, M.M. & Ashok, B.M. (1973) Anaerobic metabolism in 
Lake Washington sediments. Limnology and Oceanography, 18, 
611–627. https://​doi.​org/​10.​4319/​lo.​1973.​18.4.​061

Passow, U. (2002) Transparent exopolymer particles (TEP) in aquatic 
environments. Progress in Oceanography, 55, 287–333. https://​
doi.​org/​10.​1016/​S0079​-​6611(02)​00138​-​6

Passow, U. & Alldredge, A.L. (1995) A Dye-binding assay for the 
spectrophotometric measurement of transparent exopolymer 
particles (TEP). Limnology and Oceanography, 40, 1326–1335. 
https://​doi.​org/​10.​4319/​lo.​1995.​40.7.​1326

Passow, U., Shipe, R.F., Murray, A., Pak, D.K., Brzezinski, M.A. & 
Alldredge, A.L. (2001) The origin of transparent exopolymer 
particles (TEP) and their role in the sedimentation of particu-
late matter. Continental Shelf Research, 21, 327–346. https://​doi.​
org/​10.​1016/​S0278​-​4343(00)​00101​-​1

Pathak, V.M. (2017) Review on the current status of polymer degra-
dation: a microbial approach. Bioresources and Bioprocessing, 4, 
145-9. https://​doi.​org/​10.​1186/​s4064​3-​017-​0145-​9

Picard, A., Kappler, A., Schmid, G., Quaroni, L. & Obst, M. (2015) 
Experimental diagenesis of organo-mineral structures 
formed by microaerophilic Fe(II)-oxidizing bacteria. Nature 
Communications, 6, 6277.

Reid, R.P., Visscher, P.T., Decho, A.W., Stolz, J.F., Bebout, B.M., 
Dupraz, C., Macintyre, I.G., Pearl, H.W., Pinckney, J.L., Prufert-
Bebout, L., Steppe, T.F. & DesMarais, D.J. (2000) The role of mi-
crobes in accretion, lamination and early lithication of modern 
marine stromatolites. Nature, 406, 989–992. https://​doi.​org/​10.​
1038/​35023158

Richie, J.C. & McHenry, J.R. (1990) Application of radioactive fallout 
cesium-137 for measuring soil erosion and sediment accumu-
lation rates and patterns: a review. Journal of Environmental 
Quality, 19, 215–233.

Riding, R. (1991) Classification of microbial carbonates. In: Riding, 
R. (Ed.) Calcareous algae and stromatolites. Berlin, Heidelberg: 
Springer, pp. 21–51.

Robbins, L.L. & Blackwelder, P.L. (1992) Biochemical and ultra-
structural evidence for the origin of whitings: a biologically 
induced calcium carbonate precipitation mechanism. Geology, 
20, 464–468.

Ruiz-Duenas, F.J. & Martinez, A.T. (2009) Microbial degradation of 
lignin: how a bulky relcalcitrant polymer is efficiently recycled 
in nature and how we can take advantage of this. Microbial 
Biotechnology, 2, 164–177.

Sanchez-Roman, M., Chandra, V., Mulder, S., Areias, C., Reimer, 
J. & Vahrenkamp, V. (2025) The hidden role of heterotrophic 

bacteria in early carbonate diagenesis. Scientific Reports, 15, 
561.

Schaerer, L.G., Putman, L.I., Bigcraft, I., Byrne, E., Kulas, D.G., 
Zolghadr, A., Aloba, S., Ong, R., Shonnard, D. & Techtmann, 
S. (2023) Coexistence of specialists and generalist species 
within mixed plastic derivative-utilizing microbial communi-
ties. Microbiome, 11, 224. https://​doi.​org/​10.​1186/​s4016​8-​023-​
01645​-​4

Schink, B., Janssen, P.H. & Frings, J. (1992) Microbial degradation of 
natural and of new synthetic polymers. FEMS Micorbiological 
Reviews, 103, 311–316.

Sforna, M.C., Daye, M., Philippot, P., Somogyi, A., Van Zuilen, M.A., 
Medjoubi, K., Gerard, E., Jamme, F., Dupraz, C., Braissant, O., 
Glunk, C. & Visscher, P.T. (2016) Patterns of metal distribution 
in hypersaline microbialites during early diagenesis: implica-
tions for the fossil record. Geobiology, 15, 259–279. https://​doi.​
org/​10.​1111/​gbi.​12218​

Shinn, E.A., Steinen, R.P., Lidz, B.H. & Swart, P.K. (1989) Whitings, a 
sedimentologic dilemma. Journal of Sedimentary Petrology, 59, 
147–161.

Soetaert, K., Hofmann, A.F., Middelburg, J.J., Meysman, F.J.R. & 
Greenwood, J. (2007) The effect of biogeochemical processes 
on pH. Marine Chemistry, 105, 30–51. https://​doi.​org/​10.​1016/j.​
march​em.​2006.​12.​012

Spadafora, A., Perri, E., McKenzie, J.A. & Vasconcelos, C. (2010) 
Microbial biomineralization processes forming modern Ca:Mg 
carbonate stromatolites. Sedimentology, 57, 27–40.

Stanton, C., Barnes, B.D., Kump, L.R. & Cosmidis, J. (2023) A re-
examination of the mechanism of whiting events: a new role 
for diatoms in Fayetteville Green Lake (New York, USA). 
Geobiology, 21, 210–228.

Sujkowski, Z.L. (1958) Diagenesis. American Association of 
Petroleum Geologists Bulletin, 42, 2692–2717.

Summons, R.E., Welander, P.V. & Gold, D.A. (2022) Lipid biomark-
ers: molecular tools for illuminating the history of microbial 
life. Nature Reviews Microbiology, 20, 174–185. https://​doi.​org/​
10.​1038/​s4157​9-​021-​00636​-​2

Swart, P.K. (2015) The geochemistry of carbonate diagenesis: the 
past, present and future. Sedimentology, 62, 1233–1304.

Tan, Q., Shen, Y., Sun, J., Jian, T., Lu, W., Wu, S., Zhao, Z., Lei, Q. & 
Lin, H. (2024) Effects of calcium ions and polysaccharides type 
on transparent exopolymer particle formation and the related 
fouling mechanisms. Science of the Total Environment, 951, 
175775.

Thompson, J.B., Schultze-Lam, S., Beveridge, T.J. & Des Marais, D.J. 
(1997) Whiting events: Biogenic origin due to the photosyn-
thetic activity of cyanobacterial picoplankton. Limnology and 
Oceanography, 42, 133–141.

Tissot, B., Durand, B., Espitalié, J. & Combaz, A. (1974) Influence of 
nature and diagenesis of organic matter in formation of petro-
leum. AAPG Bulletin, 58(3), 499–506. https://​doi.​org/​10.​1306/​
83D91​425-​16C7-​11D7-​86450​00102​C1865D

Tromp, T.K., Van Cappellen, P. & Key, R.M. (1995) A global model 
for the early diagenesis of organic carbon and organic phospho-
rus in marine sediments. Geochimica et Cosmochimica Acta, 59, 
1259–1284.

Vasconcelos, C. & McKenzie, J.A. (1995) Microbial mediation as a 
possible mechanism for modern dolomite formation t low tem-
peratures. Nature, 377, 220–222.

 20554877, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dep2.70057 by Stiftung T

ierärztliche H
ochschule H

annover, W
iley O

nline L
ibrary on [05/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/gbi.12281
https://doi.org/10.1111/gbi.12281
https://doi.org/10.1038/srep31495
https://doi.org/10.4319/lo.1973.18.4.061
https://doi.org/10.1016/S0079-6611(02)00138-6
https://doi.org/10.1016/S0079-6611(02)00138-6
https://doi.org/10.4319/lo.1995.40.7.1326
https://doi.org/10.1016/S0278-4343(00)00101-1
https://doi.org/10.1016/S0278-4343(00)00101-1
https://doi.org/10.1186/s40643-017-0145-9
https://doi.org/10.1038/35023158
https://doi.org/10.1038/35023158
https://doi.org/10.1186/s40168-023-01645-4
https://doi.org/10.1186/s40168-023-01645-4
https://doi.org/10.1111/gbi.12218
https://doi.org/10.1111/gbi.12218
https://doi.org/10.1016/j.marchem.2006.12.012
https://doi.org/10.1016/j.marchem.2006.12.012
https://doi.org/10.1038/s41579-021-00636-2
https://doi.org/10.1038/s41579-021-00636-2
https://doi.org/10.1306/83D91425-16C7-11D7-8645000102C1865D
https://doi.org/10.1306/83D91425-16C7-11D7-8645000102C1865D


16 of 16  |      VISSCHER et al.

Visscher, P.T. & Stolz, J.F. (2005) Microbial communities as bio-
geochemical reactors. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 219, 87–100.

Visscher, P.T., Gallagher, K.L., Bouton, A., Vennin, E., Thomazo, C., 
White, R.A., III & Burns, B.P. (2022) Microbial mats. In: Noffke, 
N. (Ed.) Treatise on invertebrate paleontology, Part B, Vol. 1. 
Prokaryota, Vol. 32. Lawrence, KS: SEPM/Kansas Univ Press.

Visscher, P.T., Gritzer, R.F. & Leadbetter, E.R. (1999) Low-molecular-
weight sulfonates, a major substrate for sulfate reducers in ma-
rine microbial mats. Applied and Environmental Microbiology, 
65, 3272–3278.

Visscher, P.T., Reid, R.P., Bebout, B.M., Hoeft, S.E., Macintyre, I.G. & 
Thompson, J.J.A. (1998) Formation of lithified micritic laminae 
in modern marine stromatolites (Bahamas): the role of sulfur 
cycling. American Mineralogist, 83, 1482–1494.

Warren, R.A.J. (1996) Microbial hydrolysis of polysaccharides. 
Annual Review of Microbiology, 50, 183–212. https://​doi.​org/​10.​
1146/​annur​ev.​micro.​50.1.​183

Woosley, R.J. (2016) Carbonate compensation depth. In: White, 
W. (Ed.) Encyclopedia of geochemistry. Encyclopedia of Earth 
Sciences. Cham, Switzerland: Springer. https://​doi.​org/​10.​1007/​
978-​3-​319-​39193_​85-​1

Yu, T., Wu, W., Liang, W., Wang, Y., Hou, J., Chen, Y., Elvert, K., 
Hinrichs, K.-U. & Wang, F. (2023) Anaerobic degradation of or-
ganic carbon supports uncultured microbial populations in es-
tuarine sediments. Microbiome, 11, 81. https://​doi.​org/​10.​1186/​
s4016​8-​023-​01531​-​z

Zhu, Q.Z., Yin, X., Taubner, H., Wendt, J., Friedrich, M.W., Elvert, 
M., Hinrichs, K.-U. & Middelburg, J.J. (2024) Secondary pro-
duction and priming reshape the organic matter composition in 
marine sediments. Science Advances, 10, eadm8096. https://​doi.​
org/​10.​1126/​sciadv.​adm8096

How to cite this article: Visscher, P.T., Boussagol, 
P., Bourillot, R., Dupraz, C., Braissant, O., Decho, 
A.W. et al.  (2026) A critical role of heterotrophic 
bacteria in early diagenesis of carbonates through 
exopolymer degradation and calcium release. The 
Depositional Record, 12, e70057. Available from: 
https://doi.org/10.1002/dep2.70057

 20554877, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dep2.70057 by Stiftung T

ierärztliche H
ochschule H

annover, W
iley O

nline L
ibrary on [05/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1146/annurev.micro.50.1.183
https://doi.org/10.1146/annurev.micro.50.1.183
https://doi.org/10.1007/978-3-319-39193_85-1
https://doi.org/10.1007/978-3-319-39193_85-1
https://doi.org/10.1186/s40168-023-01531-z
https://doi.org/10.1186/s40168-023-01531-z
https://doi.org/10.1126/sciadv.adm8096
https://doi.org/10.1126/sciadv.adm8096
https://doi.org/10.1002/dep2.70057

	A critical role of heterotrophic bacteria in early diagenesis of carbonates through exopolymer degradation and calcium release
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Site description and sediment sampling
	2.2  |  Cryo-SEM Observations
	2.3  |  Measurements of potential microbial activity at discrete core depths
	2.4  |  Enrichment cultures of heterotrophic EPS degrading microbes
	2.5  |  EPS extraction and properties
	2.6  |  Calcium binding and release experiments

	3  |  RESULTS
	3.1  |  Downcore EPS properties
	3.2  |  Microbial activities and potential to degrade polymers
	3.3  |  Enrichment cultures of EPS degraders
	3.4  |  Calcium binding capacity

	4  |  DISCUSSION
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT
	REFERENCES


