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and absence of bacteria. In this study, the focus is to 
verify if Ca adsorption and incorporation into/onto 
bacterial strains induce such isotopic fractionation. 
Batch experiments were carried out on Pseudomonas 
aeruginosa (a Gram-negative bacterium) and on the 
vegetative and sporulated forms of Bacillus subtilis 
(a Gram-positive bacterium). These experimentations 
showed that: (i) no observable isotopic fractiona-
tions were induced during calcium/bacteria contact 
for all experimental parameters (pH, kinetic, bacte-
rial cell number, interaction time, dead/alive bac-
teria); (ii) Ca was mainly stored in the bacterial cell 
wall compartments. On the other hand, significant Ca 
isotopic differences between the spores and the sporu-
lation medium (Δ44/40Caspores–sporulation medium ranging 
from − 0.53 to − 1.15‰), suggest isotopic fractiona-
tion during the sporulation process, likely occurring 
during the attachment of Ca to carboxyl acid groups 
as calcium chelates with dipicolinic acid. The absence 
of Ca isotope fractionation during Ca sorption on 
vegetative and sporulated bacteria via passive chan-
nels indicates that the tested bacteria’s contribution 
to the Ca biogeochemical cycle is indirect primary 
enhancing bioweathering and Ca bioavailability for 
vegetation. If confirmed by further studies, only the 
sporulation mechanisms itself may directly impact 
the Ca biogeochemical cycle.

Keywords  Ca isotopes · Adsorption · 
Incorporation · Bacteria · Sporulation

Abstract  Bacteria are a key component of the criti-
cal zone, because of their role in the nutrient avail-
ability for the vegetation. There is still little knowl-
edge on the direct role of bacteria on Ca storage/
leaching in soils while it is an essential macronutri-
ent for vegetation growth. In recent years, Ca stable 
isotopes have shown their potential in understand-
ing the Ca biogeochemical cycle. Preliminary stud-
ies highlighted that in the presence of soil bacteria, 
the plant uptake of nutrients is increased due to the 
mineral bioweathering. Moreover, Ca isotope sig-
natures of nutrient media also showed differences 
between growth experiments in batch in the presence 
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Introduction

Unlike other macronutrients, such as nitrogen (N) 
or phosphorus (P), there are fewer studies concern-
ing calcium (Ca), its dynamics in soils, and its avail-
ability to plants. Calcium is an essential nutrient with 
significant physiological and structural functions in 
plant metabolism (Marschner et al. 1999). Addition-
ally, due to its divalent charge, and reduced hydration, 
it exhibits strong adsorption onto clay minerals and 
humic acids compared to other metal cations (Likens 
et  al. 1998) and can promote persistent soil organic 
matter (Shabtai et al. 2023). It also serves as a vital 
metal for microorganisms engaged in cellular metab-
olism (Lovley and Lloyd 2000). Passive adsorption 
enables its bioaccumulation, independent of metabo-
lism, onto bacterial membranes. Furthermore, it can 
passively diffuse into cells or be transported within 
cells, in an energy-dependent pathway (Haferburg 
and Kothe 2007). This element also assumes signifi-
cance in sporulated bacteria, where the spore imparts 
heightened resistance to thermal, radiation, or pH-
related environmental stresses. Notably, calcium 
forms a complex with dipicolinic acid, ensuring DNA 
stabilization and maintaining the dehydrated state of 
spores (Paidhungat and Setlow 2000; Setlow et  al. 
2006). The ubiquity of microorganisms in substantial 
quantities—bacterial or fungal—in natural environ-
ments gives rise to diverse metabolites. These metab-
olites possess properties that influence nutrient avail-
ability (Barnes and Nierzwicki-Bauer 1997) which is 
also enhanced by mineral solubilizing microorgan-
isms (Blum et  al. 2003; Matlakowska et  al. 2012; 
Ortega-Morales et al. 2016).

Nevertheless, the implications of these biotic pro-
cesses are not yet fully documented, particularly 
within the global biogeochemical cycles of elements 
such as calcium. It is crucial to consider the processes 
occurring at the cell wall/medium interface and the 
roles of highly reactive extracellular polymeric sub-
stances (EPS) produced in biofilm microbial commu-
nities and metabolism (efflux, internalization). The 
distinct roles of various biological agents and their 
metabolites in establishing biogeochemical altera-
tion balances, including removing nutrients by liv-
ing organisms, remain poorly understood (e.g., Blum 
et al. 2002).

In recent years, stable calcium isotopes have dem-
onstrated their potential in elucidating processes at 

the soil–water-plant interface. For instance, the uti-
lization of calcium isotopes to study biogeochemical 
calcium cycling in the critical zone has unveiled iso-
topic fractionations linked to both biotic factors (such 
as root uptake, intra-plant translocation, and vegeta-
tion recycling) and abiotic factors (including precipi-
tation through secondary minerals, adsorption onto 
clay minerals, and manganese oxides) (Cobert et  al. 
2011a; Schmitt et al. 2013, 2017, 2023; Gussone et al. 
2016; Brazier et  al. 2019, 2020; Griffith et  al. 2020 
and references therein). Nevertheless, little is known 
on isotopic fractionation processes induced by bac-
teria. Preliminary microcosm results suggested that 
bacteria could influence the Ca isotopic signatures of 
soil-vegetation systems by dissolving Ca from apatite 
(Cobert et al. 2011a). In a forested watershed, calcium 
isotopes have been suggested to provide evidence for 
the role of bacteria in weathering apatite (respectively 
litterfall) during anoxic (respectively oxic) conditions 
(Gangloff et al. 2014; Griffith et al. 2020).

The objectives of the present study are:

(1)	 Gain insights into the interaction between cal-
cium and bacteria and delineate the extent of 
adsorption (on solid surfaces) and absorption 
(active or passive incorporation into cells) in cal-
cium storage.

(2)	 Investigate the presence of calcium isotopic frac-
tionation associated with adsorption/incorpora-
tion onto/in cells and spores, along with potential 
controlling parameters (such as available calcium 
quantity, pH, contact duration, bacterial biomass, 
or membrane surface characteristics—Gram-pos-
itive, Gram-negative, spore).

(3)	 Specify the storage compartments of calcium 
during adsorption/incorporation into bacterial 
cells and identify the pertinent functional groups 
involved.

(4)	 Discuss the implication for the Ca biogeochemi-
cal cycle

To do this, were carried out on a spore-forming 
Gram-positive bacterium, Bacillus subtilis, and a 
Gram-negative bacterium, Pseudomonas aeruginosa, 
that produces siderophores, two bacteria chosen for 
their different surface chemical properties. Gram-neg-
ative bacteria surround their cytoplasmic membrane 
with a peptidoglycan cell wall and an outer membrane 
with an outer leaflet composed of lipopolysaccharide 
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while Gram-positive bacteria lack an outer membrane 
but are surrounded by layers of peptidoglycan many 
times thicker than is found in the Gram-negatives 
(Beveridge 1999).

Materials and methods

The microbiological aspects of the following experi-
ments were conducted at the Biotechnology and cell 
signalling (BSC) laboratory, University of Stras-
bourg, located in Illkirch, France. The geochemical 
aspects were undertaken at the Cortecs-Pacite plat-
form of the University of Strasbourg, located at the 
Institut Terre Environnement Strasbourg (ITES) in 
Strasbourg, France.

Preparation of solutions and culture medium

The Ca solutions used for the experiments were 
derived from hydrated calcium nitrate pow-
der (Ca(NO3)2–4 H2O) sourced from Alfa Aesar 
Puratronic® with a purity level of 99.9995%. The 
powder was dissolved in ultra-pure water, and the pH 
of the resulting solutions was subsequently adjusted 
as needed, employing 0.025 N HNO3 and 0.1 N 
NaOH solutions.

The succinate culture medium is an iron-poor min-
imum synthetic medium modified from the original 
succinate (Composition in g/L 3.72 g K2HPO4,3H2O, 
1.50  g KH2PO4, 0.10  g MgSO4,7H2O, 0.50  g 
(NH4)2SO4, 2.00  g succinic acid, 1.55  g NaOH, 
[Ca]succinate < 2.5 × 10–2  µg/ml). The medium was 
filter sterilized with a 0.22  µm PES membrane, a 
commonly used method for the physical removal of 
microorganisms (Stericup® Air filter Unit, Merck). 
The sporulation medium was prepared using (for 1 l): 
2.4 g meat extract, 2.4 g peptone, 1.2 g NaCl, 0.03 g 
KH2PO4, 13 g agar and distilled water. The medium 
was sterilized by heat treatment with an autoclave.

Bacterial culture conditions

Bacillus subtilis (ATCC 6633), a Gram-positive bac-
terium, and P. aeruginosa (ATCC 15692), a Gram-
negative bacterium, were selected for this study due to 
their soil prevalence and ease of cultivation. Bacillus 
and Pseudomonas ubiquitously occur in natural envi-
ronments and are two of the most intensively studied 

bacterial genera in the soil. They are often co-isolated 
from environmental samples (Spiers et al. 2000; Lyng 
and Kovacs 2023). These two bacteria share similar 
culture media and physicochemical growth condi-
tions, including temperature, duration, and shaking 
conditions. For preculture, bacteria were grown in 
sterile 50  mL Falcon™ tubes containing 10  mL of 
sterile lysogeny broth (LB) medium. Incubation was 
carried out under aerobic conditions at 30  °C and 
220 rpm for 18–24 h. After the overnight LB incuba-
tion, cells were centrifuged at 9871×g for 5 min and 
washed twice with 7 ml of sterile modified succinate 
medium. Subsequently, the pellets were re-suspended 
in 8  ml of sterile modified succinate medium, and 
1 ml of this bacterial suspension was introduced into 
50  ml Falcon™ tubes containing 24  ml of modified 
succinate medium. Incubation at 30  °C with shak-
ing at 220 rpm was sustained for 24 h. This protocol 
induces nutrient deprivation, particularly a calcium 
deficiency in the bacteria, setting the ideal conditions 
for characterizing calcium adsorption/absorption.

Post-culture, the cells were pelleted by cen-
trifugation at 9871×g for 5  min, washed twice with 
7  ml of sterile modified succinate medium, and 
adjusted to an OD600nm of 0.5 or 1 according to the 
experiment. An OD600nm equal to 0.5 corresponds 
to ~ 2 × 109  CFU/ml (colony forming unit/ml) for P. 
aeruginosa, ~ 5 × 107 CFU/ml for vegetative B. subti-
lis and 2 × 107 CFU/ml for B. subtilis spores. In this 
study, we decided to set the OD600nm value rather than 
the number of CFU in order to obtain similar micro-
bial biomass from one bacterium to another since 
the size of the bacteria is not the same (respectively 
2–4  µm by 0.5–2  µm, 1.5–3  µm by 0.3–0.8  µm and 
Ø1 µm, for B. subtilis, P. aeruginosa and B. subtilis 
spore respectively).

Bacillus subtilis was routinely cultivated for 24 h 
at 30 °C with continuous shaking at 220  rpm in LB 
medium. The sporulation agar medium contained 
within Roux bottles was inoculated with the B. sub-
tilis LB pre-culture. These Roux bottles, provide a 
large surface for the microorganisms to grow, were 
then incubated at 37  °C for at least 1  week. The 
medium surface was washed off to harvest the cells 
using sterile physiological water. The resulting sus-
pension was stored at 4 °C. Before usage, the spores 
were subjected to a heat treatment in a water bath at 
80  °C for 20  min to eliminate potential vegetative 
cells. Subsequently, the spores underwent two cycles 
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of washing with filter-sterilized pure water and were 
subjected to centrifugation at 9871×g for 5 min. Cell 
suspensions were adjusted to OD600nm values ranging 
from 0.5 to 4.5 according tothe experiments.

Adsorption experiments and samples digestion

Each batch adsorption experiment involved between 
2 and 4 replicates. They were conducted as a func-
tion of Ca concentration (0.5 to 5 µg/mL), pH (5 to 
7, adjusted by the addition of 5 × 10–2 N HNO3 or 
5 × 10–3 N NaOH solutions, and chosen because they 
aligned with an optimal range for microbial activ-
ity and nutrient availability in soils (Vammechelen 
et  al. 1997), bacterial biomass (OD600nm = 0.5 or 
1 for experiments with vegetative bacteria and 
OD600nm = 0.5 to 4.5 for experiments with spores with 
a constant calcium solution/bacteria suspension ratio 
equal to 1. The chosen condition for spore experi-
ments (Ca concentration (1.6  µg/ml) and pH (5.6)) 
enable comparison with results obtained for vegeta-
tive bacteria. The various cell concentrations ranging 
from OD600nm equal to 0.5 to 4.5 allow us to obtain 
a sufficiently high spore/Ca ratio for maximum Ca 
adsorption. To investigate how protonophores on the 
cell membrane could affect the Ca absorption, bac-
terial cells were incubated with 200  µM of CCCP 
(Carbonyl Cyanide m-Chlorophenylhydrazone), 
which is known as a proton motive force inhibitor of 
the inner membrane and therefore abolishes energy 
dependent uptake by bacteria. The activity of CCCP 
as a protonophore reversibly binds protons (H+) and 
transports them across the cell membrane, leading 
to membrane depolarization, eradication of the elec-
trochemical concentration gradient and reduced ATP 
production by ATP synthase (Ni et  al. 2016; Plášek 
et  al. 2017; Ruas et  al. 2018). As a consequence, 
the uptake of Ca corresponds to diffusion across the 
membrane via porins or bound at the cell surfaces 
(Braud et al 2009). The CCCP experiments were con-
ducted at pH 5.6 with an initial Ca concentration of 
1.6 µg/ml and a contact time of 2 h. Bacteria/spores 
suspensions were centrifuged at 9871×g for 10 min, 
and the supernatants were discarded. Then, calcium 
solution was added to each centrifugation tube. The 
tubes were placed on an SB3 StuartTM rotator shaker 
at 40 rpm for agitation. After shaking, the tubes were 
centrifuged at 9871×g for 10  min, and the superna-
tants were filter sterilized using syringes and 0.22 µm 

cellulose acetate membrane filters conditioned with 
18  mQ ultra-pure water, that do not cause any ele-
mental concentration variation or isotope fractiona-
tion. To mineralize the bacteria, 3–5 ml of 6 N HCl 
were added to the polypropylene tubes, which were 
placed on the rotator shaker for agitation (overnight 
at 220  rpm). After this step, the content of these 
tubes was transferred to Savillex™ beakers, and two 
washes of the polypropylene tubes were operated, 
using 3–5  ml of 6 N HCl, to transfer the remaining 
material in the Savillex™ beakers to avoid losses. 
The samples were heated at 70  °C for 1  h and then 
evaporated. After evaporation, 1 ml of distilled HNO3 
and 0.2  ml of suprapure H2O2 were added to the 
samples, which were heated for one night and then 
evaporated. After this, 10 ml of 0.25 N HNO3 were 
added to the Savillex™ beakers, heated at 70 °C for 
1 h, and then transferred in 15 ml Falcon™ tubes. In 
the subsequent sections of the manuscript LAA and 
BAA refer to the liquid and bacteria after adsorption, 
respectively. IS represents the initial solution.

Cell fractionation experiments

Two or three replicates were carried out of each of the 
different treatments of each experiment.

Pseudomonas aeruginosa

The cell fractionation protocol (Fig.  1) is derived 
from a procedure originally employed in the BSC lab-
oratory (Guillon et al. 2012; Cunrath et al. 2015). It 
has been modified to align with our specific require-
ments and experimental constraints. These adapta-
tions include accommodating a substantial bacterial 
quantity and excluding superfluous steps that might 
introduce bias. The 40  mL suspension of P. aerugi-
nosa at OD600nm = 0.5 was incubated with various 
calcium solutions in 50 mL Falcon™ tubes for 2 h at 
30  °C. After this incubation, the supernatants were 
obtained through centrifugation (9871×g for 5 min). 
The bacterial pellets were treated as follows:

(a)	 Re-suspended in 1  mL of a mixture containing 
200  mM Tris (tris(hydroxymethyl)aminometh-
ane, used as a buffer solution), 1  mM EDTA, 
and 20% sucrose (referred to hereafter as Tris–
EDTA-sucrose) containing wo a final concentra-
tion of 200  µg/mL of lysozyme) were added to 



1495Biogeochemistry (2024) 167:1491–1510	

Vol.: (0123456789)

this mixture. The solution was vortexed and then 
incubated on ice for 1  h. After the incubation, 
the tubes were centrifuged (6134×g for 10  min 
at 4 °C). The resulting supernatant contained the 
periplasmic liquid and peptidoglycan, while the 
pellets represented the spheroplasts (denoting P. 
aeruginosa cells devoid of the outer membrane). 
The pellets underwent three washes with 500 µl 
of Tris–EDTA-sucrose.

(b)	 Re-suspended in 1 ml of 4  °C water, the pellets 
were vortexed and homogenized through succes-
sive aspirations. Following this, 1  µl of benzo-
nase® nuclease (used to degrade DNA and RNA, 
Sigma) was introduced to each sample. After 
another round of vortexing, the samples were 
incubated (220 rpm for 1 h at 37 °C). Post-incu-
bation, the solution was transferred to microtubes 
and subjected to ultracentrifugation (71,577×g 
for 40  min at 4  °C). The resulting supernatants 
were indicative of the cytoplasm. The pellets 
underwent three washes with 500  µl of freshly 
prepared 4 °C filter-sterilized pure water.

(c)	 Re-suspended in 1  ml of a solution comprising 
200 mM Tris at pH 8 and 1% sarkosyl (used for 
cell lysis and membrane solubilization). This 

resuspension was achieved through successive 
aspirations to disrupt the pellets, followed by 
vortexing. The mixture was shaken on a rotary 
shaker for 1 h. The samples were then centrifuged 
(71,577×g for 40  min at 4  °C). The resulting 
supernatants indicated the presence of the inner 
membrane, whereas the pellets represented the 
outer membrane. The pellets were washed thrice 
with 500  µl of 4  °C filter-sterilized pure water. 
At each stage, the washing waters were collected 
for concentration analysis, facilitating the proper 
allocation of waste to their corresponding cellular 
compartments.

Bacillus subtilis

The composition of cell walls in B. subtilis and P. 
aeruginosa differs due to their classification as Gram-
positive and Gram-negative bacteria, respectively. 
Consequently, it was necessary to adapt the cell frac-
tionation protocol. Initial attempts at cell fractionation 
for B. subtilis, using the same experimental condi-
tions as those for P. aeruginosa, revealed an absence 
of protoplast transformation following lysozyme 

P. aeruginosaB. subtilis

Peptidoglycan and periplasmic liquid
isolated

Tris 200 mM - 1 mM EDTA - 20% sucrose

1 mL Cold water and benzonase® nuclease

Tris 200mM pH8
1% sarkosyl

Outer membrane

Cytoplasm isolated

Inner membrane

0.2 mg.mL-1 lysozyme20 mg.mL-1 lysozyme

Cytoplasm

Inner membrane

Outer membrane

Inner membrane

Outer membrane

Inner membrane

Cytoplasm

Inner membrane

+

+

+

+

20 mL bacterial suspension 40 mL bacterial suspension

3 mL 1 mL

Fig. 1   Simplified schematic of the cellular fractionation protocol for B. subtilis and P. aeruginosa. Indication of different solutions 
used for each separation step are provided
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treatment. Several approaches were explored to 
address this by various factors such as contact time, 
bacterial concentration, and lysozyme concentration. 
Ultimately, a significant increase in lysozyme concen-
tration and a reduction in bacterial number per tube 
led to successful peptidoglycan digestion within a 1 h 
contact period. This transition of bacteria into proto-
plasts was confirmed through microscopic examina-
tion before progressing with the experiment.

The B. subtilis cell fractionation protocol was 
executed according to the subsequent description. 
Following a bacterial incubation phase with the cal-
cium solution in 50 ml Falcon™ centrifuge tubes (at 
220  rpm for 2  h and 30  °C), the resulting mixture 
underwent centrifugation (9871×g for 5 min). Subse-
quently, supernatants were collected, while the bac-
terial pellets were subjected to the following steps: 
Then: (a) The pellets were re-suspended in 3 ml of a 
Tris–EDTA-sucrose mixture containing 20 mg/ml of 
lysozyme. After vortexing, the mixture was incubated 
on ice for 1 h.

Following the incubation, the tubes underwent 
centrifugation (6134×g for 10  min at 4  °C). The 
resulting supernatants contained peptidoglycan, while 
the pellets represented protoplasts. The pellets were 
subjected to three washes, each involving 500  µl of 
Tris–EDTA-sucrose.

(a) The protoplasts were re-suspended in 1  ml 
of cold water (4  °C), followed by vortexing and 
homogenization via successive pipetting. Then, 1  µl 
of benzonase® nuclease was introduced to the sam-
ples, which were again vortexed before incubation 
(220 rpm for 1 h at 37 °C). Post-incubation, the pro-
toplasts from step (b) were transferred to microtubes 
and subjected to centrifugation (71,577×g for 40 min 
at 4 °C). The resulting supernatants corresponded to 
the cytoplasm, while the pellets contained the cyto-
plasmic membrane.

Analytical procedures

To assess calcium concentration in the supernatants 
and bacterial digests, a portion of each sample was 
diluted with 0.25 N HNO3 and subjected to analysis 
using an ICP-AES (iCAP 6000 series, ThermoFisher 
Scientific™). This instrument exhibited an accuracy 
nearing 3% for calcium measurements, which was 
verified over the entire calibration interval.

Calcium isotopic measurements were conducted 
on a mixture of each adsorption replicate for a given 
experiment. They were measured on a TIMS (Ther-
moFisher Scientific Triton™) following the labora-
tory protocol (Schmitt et al. 2009, 2017; Brazier et al. 
2019; 2020). The samples were prepared by adding 
0.14 µmol of Ca to 0.01 µmol of a 42Ca–43Ca double 
spike (i.e., 42Ca/43Ca spike ratio of 5, following Hol-
mden (2005)) and dried down at 70 °C on a hotplate. 
Then, all samples and internal standard (Atlantic sea-
water, Schmitt et al. 2001; Hippler et al. 2003) solu-
tions were loaded into ion-exchange chromatographic 
columns (high-density polyethene) filled with 2 ml of 
DGA normal resin (TODGA) from Triskem™ (Hor-
witz et al. 2005; Romaniello et al. 2015). The purified 
samples were collected in 0.1 N HCl in Savillex™ 
beakers, with an addition of 0.2 ml of distilled HNO3 
and suprapure H2O2 before being heated and dried 
down at 70 °C and then converted into nitric form by 
dissolution in 0.5  ml of 2 N HNO3 and dried down 
one last time. After this, the samples were dissolved 
in 1.5–3 µl 1 N HNO3 and loaded on previously out-
gassed and under primary vacuum oxidized tantalum 
single filaments (99.995% purity). Note that the total 
Ca blank for this separation represents less than a 
0.2% contribution to the Ca from samples and can be 
neglected.

Measured values of the isotopic analysis were 
expressed as δ44/40Ca in per mil relative to the NIST 
SRM915a standard (Hippler et  al. 2003; Eisenhauer 
et al. 2004), using the following formula:

To directly assess the apparent isotopic fractiona-
tion, our results will be expressed as a difference 
(Δ44/40Cai) between the measured Ca isotopic compo-
sition in the final aqueous or solid phase (δ44/40Cai) 
and that of the initial solution (δ44/40Caini):

where “i” represents LAA or BAA.
The associated propagated uncertainty (Δerror, in 

‰) can be expressed as

(1)�
44∕40Ca =

(

44Ca∕40Casample
44Ca∕40CaSRM915a

− 1

)

× 1000

(2)Δ
�44∕40Cai

= �
44∕40Cai − �

44∕40CaIS

(3)

Δerror (Δ44∕40Cai) =

√

(

Δ
�44∕40Cai

)2
+
(

Δ
�44∕40CaIS

)2
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The average internal repeatability achieved 
throughout the study was 0.07‰, determined from 
repeated measurements of NIST SRM 915a (2SD, 
N = 124). Likewise, repeated measurements of the ini-
tial calcium solution yielded a value of 0.89 ± 0.11‰ 
(2SD, N = 6). The external uncertainty, as calculated 
from external long-term sample replicates, amounted 
to 0.10‰ (2SD, N = 14) for δ44/40Ca values. Using 
these figures and Eq.  (3), the propagated error asso-
ciated with Δ44/40Ca was determined to be 0.15‰. 
To gauge the accuracy of our measurements, we 
employed an in-house Atlantic seawater standard 
(1.88‰ ± 0.11, 2SD, N = 38) during the same time-
frame. The obtained values and references aligned 
with those reported by Hippler et al. (2003) and Heu-
ser et al. (2016).

Results

Adsorption experiments on vegetative bacteria

Variation of Ca concentration of the initial solution

We observed a linear relationship between the resid-
ual calcium concentration in the supernatant and the 
initial calcium concentration in solution for both B. 
subtilis and P. aeruginosa (R2 > 0.99) (Fig. 2a). How-
ever, a slight difference emerged between the two 
bacteria. Pseudomonas aeruginosa exhibited a more 
rapid saturation with calcium as the concentration 
increased. Specifically, at 5.0  µg/ml, P. aeruginosa 
retained 61 ± 2% of the initial calcium concentra-
tion in the supernatant, whereas B. subtilis retained 
around 79 ± 3% (equivalent to approximately 40% and 
20% of adsorbed calcium for P. aeruginosa and B. 
subtilis, respectively). Conversely, the disparity was 
less noticeable at lower concentrations (around 20%) 
(Table 1).

Experiments varying [Ca2+]IS were conducted at 
pH 5.6 with a 2 h interaction duration. Experiments 
varying interaction time were conducted at pH 5.6 
and [Ca2+]IS equal to1.6 µg/ml. Experiments varying 
initial pH were conducted at [Ca2+]IS equal to 1.6 µg/
ml at pH 5.6, and [Ca2+]IS equal to 1.5 µg/ml at pHs 5 
and 7, with a 2 h interaction duration.

LAA refers to the liquid after adsorption, while 
BAA refers to the bacteria after adsorption. IS refers 
to initial solution.

Results obtained with dead bacteria (at 0.5 µg/ml) 
indicated discrepancies in sorption compared to alive 
counterparts, particularly for P. aeruginosa: residual 
calcium remained in the solution after adsorption 
with dead bacteria (21 ± 2%), whereas with alive bac-
teria (at 0.5 µg/ml), almost all the calcium in the solu-
tion was sequestered within the bacterial cells (3 ± 1% 
Ca remaining in solution). In contrast, for B. subtilis, 
no significant difference was discernible between liv-
ing and dead bacteria, and no Ca remained in solution 
(Table 1).

No discernible isotopic fractionation is evident in 
the liquid following adsorption/incorporation, irre-
spective of the varying conditions (such as the per-
centage of residual calcium in the supernatant or the 
state of bacteria being dead or alive). This holds even 
when the residual calcium in the supernatant is below 
10%, which suggests that calcium availability is lim-
ited (δ44/40Ca LAA = 0.86 ± 0.11‰ (2SD, N = 4) and 
0.84 ± 0.11‰ (2SD, N = 3) for B. subtilis and P. aer-
uginosa, respectively and δ44/40Ca BAA = 0.85 ± 0.06 
‰ (2SD, N = 6) and 0.81 ± 0.13‰ (2SD, N = 4) 
for B. subtilis and P aeruginosa, respectively, while 
δ44/40Ca IS = 0.89 ± 0.11‰ (2SD, N = 6)) (Table  1 
and paragraph 2.5). From these results, the concen-
tration of the calcium solution was established at 
1.55 ± 0.14 µg/ml (2SD, N = 2) for the kinetic and pH 
experiments. These experimental parameters were 
selected to obtain an optimal balance between cal-
cium adsorption and residual calcium in solution to 
facilitate isotopic analysis.

Kinetics

The kinetic study depicted in Fig. 2c was conducted 
at pH 5.6, between 0 and 250 min, and our findings 
revealed an immediate occurrence of adsorption/
incorporation for both bacterial strains, in similar 
average proportions (20 ± 14%, N = 6, 2 SD, residual 
calcium in solution for P. aeruginosa compared to 
23 ± 5%, N = 6, 2 SD, for B. subtilis). We can notice 
that residual calcium slightly increased during the 
first half-an-hour of contact for B. subtilis (result-
ing in 14 ± 7%, N = 3, 2 SD residual calcium in the 
supernatant from 5 to 35 min, and then 26 ± 2% from 
65 to 245 min, N = 3, 2 SD). Between the 1 and 4 h 
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interval, the trend appeared stable for both bacteria (Fig.  2c). Notably, from an isotopic perspective, the 
recorded values fell within the range of analytical 
reproducibility (Fig. 2d).

Fig. 2   Elemental and isotopic measurements of Ca adsorp-
tion experiments on vegetative bacteria: a Residual Ca in the 
supernatant, expressed as a percentage of the initial Ca in the 
solution, as a function of the initial solution concentration, and 
b corresponding Δ44/40Ca values; c Residual Ca in the super-
natant, expressed as a percentage of the initial Ca in the solu-

tion, as a function of the interaction time, and d corresponding 
Δ44/40Ca values; e Residual Ca in the supernatant, expressed 
as a percentage of the initial Ca in the solution, as a function 
of the initial pH of the solution, and f corresponding Δ44/40Ca 
values
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Effect of the transfer processes inhibition

To assess the degree of active calcium incorporation 
in bacteria during our experiments, bacterial cells 
were treated with the proton-motive force inhibi-
tor CCCP. Figure  2a portrays the residual calcium 
in the supernatant of both bacterial strains under 
various physiological conditions: alive, dead, or in 
the presence of CCCP. In the case of P. aeruginosa, 
residual calcium in the supernatant amounted to 
11 ± 1% of the initial calcium concentration when 
CCCP was present, in contrast to 17 ± 1% under the 
same conditions but without CCCP. Similarly, for 
B. subtilis, residual calcium in the supernatant is 
equal to 17 ± 7% of the initial calcium concentration 
with CCCP, compared to 21 ± 1% without its usage 
(Table 1). Both P. aeruginosa and B. subtilis exhib-
ited a reduction in residual calcium in the superna-
tant, leading to an increase in adsorption (a respective 
increment of + 13% and + 14%). Importantly, these 
experiments yielded no observable isotopic fractiona-
tion (Fig. 2b).

pH variation

Following a 2  h interaction between the calcium 
solution and bacteria at OD600 equal to 0.5, 1.5 or 
1.6  µg/l Ca, at pH 5, 5.6 or 7, there are differences 
in the percentages of Ca remaining in the solution 
between live and dead bacteria and between bacteria. 
For B. subtilis, for dead bacteria, there are few differ-
ences between pH 5 and 7 (16 ± 1% and 14 ± 1% of 
residual Ca, respectively), whereas for live bacteria, 
the percentage varies more (11 ± 4% and 23 ± 1% of 
Ca residual, respectively. For P. aeruginosa, there are 
few differences based on pH, whether the bacteria are 
dead (28 ± 16 and 27 ± 6, at pH 5 and 7 respectively) 
or alive (20 ± 5 and 18 ± 2, at pH 5, and 7 respec-
tively). At pH 5.6, the percentage of Ca in the resid-
ual liquid is similar (27 ± 3, N = 2, 2SD and 21 ± 10%, 
N = 2, 2 SD, for B. subtilis and P. aeruginosa, respec-
tively). For an OD600nm equal to 1, we observe less 
Ca in solution (5 ± 1 and 4 ± 2% for B. subtilis and P. 
aeruginosa, respectively), (Table  1). No substantial 
isotopic fractionation was observed; the values fell 
within the range of error bars (Fig. 2f).

Note also that over the pH range considered in this 
study, Ca is either in dissolved or adsorbed form and 
is never located in precipitated forms. Calculations Th
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performed with VisualMinteq TM version 3.1 soft-
ware associated with the “thermo.vdb” thermody-
namic database (Gustafsson 2013) showed that all 
solutions recovered after adsorption and desorption 
experiments are strongly undersaturated with respect 
to Ca (NO3)2, CaCO3, and Ca2P2O7 solid phases. 
Thus, isotopic fractionation due to Ca precipitation in 
solution can be excluded.

Cell fractionation experiments for vegetative bacteria

Pseudomonas aeruginosa

Pseudomonas aeruginosa cell fractionation was con-
ducted using two distinct calcium (Ca) concentra-
tions, representing conditions with limited and non-
limiting Ca availability. As a result, two different total 
Ca amounts were present in the cell fractions: 87 µg 
Ca in experiment n°1 and 200 µg in experiment n°2. 
Calcium was primarily sequestered within bacterial 
wall compartments, albeit in varying proportions con-
tingent upon the initial total Ca content (Table 2).

In the first experiment, Ca was predominantly 
localized in the peptidoglycan and periplasmic 

space (55 ± 6%) and the outer membrane (18 ± 7%) 
(Table 2). Lesser quantities of Ca were found within 
the cytoplasm (16 ± 10%) and the inner membrane 
(11 ± 17%). Conversely, the second experiment exhib-
ited an increased allocation of Ca within the pepti-
doglycan + periplasmic fraction (64 ± 6%) (Table  2). 
Within this context, the Ca content of the outer mem-
brane constituted 17 ± 2% of the overall Ca content, 
while the cytoplasm and inner membrane contained 
10 ± 6% and 9 ± 14% of the total Ca, respectively. 
Notably, no isotopic fractionation was discernible 
within any of the cellular compartments.

Bacillus subtilis

Owing to the smaller quantity of bacteria employed 
in the B. subtilis experiments, the detected Ca lev-
els within the samples were comparatively reduced 
compared to those observed in P. aeruginosa (“Pseu-
domonas aeruginosa” section). In the first experi-
ment, 48  µg Ca was measured, while the second 
experiment recorded 105 µg of Ca.

In a manner akin to P. aeruginosa, Ca was predom-
inantly sequestered within the cell wall of B. subtilis, 

Table 2   Amount of Ca 
present in the different 
cell-compartments of B. 
subtilis and P. aeruginosa, 
and Ca apparent isotopic 
fractionation between 
the initial solution and 
the cell-compartments 
measured after adsorption 
experiments at pH 5.6 and 
in two different conditions 
of total Ca amount for each 
bacterium

The concentrations 
were measured in each 
replicate, and the average 
is presented here. The 
different replicates were 
pooled to perform the 
isotopic measurements. The 
percentage corresponds to 
the percentage of initial 
Ca remaining in solution, 
and the following 2SD 
represents the 2SD of the % 
measurement
BAA bacteria after 
adsorption

Sample N Caaverage Δ44/40CaBAA

µg 2SD % 2SD ‰

P. aeruginosa
 Exp. 1: 87 µg Ca
  Peptidoglycan and periplasm 3 15.85 1.59 55 6 − 0.01
  Cytoplasm 3 4.67 2.8 16 10 0.04
  Inner membrane 3 3.3 4.95 11 17 0.03
  Outer membrane 3 5.09 2.04 18 7 − 0.07

 Exp. 2: 200 µg Ca
  Peptidoglycan and periplasm 42.87 4.29 64 6 − 0.03
  Cytoplasm 3 6.49 3.89 10 6 0.01
  Inner membrane 3 6.08 9.12 9 14 0.04
  Outer membrane 3 11.36 1.14 17 2 − 0.02

B. subtilis
 Exp. 1: 48 µg Ca
  Peptidoglycan and periplasm 3 13.59 1.65 85 10 0.03
  Cytoplasm 3 0.7 0.42 4 2 –
  Inner membrane 3 1.79 2.67 11 16 –

 Exp. 1: 105 µg Ca
  Peptidoglycan and periplasm 3 32.53 5.73 93 16 0.02
  Cytoplasm 3 0.88 0.51 3 2 –
  Inner membrane 3 1.56 3.17 4 8 –
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which, in this case, corresponded exclusively to pep-
tidoglycan. In the first experiment, this encompassed 
85 ± 10% of the total Ca content, with the remaining 
portion being apportioned between the outer mem-
brane (11 ± 16%) and the cytoplasm (4 ± 2%). Dur-
ing the second experiment, the prevalence of Ca 
within peptidoglycan was even more pronounced 
(93 ± 16%), while the inner membrane (4 ± 8%) and 
cytoplasm (3 ± 2%) exhibited diminished proportions 
of Ca. Notably, isotopic measurements of peptidogly-
can (the sole fraction amenable to measurement due 
to the scant Ca content in the other fractions) exhib-
ited no discernible isotopic fractionation.

Experiments on sporulated bacteria

Control spore pellets, devoid of exposure to the 
Ca solution, were generated at OD600nm values of 
0.5 and 1.5. These control samples were employed 
to ascertain the initial presence of Ca within the 
spores before the adsorption experiments, yield-
ing Ca concentrations of 0.57  µg/ml within the 
spore suspension at OD600nm = 0.5 and 1.58  µg/
ml at OD600 = 1.5, respectively. Thus, contrary to 
vegetative bacteria, the control spore samples con-
tain Ca. They are also enriched in 40Ca compared 
to the sporulation medium (Δ44/40Ca sporulation 
medium = 0.18‰) in which they were cultured 
(Table  3). It is also observed that the intensity of 
fractionation in the spores is higher at OD600 = 0.5 
(Δ44/40Caspores–IS = −  1.02 ± 0.15‰) compared to 
OD600 = 1.5 (Δ44/40Caspores–IS =  − 0.40 ± 0.15‰) 
(Table  3), with a total fractionation amplitude of 
1.20‰ and 0.58‰, respectively, between the spores 
and the sporulated medium.

Once sporulated, the spore pellets were placed in 
contact with a Ca solution. Figure  3a illustrates the 
residual Ca content present in the supernatant follow-
ing exposure to B. subtilis spore suspensions. Notably, 
the spores demonstrated a diminished capacity for Ca 
uptake from the solution compared to their vegetative 
bacterial counterparts. The extracted Ca content ranged 
from 10% (resulting in 90 ± 3% residual Ca within the 
supernatant at OD600nm = 0.5) to 86% (leaving 14 ± 1% 
residual Ca within the supernatant at OD600nm = 4.5), 
diverging from the range of 79–83% observed for vege-
tative bacteria. Intriguingly, the quantity of Ca extracted 
from the solution exhibited a linear increase across the 
range from OD600nm = 0.5 to OD600nm = 4.5, progressing Ta
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from 10 to 86% (correlation coefficient R2 = 0.951, 
N = 6) (Table 3).

In addition to the initial calcium isotope fractiona-
tion during sporulation, we have also observed a sub-
sequent phenomenon wherein the spore pellets experi-
ence an enrichment in the isotope 44Ca after sorption 
of calcium from the solution, compared to their initial 
values (Δ44/40Ca equal to 0.21‰ for OD600nm = 0.5 and 
0.14‰ for OD600nm = 1.5, see Table 3 and Fig. 3b). We 
exclusively conducted spore control measurements at 
OD600 values of 0.5 and 1.5. Nevertheless, the isotopic 
profiles of bacteria post-adsorption exhibit similarities 
within the range of analytical errors for OD600nm values 
of 1.5, 3.5, and 4.5 (−  0.27 ± 0.22, with a 2-standard 
deviation range, N = 3). Thus, we assume that spore 
control values remain consistent across OD600nm values 
of 1.5, 3.5, and 4.5. Interestingly, in parallel, the super-
natants following the adsorption process do not exhibit 
any fractionation (Δ44/40Ca is equal to − 0.11 ± 0.09‰, 
N = 4, 2SD) despite up to 86% of the calcium being 
adsorbed (Fig. 3b).

Discussion

Absence of fractionation during the adsorption/
incorporation of Ca onto/in vegetative bacteria

Regarding elemental adsorption/incorporation, vari-
ous parameters, such as pH, calcium concentration, 
and incubation time, showed an evident influence on 
the quantity of adsorbed calcium. Distinct discrepan-
cies were observed between B. subtilis and P. aerugi-
nosa. pH appeared to exert a more pronounced influ-
ence on B. subtilis, displaying enhanced adsorption/
incorporation at a pH of 5. In contrast, for P. aerugi-
nosa, variations were less significant across different 
pH values. Similarly, the quantity of adsorbed/incor-
porated calcium exhibited temporal variations for 
both bacterial strains, albeit in distinct manners.

Initially, B. subtilis exhibited higher calcium 
uptake, which was subsequently released within 2 h. 
Consequently, P. aeruginosa displayed a slightly 
higher adsorbed/incorporated calcium level. Notably, 

Fig. 3   Elemental and isotopic measurements of Ca adsorp-
tion experiments on B. subtilis spores. a The residual Ca in the 
supernatant, expressed as a percentage of the initial Ca in the 
solution, as a function of the OD600nm of the bacterial suspen-
sion. Experiments were conducted at pH 5.6 with a 2 h inter-
action duration, and [Ca2+]IS equal to 1.6 µg/ml. b The values 

of Δ44/40Ca as a function of the percentage of residual calcium 
in the supernatant. The values of spore controls (spore pellets 
without Ca adsorption) and the sporulation medium used for 
spore culture are also presented. LAA liquid after adsorption, 
BAA bacteria after adsorption, IS initial solution
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the kinetics revealed a marginal increase in adsorbed/
incorporated calcium for both bacterial strains after 
4 h. Nevertheless, caution is advised when extrapolat-
ing this trend to ascertain a longer-term equilibrium 
due to the limitations in conducting extended adsorp-
tion experiments with these bacteria.

In contrast, the process of adsorption/incorpora-
tion did not exhibit any discernible isotopic fractiona-
tion, regardless of the prevailing conditions for either 
P. aeruginosa or B. subtilis. Limited knowledge of 
elemental fractionation associated with the adsorp-
tion/incorporation onto/in bacteria is available. None-
theless, investigations related to the adsorption or 
incorporation of metal ions, such as Zn, Cu, Mo, Fe, 
or Cr, have been carried out (Wasylenki et al. 2007; 
Navarette et  al. 2011; Kafantaris and Borrock 2014; 
Mullholand et al. 2015; Zhang et al. 2018), revealing 
noticeable isotopic fractionations. These diverse stud-
ies have demonstrated that isotopic fractionation of an 
element in contact with bacteria can be attributed to 
their complexation with functional groups on the bac-
teria’s surface or active mechanisms that necessitate 
energy.

Through experiments conducted on both live and 
dead bacteria, specifically Pseudomonas fluores-
cens LB 300 and Shewanella oneidensis MR 1, to 
assess the impact of metabolic activity, Zhang et  al. 
(2018) deduced that the reduction of Cr(VI) to Cr(III) 
primarily results from metabolic activity. In con-
trast, investigations involving Azotobacter vinelan-
dii (Wasylenki et  al. 2007) suggested that while Mo 
undergoes kinetic fractionation during assimilation, 
complexation with ligands might also partially induce 
this fractionation. Moreover, concerning Fe, which 
does not exhibit a kinetic effect, indications point 
toward fractionation occurring through complexation 
processes (Wasylenki et al. 2007).

Given the range of methodologies and variables 
used across these diverse studies and the discrepan-
cies in outcomes for various elements, establishing 
direct parallels with our findings seems challenging. 
However, in contrast to the studies above, the absence 
of isotopic fractionation in our research implies the 
adsorption/incorporation of 40Ca and 44Ca in equiva-
lent proportions. The disparity in the impact of vari-
ous parameters on the interaction between bacteria 
and calcium can be elucidated by the distinct nature 
of the cell walls in B. subtilis and P. aeruginosa.

Distribution of calcium in bacteria and highlighting 
the proportions of adsorbed and incorporated Ca

To elucidate the absence of isotopic fractionation 
in our experimental findings, it becomes impera-
tive to precisely ascertain the fate of calcium during 
our experiments. This entails determining the pre-
cise ratios at which calcium becomes adsorbed and/
or incorporated by the bacteria while identifying the 
potential mechanisms at play. Previous data estab-
lishes that calcium is pivotal in various bacterial pro-
cesses, including maintaining cell structure, cell divi-
sion, and sporulation (Smith 1995). Furthermore, it 
has been demonstrated that bacteria exercise precise 
control over their calcium content, typically within 
the range of 100–300 nM (Gangola and Rosen 1987; 
Knight et  al. 1991; Futsaether and Johnsson 1994; 
Herbaud et  al. 1998; Jones et  al. 1999; Torrecilla 
et al. 2000). Bacteria also employ various regulatory 
mechanisms, encompassing primary and secondary 
transporters and calcium-binding proteins, to main-
tain calcium homeostasis (Norris et al. 1996; Paulsen 
et al. 2000; Waditee et al. 2004). These intricate sys-
tems further underline the need to unravel the precise 
interactions and dynamics governing calcium within 
the context of our experiments.

To explore the impact of metabolic activity on 
calcium uptake by bacteria, experiments were under-
taken to assess the influence of bacterial physiologi-
cal state—whether the cells were viable or dead—on 
the quantity of calcium extracted from the solution 
(Table  1). In the context of P. aeruginosa, dispari-
ties in adsorption/incorporation between live and 
deceased bacteria could suggest that viable cells inte-
grate a noteworthy portion of calcium (approximately 
8–9% of the calcium extracted from the solution). 
Conversely, when examining B. subtilis, the observa-
tion that deceased bacteria exhibit the highest levels 
of adsorption/incorporation at pH 7 appears to chal-
lenge this hypothesis. Consequently, it is plausible 
that the observed distinctions are partly attributed 
to the bacterial incorporation of calcium. However, 
these variations might also be partially attributed to 
chemical factors arising from alterations in the bac-
terial surface, leading to modified interactions with 
calcium. As such, it is essential to recognize that con-
ducting experiments solely comparing live and dead 
bacteria falls short of comprehensively estimating the 
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fraction of calcium potentially incorporated via bacte-
rial metabolic activity.

An alternative approach to address this inquiry 
involves employing CCCP to hinder the proton-
motive force and impede calcium incorporation at 
the membrane level. Nevertheless, in the context of 
our experiments, the utilization of CCCP yielded an 
unexpected outcome—an increase in the quantity of 
calcium extracted from the solution (a rise of + 13% 
for P. aeruginosa and + 14% for B. subtilis, Table 1). 
Contrary to our observations, a decrease in incorpo-
ration could have potentially signalled a reduction 
in the overall amount of calcium extracted from the 
solution by the bacteria.

After these findings, the cellular fractionation 
experiments ultimately answered this inquiry. Our 
investigations revealed that calcium primarily accu-
mulates within wall compartments and that its intra-
cellular integration—spanning the cytoplasm and 
internal membranes—constitutes a minority frac-
tion. Remarkably, the Gram-negative bacteria’s sur-
face adsorbs less than 20% of calcium taken from the 
solution, chiefly on the outer membrane. This outer 
membrane possesses carboxyl groups recognized for 
inducing plant calcium isotopic fractionation (Cobert 
et al. 2011b; Schmitt et al. 2013). Notably, most cal-
cium transverses the outer membrane, adhering to the 
peptidoglycan layer. For B. subtilis, the preponder-
ance of calcium is adsorbed onto the peptidoglycan 
matrix.

Our exploration shows that no detectable isotopic 
fractionation exists, irrespective of the cellular com-
partment under consideration (Table 2), even within 
the outer membrane housing carboxyl groups—a 
context in which fractionation might have been antici-
pated. This circumstance might suggest that calcium 
experiences passive integration within bacterial cells, 
void of any marked fractionation—a notion akin to 
the supposition surrounding calcium entry into roots 
(Cobert et al. 2011b). This conclusion is corroborated 
by the study of Braud et  al (2009), which demon-
strates that the uptake of Ca in P. aeruginosa occurs 
through diffusion across the membrane via porins or 
bound at the cell surfaces.

Isotopic fractionation during sporulation

The difference in fractionation in control spore pel-
lets was not expected since the adjustment of OD600 

involves dilution, which is not supposed to impact 
isotopic proportions. It is possible that the spores, 
which have been stored in several centrifuge tubes, 
exhibit heterogeneity in the isotopic proportions of 
Ca they contain. This heterogeneity could be because 
not all bacteria sporulate simultaneously but gradu-
ally, implying that the isotopic proportions of Ca 
in the sporulation medium can vary over time and 
that the isotopic composition of the spores can also 
vary depending on when the cells sporulate. Based 
on these observations, it is conceivable that isotopic 
fractionation occurs during the sporulation process. 
Calcium, as known, forms a 1:1 chelation with dipi-
colinic acid (DPA) (Setlow 2006). This acid is syn-
thesized within the mother cell and subsequently 
diffused in substantial quantities into the spore core 
during the final stages of sporulation, coinciding with 
the dehydration of the spore core (DPA constitutes 
5 to 15% of the spore’s dry weight) (Setlow 2005). 
Huang et al. (2007) have approximated that the con-
centrations of Ca-DPA in Bacillus species’ spores 
exceed 800  mM, a level significantly surpassing the 
solubility of Ca-DPA. Notably, this acid contains car-
boxyl groups recognized for their ability to induce 
calcium fractionation (Cobert et  al. 2011b; Schmitt 
et al. 2013). Additionally, it is plausible that fraction-
ation occurs during Ca-DPA complex diffusion from 
the mother cell, its point of origin, to the spore core. 
Furthermore, Huang et al. (2007) have demonstrated 
substantial divergence in Ca-DPA levels among indi-
vidual spores within a population. However, a sig-
nificant portion of this variation might arise from 
discrepancies in individual spore sizes. Although 
this phenomenon likely exerts a limited impact on a 
substantial majority of spores, it could serve as a con-
ceivable explanation for the divergent intensities of 
fractionation among the previously discussed spores.

Once sporulated, the spore pellets were rinsed and 
placed in contact with a Ca solution. Between 10 
and 86% of Ca initially present in the solution were 
sorbed on the spore pellets. Spores consist of multi-
ple layers providing considerable resistance against 
environmental stresses, functioning like insulating 
shields. Despite this robust structure, the spore enve-
lope maintains a degree of permeability to facilitate 
the passage of certain molecules, including germi-
nants, which traverse the various layers before reach-
ing the inner membrane housing receptors (Driks 
1999). Notably, molecules of modest dimensions, 
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like ethanol, NaOH, or HCl, can traverse the spore 
envelope (Setlow et  al. 2002). Furthermore, the cor-
tex, one of the deepest layers separated from the 
core by the inner membrane, displays a honeycomb-
like structure characterized by pore sizes spanning 
5–100 nm (Plomp et al. 2007). The calcium extracted 
from the solution can be adsorbed at varying depths 
within the spore, extending beyond the surface of the 
cortex. It’s worth noting that the core of the spore is 
designed to maintain its dehydrated state, fortified by 
the impermeability conferred by the inner membrane, 
until the point of spore germination (Setlow 2003; 
Setlow et al. 2009). Given the spore’s inherent nature, 
designed to isolate itself from the surrounding envi-
ronment, no indication suggests that calcium from 
the solution might partially infiltrate the spore core. 
We cannot ascertain whether the adsorption takes 
place solely on the surface or if it involves diffusion 
through the outer envelope to reach deeper layers.

Nevertheless, similar to vegetative bacteria, nei-
ther the adsorption nor the absorption processes give 
rise to discernible isotopic fractionation, suggesting 
passive Ca sorption. Indeed, if the sorption of Ca 
had been accompanied by isotopic fractionation, one 
would expect the liquid after sorption to be enriched 
in the heavier isotope 44Ca and the spore pellets to 
be enriched in the lighter isotope 40Ca, which is not 
the case. Thus, it can be conjectured that the isotopic 
values found in the spores after the sorption process 
result from a combination of calcium originating 
from both the spores themselves and the remaining 

Ca solution from the sorption experiment in the 
slurry.

Utilizing a straightforward mixing equation, the 
proportion of calcium originating from the initial Ca 
sorption solution, denoted as X(Ca)A, within a mix-
ture (M) derived from two distinct sources: A (initial 
Ca sorption solution) and B (spore pellets) can be 
established in the following manner (for instance, as 
demonstrated in Capo et al. (1998) and Drouet et al. 
(2005)):

The outcome of the mixture calculation reveals 
that the control primarily influences the isotopic com-
position of calcium. In this context, a mere 21 and 
23% of the composition can be attributed to the ini-
tial calcium solution for OD600nm values of 0.5 and 
OD600nm values of 1.5, 3.5, and 4.5, respectively. As 
a result, regardless of the percentage of Ca sorption, 
approximately 21 ± 3% (N = 2, 2SD) of the Ca origi-
nates from the Ca sorption solution.

Implication for the Ca biogeochemical cycle

Biological sources and sinks of Ca during Ca cycling 
in forested ecosystems are of critical importance due 
to their significance for the carbon cycle and nutrient 
supply (e.g., Schmitt et  al. 2012; Bullen 2014; Wie-
derhold 2015; Tipper et al. 2016). However, none of 

(4)X(Ca)A =

(

Δ44∕40Ca
)

M
−
(

Δ44∕40Ca
)

B
(

Δ44∕40Ca
)

A
−
(

Δ44∕40Ca
)

B

Table 4   Characteristics of vegetative and sporulated bacteria, and maximum amount of adsorbed Ca and associated 44/40Ca isotopic 
fractionation of the supernatant measured in this study

Comparison of the data with those previously obtained in Brazier et al. (2019) for clay minerals and Schmitt et al. (2023) for δ-MnO2

Soil component Grain or bacterium 
size (µm)

pH Caads_max 
(mmol/g)

Δ44/40Ca (‰) Reference

δ-MnO2 0.1–1 4 1.06 1.15 Schmitt et al. (2023)
δ-MnO2 0.1–1 7 1.16 1.19 Schmitt et al. (2023)
Kaolinite (KGa-2) 0.1–1 4 4.26 0.00 Brazier et al. (2019)
Kaolinite (KGa-2) 0.1–1 7 9.66 0.00 Brazier et al. (2019)
Montmorillonite (Swy-2) 0.1–1 4 292.9 0.10 Brazier et al. (2019)
Montmorillonite (Swy-2) 0.1–1 7 293.7 0.10 Brazier et al. (2019)
Tuftane muscovite 0.1–1 4 57.95 0.22 Brazier et al. (2019)
Tuftane muscovite 0.1–1 7 63.79 0.27 Brazier et al. (2019)
Tuftane muscovite 50–200 7 0.209 0.00 Brazier et al. (2019)
Vegetative bacteria 2–4 5 to 7  < 0.1 0.00 This study
Sporulated bacteria 1 5.6  < 0.1 0.00 This study



1507Biogeochemistry (2024) 167:1491–1510	

Vol.: (0123456789)

these studies have yet focused on the role of bacteria 
in the Ca biogeochemical cycle. Therefore, recogniz-
ing the significance of bacterial biomass and associ-
ated Ca isotope fractionation in soils is imperative. 
Our understanding of the microbial composition 
within soils remains limited. The lack of discernible 
fractionation during the adsorption of calcium onto 
bacteria does not necessarily imply the absence of 
any fractionation effects; rather, it may suggest that 
any such fractionation is too minute to be detected. 
Nevertheless, based on the analytical results of our 
study, its transposition to the natural environment 
would suggest the absence of isotopic fractionation 
associated with Ca adsorption on vegetative or spore-
forming bacteria. This differs to what was previously 
observed for secondary soil minerals (Table 4).

The fractionation brought about by the sporula-
tion process, despite the limited calcium quantities 
involved, implies that soil bacteria’s sporulation/ger-
mination cycle could contribute to the isotopic sig-
nature of soil solutions. Notably, a study conducted 
by Siala et al. (1974) demonstrated that in coniferous 
forest soil, B. subtilis predominantly existed in veg-
etative form within acidic horizons, while the sporu-
lated form prevailed in alkaline horizons. The occur-
rence of bacteria in either vegetative or sporulated 
states is governed by the prevailing environmental 
conditions, with multiple factors potentially influenc-
ing this phenomenon.

Accurately quantifying the proportion of bacteria 
existing in sporulated forms in  situ might provide 
insight into the role of spores in shaping the isotopic 
composition of calcium in soil solutions. Nonethe-
less, limited data are presently available, and further 
exploration is essential to assess the potential of these 
research ideas. It’s worth noting that the mechanism 
underlying sporulation can differ among various bac-
terial species. Despite these initial findings, the intri-
cate nature of these mechanisms and the scarcity of 
data hinder a direct extrapolation of results to natural 
environments.

Importantly, this study concentrates on two exten-
sively researched bacteria within laboratory settings. 
However, the natural environment encompasses a vast 
majority—over 99–99.9%—of viable yet non-culti-
vable bacteria. Consequently, whether the outcomes 
observed for these bacteria can be extended to other 
soil-dwelling bacterial species remains to be deter-
mined. Additionally, delving into the role of bacterial 

biofilms, which represent the predominant bacterial 
form in natural surroundings (Flemming and Wuertz 
2019), as well as fungi, which generally dominate the 
microorganism landscape within soils (Joergensen 
and Wichern 2008), becomes a necessary avenue for 
exploration.

Conclusion

This study aimed to elucidate the direct impact of Ca 
adsorption of B. subtilis and P. aeruginosa and on 
sporulated B. subtilis with different surface chemical 
properties. The findings underscore that calcium is 
predominantly sequestered within bacterial cell walls 
of the two studied bacteria when a Ca solution inter-
acts with bacteria. Specifically, peptidoglycan within 
B. subtilis and the outer membrane in P. aeruginosa 
are the main storage sites for Ca. Importantly, this 
interaction does not induce quantifiable isotopic frac-
tionation in Ca. This observation suggests calcium 
primarily enters vegetative or sporulated bacteria via 
passive channels, allowing 40Ca and 44Ca isotopes to 
permeate. Given this absence of Ca fractionation, the 
process of calcium adsorption and passive incorpora-
tion onto vegetative or sporulated bacteria is unlikely 
to significantly influence the isotopic composition 
of soil solutions. However, the sporulation process 
stands out by inducing higher values of 40Ca within 
spores. This variation, ranging from 0.58 to 1.20‰, 
is likely attributed to calcium chelation with dipico-
linic acid. Consequently, the contribution of the tested 
vegetative and sporulated bacteria to the calcium bio-
geochemical cycle is merely indirect. Only the sporu-
lation process itself fractionates Ca isotopes meaning 
that the impact of sporulation within soil solutions 
extends beyond their role in mineral bioweathering 
and the availability of calcium for vegetation.

Moreover, parameter variations influencing the 
sporulation/germination cycle can potentially lead to 
isotopic fluctuations in calcium within soil solutions. 
Subsequent investigations in macrocosms, incorpo-
rating manipulations of the germination/sporulation 
cycle, could validate the applicability of our find-
ings to natural environments. It is important to note 
that this study exclusively focused on two planktonic 
bacteria. Thus, completing such study by other plank-
tonic bacteria, as well as delving into bacterial bio-
films, known for their capacity to sequester metals, 
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presents an intriguing avenue to further unveil the 
role of soil bacteria within the calcium biogeochemi-
cal cycle.
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