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neralization differentially induced
by two psychrophilic Pseudomonas psychrophila
strains isolated from an alpine travertine landform†

Na Song, a Qiongfang Li, *ab Yi Zhou,*c Geng Sun,d Ling Pan, a Xiaoxia Zhao,a

Pengju Dong,a Yulian Zhao,a Lijun Yange and Yunbi Huange

Besides geography and climate, biological factors play an important role in shaping travertine landforms, but

the biochemical mechanisms of microbial processes in travertine formation have been rarely studied. Two

psychrophilic bacterial strains, A20-18 and B21-3 of Pseudomonas psychrophila, isolated from travertine

pools of Huanglong, a typical alpine travertine landform, were investigated for their roles in calcium

carbonate mineralization, including the deposition process and products. X-ray diffraction, Fourier-

transform infrared spectroscopy, and scanning electron microscopy were used to characterize the

crystal phase and morphology of CaCO3 precipitation. The results showed that there were no significant

differences between the two strains in CaCO3 deposition rate. Extracellular polymeric substances (EPS)-

free cells significantly inhibited calcification, compared with a control. Irregular crystals and polyhedral

structures are common to all treatments using the two strains. These complex polycrystals were the

result of the synergistic effect of homogeneous nucleation and heterogeneous nucleation. EPS and cells

of strain B21-3 formed ring-like structures of calcium carbonate, which was possibly from the

amphiphilic polymer forming a circular arrangement in water. These results are significant for

understanding the microbial factor in Huanglong travertine deposition and providing new insights into

the morphological control of the biomineralization mechanism at low temperatures.
1 Introduction

Huanglong, a scenic spot characterized by high altitude (3145–
3578 m) and perennial low temperature (6 �C), is well known for
its depositional physiognomy and colorful travertine landscape.
Studies have shown that physical and hydrochemical factors
inuenced the formation of travertine landscapes.1–3 Based on
our previous research, the number of psychrophilic bacteria in
Huanglong water was surprisingly large and the population of
culturable bacteria about 1.0 � 106 CFU mL�1, compared with
7.3 � 104 CFU mL�1 in freshwater lake water.4,5 Therefore,
psychrophilic bacteria possibly participated in the formation of
travertine in their microscale way. However, the study of the
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biogenesis of Huanglong travertine has rarely been reported. A
fair amount of work has been done on hot-spring travertine
deposits.6–9 Work on the origin and mechanism of calcication
in Huanglong travertine will enrich our knowledge of the bio-
logical origin of travertine and help researchers to compare
travertine biogenesis at the two different temperature extremes.

Microbially induced calcium carbonate precipitation has
been widely reported in the biosphere, as a result of interaction
between biological activities and the environment.10–13 It has
been reported that different microorganisms were involved in
carbonate biomineralization, with different functions.14–17 For
example, Chlorella spirulina and Spirulina platensis induced
calcite precipitation by xing CO2/HCO3

�, and Spirulina pla-
tensis had higher calcite deposition rate than Chlorella spir-
ulina.18 Thus, microorganisms can regulate the deposition rate
of calcium carbonate. Two anaerobic phototrophic bacteria
isolated from alkaline lakes (Rhodovulum steppense A-20s) and
highly saline water (Rhodovulum sp. S-17-65) increased the
deposition rate from 0.001 mmol h�1 to 0.0150 mmol h�1 while
no increase was observed in the control group without organ-
isms.19 Moreover, microbial cells or their decomposition prod-
ucts can act as templates for calcium carbonate deposition.
Calcium carbonate precipitated on a biolm that was mainly
composed of the cyanobacteria Pleurocapsa, Calothrix, Phormi-
dium, andHyella. Microcrystalline aragonite plaques are formed
RSC Adv., 2021, 11, 12885–12892 | 12885
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in biolm mucus, and brous aragonite cement grows in media
lacking exopolymer, such as inside dead, dissolved green algae
cells and voids in reef skeleton.20 Also, many bacteria undergo
intracellular biomineralization: calcium carbonate inclusions
are scattered within the cell cytoplasm of Candidatus Gloeo-
margarita lithophora, and carbonate was observed in strains
belonging to the Thermosynechococcus elongatus BP-1 lineage, in
which calcium carbonate inclusions lie at the cell poles.21

Previous studies have mainly focused on the impact of different
bacterial genera or species on the deposition of calcium
carbonate. However, there is a lack of studies comparing the
biological processes of different strains within the same species
in the formation of travertine.

Extracellular Polymeric Substances (EPS) are organic polymers
attached to the surface of microbial cells. They can greatly affect
the mineralogy and morphology of precipitation.22,23 Functional
groups in EPS can bind free calcium ions and eventually become
the matrix of mineral nucleation. For example, the high binding
capacity in EPS of Bacillus licheniformis reduces calcium carbonate
saturation, leading to the formation of calcite.23,24 Precipitates
induced by EPS include calcite, aragonite and vaterite.25–27

Furthermore, various crystal forms can be promoted by EPS, such
as rhombic, smoothed crystals and spheroidal crystal aggre-
gates.28–30 For example, EPS extracted frommicrobial mat biolms
promoted rounded, smoothed, and truncated rhombs with some
spherulites.28 In addition, some cell metabolites, chemicals
formed in cells, can be secreted into the surrounding medium.
Current studies suggest that bacteria or EPS can induce carbonate
precipitation. However, the details of how bacterial cells, EPS, EPS-
free cells, and cell metabolites are involved in the mineralization
processes are still poorly known.

Recently, we isolated two dominant bacterial strains from
Huanglong, identied as Pseudomonas psychrophila. These two
strains live in water with a temperature of 6 �C and abundant Ca2+,
Mg2+ and HCO3

�. The bio-deposition associated with bacterial
cells, EPS, EPS-free cells, and cell metabolites of the bacteria were
evaluated in this study. The objectives of this study were: (1) to
compare the deposition process of calcium carbonate by the two
bacterial strains; (2) to explore the effect of cells, EPS, EPS-free cells
and cell metabolites of bacteria on the product of calcium
carbonate deposition. The results would give more insight into the
biogenic origin of Huanglong travertine landscape and be of great
importance in protecting the travertine landscape.

2 Materials and methods
2.1 Cell culture and preparation

The bacterial strains A20-18 and B21-3 were identied as Pseu-
domonas psychrophila based on 16S rRNA gene sequencing
(GenBank accession numbers KX264923 and KX264924).
Colony morphology and the phylogenetic evidence that
supports the species designation of the two strains are shown in
ESI Fig. 1 and 2, respectively, in the ESI.† The bacteria were
grown for 24 h in beef extract peptone medium (containing beef
extract 3.0 g, peptone 10.0 g, NaCl 5.0 g and deionized water
1000 mL, pH 7.0–7.2), at 6 �C, with 120 rpm shaking. Bacterial
cells were collected by centrifugation at 8000 rpm for 10 min.
12886 | RSC Adv., 2021, 11, 12885–12892
2.2 Collection of cell metabolites

The bacterial cells were washed three times with 0.85% sterile
saline. Then half of the bacterial cells were suspended in 100 mL
0.85% sterile saline and cultured at 6 �C. Aer 8 h, the culture
medium was centrifuged for 10 min at 8000 rpm at 4 �C. The
supernatant contained extracellular cell metabolites of the bacteria.
Bacterial cells suspended in saline and cell metabolites were
retained for subsequent use. The ratio of the volume of saline used
for cell suspension to the volume of culture medium remained
constant.
2.3 EPS extraction

Cation exchange resin (CER) was used to extract EPS in this study to
avoid contaminations from chemical methods.31 The cells were
suspended in 0.85% sterile saline aer washing, and then 30 g
cationic exchange resin was added. The suspension was stirring for
8 h at 4 �C, then le to stand for 5 min. Next, the suspension was
centrifuged for 10min at 4 �C, 8000 rpm, to separate the EPS and the
EPS-free cells. EPS-free cells suspended in saline and EPS solutions
were stored for subsequent use. The ratio of the volume of saline to
the volume of the prior culture medium remained constant.
2.4 Mineralization experiments

The results of the analysis of Huanglong water showed that the
concentrations of Ca2+ and HCO3

� were 8.2 mmol L�1 and
16.4 mmol L�1 respectively. The solution system used in our
experiments was made up of 50 mL of CaCl2 (8.2 mmol L�1),
50 mL of NaHCO3 (16.4 mmol L�1), and 1 mL of organic
component solution (suspended bacterial cells, dissolved EPS,
suspended EPS-free cells, or cell metabolites). The number of
bacteria in the culture medium at stationary phase (1.0 � 108

CFU mL�1) vs. Huanglong water (1.0 � 106 CFU mL�1) was in
a proportion of 100 to 1, based on previous results.4 The inor-
ganic solution was sterilized before the addition of the organic
solutions. The organic solution was replaced with 0.85% sterile
saline in control groups. Sterilized glass coverslips were placed
in samples of each experimental group. All reactions were
conducted in static culture asks under 6 �C.
2.5 Characterization of the deposition process and products

The pH of each treatment sample was measured on the rst day
and every other day during sedimentation using a pH meter
(PHS-320, Fangzhou Technology, China). The content of Ca2+

was determined with inductively coupled plasma spectrometry
(ICP; iCAP 6500, Thermo Fisher Scientic, UK) every other day,
with R power of 1150 W, pump speed 50 rpm, auxiliary gas ow
rate 0.5 L min�1, atomization gas ow rate 0.55 L min�1 and
cooling gas ow rate 12 L min�1. The calcication kinetics were
calculated based on the following exponential decay eqn (1):32

[Ca2+] ¼ ekt+b (1)

where [Ca2+] (mg L�1) denotes the content of Ca2+, t (days)
experiment time, and constant k (mg L�1 d�1) the calcication
rate, respectively.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00578b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
2:

23
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Aer 1 day of deposition, the sediment on the glass cover-
slips was washed with ultrapure water and dried for 24 h at
room temperature. The crystalline phases of the sediment were
identied by X-ray diffraction (XRD; X'Pert PRO, PANalytical,
Holland), with a diffraction angle (2q) of 3–80� at a scan rate of
0.1� min�1. The copper target was selected for testing, the
voltage was 40 kV and the current was 40 mA. The results were
analysed by Materials Data Inc. Jade 6.5.

Fourier-transform infrared spectrometry (FT-IR; FT-IR 5700,
Thermo Elemental, USA) was performed to identify the func-
tional groups of the sediment. The samples were scanned from
4000 to 400 cm�1 with a resolution of 0.4 cm�1. The results were
analysed by Nicolet OMNIC 8.2 soware. The morphology of the
sediment was observed by scanning electron microscopy (SEM;
UItra-5, Carl Zeiss NTS, Germany).
3 Results
3.1 Calcication rate

The variation of Ca2+ content and pH during the deposition
process for control treatments and bacterial strains are shown
in Fig. 1. The Ca2+ content of control group and experimental
treatment group sample solutions decreased with the increase
Fig. 1 Plots of Ca2+ concentration variation with time for strains A20-18
(C) and B21-3 (D).

© 2021 The Author(s). Published by the Royal Society of Chemistry
of the deposition time (Fig. 1A and B), and the decrease was
more rapid in days 1–5 than days 6–9. The decrease rate was
similar among all experimental treatments. At the beginning of
the experiment, the Ca2+ concentration was 8.2 mmol L�1 in the
control group, dropping to 1.26 mmol L�1 at the end. For
bacterial strain A20-18, the cells treatment group had the lowest
nal calcium ion concentration (1.22 mmol L�1), followed by
the EPS (1.26 mmol L�1), cell metabolites (1.33 mmol L�1) and
EPS-free cells (1.37 mmol L�1) treatment groups. The nal Ca2+

concentration for B21-3 was also 1.22 mmol L�1 in the cells
treatment group, but lower than for A20-18 in the cell metabo-
lites treatment group (1.24 mmol L�1).

With the prolongation of the deposition time, the pH of the
control group and all experimental treatment group sample
solutions showed an overall upward trend (Fig. 1C and D). In
the experiments with strain A20-18, a drop in pH for EPS
treatment occurred at the initial depositing stage whereas the
pH for EPS-free cells treatment decreased at later stage.
However, no similar trends were shown with strain B21-3. The
highest nal pH was for the cells treatment (pH ¼ 8.16) for A20-
18, but the EPS treatment (pH ¼ 8.16) for strain B21-3. The
lowest nal pH for the two strains was the same: with the EPS-
(A) and B21-3 (B), and plots of pH variation with time for strains A20-18

RSC Adv., 2021, 11, 12885–12892 | 12887
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Fig. 2 Calcification rates of the two strains. The average values for
each treatment group for the two bacterial strains are compared with
the control group. Bars marked with the same letter are not signifi-
cantly different based on the least significant difference at P ¼ 0.05.
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View Article Online
free treatment, the pH was 8.01 and 8.09 for strain A20-18 and
B21-3, respectively.

The effects of the two strains on the deposition rate of trav-
ertine are shown in Fig. 2. Bacterial cells and EPS of both strains
promoted the precipitation while EPS-free cells and cell
metabolites inhibited the calcication. However, compared
Fig. 3 X-ray diffraction spectra of CaCO3 deposits induced by strains
A20-18 (A) and B21-3 (B).

12888 | RSC Adv., 2021, 11, 12885–12892
with the control group, there was no signicant effect of cells,
cell metabolites and EPS of the two strains on deposition rate,
while EPS-free cells signicantly inhibited calcium carbonate
deposition compared with control (P < 0.05). The difference in
deposition rate between the two strains was not signicant.
3.2 Calcium carbonate polymorphism

X-ray diffraction (XRD) identied the crystalline phases of the
sediment. The diffraction angles (2q) of the deposits corre-
sponded to the (hkl) indices (012), (104), (006), (110), (113),
(202), (024), (018), (116), (211), (122), (214) (Fig. 3). The results
showed that calcite was the dominant polymorph in control and
experimental treatment groups, indicating similar crystal phase
for the treatments with EPS, bacterial cells, EPS-free cells, and
cell metabolites of the two strains.

Fourier-transform infrared spectrometry (FT-IR) identied
the functional groups of the sediment. XRD results were further
conrmed by FT-IR spectra (Fig. 4), where absorption bands at
712 cm�1, 875 cm�1 and 1422 cm�1 were attributed to the
carbonate in-plane bending (n4), out-of-plane bending (n2) and
asymmetric stretching (n3) of calcite, respectively.33,34
3.3 Calcium carbonate morphology

As shown in Fig. 5I and J, well developed rhombic calcite crys-
tals about 10–15 mm in size were observed in the control
experiment. With the EPS of strain A20-18, plenty of polyhedral
Fig. 4 Fourier-transform infrared spectra of CaCO3 deposits induced
by strains A20-18 and B21-3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Scanning electron microscopy images of calcite crystals
produced by strains A20-18 and B21-3. Crystals induced by (A) EPS of
strain A20-18, (B) EPS of strain B21-3, (C) cells of strain A20-18, (D) cells
of strain B21-3, (E) EPS-free cells of strain A20-18, (F) EPS-free cells of
strain B21-3, (G) cell metabolites of strain A20-18, and (H) cell
metabolites of strain B21-3. (I and J) Crystals formed in the control
solution.
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structures with different sizes (5–20 mm) and irregular edges
were synthesized (Fig. 5A), while many ring-like (5–10 mm) and
cubic crystals (5–20 mm) were observed in the presence of EPS of
strain B21-3 (Fig. 5B). Most ring-like crystals were embedded in
cubic rhombs to form complex structures; a few were dispersed
in solution. Moreover, distinct hole features were observed on
the surface of cubic crystals (Fig. 5B).

For the bacterial cells treatments, cells of strain A20-18
produced a few spherical crystals assembled of slices as well
as rhombs with intergrown features (Fig. 5C). A large number of
calcite rhombs with distinct edge-step features and a few ring-
like crystals were formed in the bacterial treatment group of
strain B21-3 (Fig. 5D).

EPS-free cells of strain A20-18 induced the formation of
smaller rhombohedral structures 5–10 mm in size with distinct
edge-step features (Fig. 5E), while some clusters of vaterite were
© 2021 The Author(s). Published by the Royal Society of Chemistry
observed with the addition of cell metabolites (Fig. 5G). The
addition of EPS-free cells and cell metabolites of strain B21-3
could induce the synthesis of both imperfect rhombohedral
structures and clusters of vaterite about 10 mm in size (Fig. 5F
and H). No vaterites were found through XRD and FT-IR anal-
ysis, which might be due to the amounts of vaterite being too
low to be detected.

The relative contents of various crystal shapes are shown in
Table 1. In the control group, the crystal morphology was
mainly rhombic calcite, accounting for 98% of all crystals. In
addition, cubic crystals and cubic crystals with edge-steps
accounted for 1% of the total. Rhombic structure, polyhedral
structure, cubic crystals with edge-step and irregular crystals
were common to all experimental groups. However, ring-like
crystals only appeared in EPS and cells treatment groups of
strain B21-3. With the EPS treatment, ring-like crystals
accounted for 60% for B21-3, but they were not detected for A20-
18. Irregular crystals were the largest fraction for A20-18 EPS,
accounting for 50%, while for B21-3 EPS, irregular crystals
accounted for only 10%. For the cells treatment, ring-like crys-
tals did not appear for A20-18, but they accounted for 40% with
B21-3. Most of the crystals for A20-18 cells were rhombic in
structure, accounting for 70%. Moreover, the cells of the two
strains produced 2% spherical crystals, which did not appear
for any other treatments. Treatment with EPS-free cells
produced 15% cluster crystals for B21-3, but none for A20-18.
Furthermore, for the treatment with cell metabolites, the
proportions of various shapes produced with the two strains
were similar.

4 Discussion
4.1 The effects of bacteria on the CaCO3 precipitation
process

The drop in pH with the EPS of strain A20-18 at the initial
deposition stage might be due to proton release from the
functional groups of EPS: carboxyl, hydroxyl, phosphoric and
sulfate.34 Local supersaturation mediated by electrostatic
adsorption of Ca2+ at binding sites leads to CaCO3 precipitation,
in turn increasing the pH as the time is prolonged. That the pH
of EPS-free cells treatment groups of strain A20-18 decreased at
a later stage could be due to the stripping of EPS, which disrupts
the membranes, allowing the release of acids. However, no
similar trends were found for B21-3 compared with the results
for strain A20-18. This could be due to differences in properties
and steric conformation of EPS by weak interactions, such as
electrostatic interactions, hydrogen bonds and London forces,
between/among functional groups during the extraction
process.35,36

EPS of both strains considerably promoted CaCO3 precipi-
tation. This may be due to the fact that EPS contain a huge
amount of negatively charged functional groups, such as
carboxyl, hydroxyl, phosphate and sulfate. So, EPS will be likely
to show electronegativity in neutral and low-alkaline environ-
ments and provide abundant binding sites for metal ions,
molecules, and charged particles.37 When EPS is added into the
system, local supersaturation is mediated by electrostatic
RSC Adv., 2021, 11, 12885–12892 | 12889

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00578b


Table 1 The content levels of various crystal shapes in the samples

Crystal morphology

Relative content (%) of crystals induced by

EPS of
strain
A20-18

EPS of
strain
B21-3

Cells of
strain
A20-18

Cells of
strain
B21-3

EPS-free
cells of strain
A20-18

EPS-free
cells of strain
B21-3

Cell metabolites
of strain
A20-18

Cell metabolites
of strain
B21-3

Control
solution

Rhombic structure 10 10 70 20 40 20 20 20 98
Polyhedral structure 20 15 5 20 20 20 20 15 —
Ring-like crystals — 60 — 40 — — — — —
Cubic crystals — — 2 2 — — 5 3 1
Spherical crystals — — 3 2 — — — — —
Cubic crystals
with edge-step

20 10 10 8 15 20 10 15 1

Cuboid crystals — — — — 5 5 15 20 —
Cluster crystals — — — — — 15 20 20 —
Irregular crystals 50 10 5 8 15 20 5 7 —
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adsorption of Ca2+ to the binding sites, promoting the precipi-
tation of CaCO3. The precipitation of calcium carbonate
induced by EPS can be accomplished through the mechanism
of supersaturation of the cation-binding sites. When all func-
tional groups of the EPS are occupied by bound cations, the
local alkaline conditions and the existence of free Ca2+ ions will
lead to nucleation of calcium carbonate on the EPS matrix.22 In
addition, bacterial cells of both strains also improved CaCO3

precipitation. Crystals can nucleate and grow from supersatu-
rated solutions on the outer surface of individual cells. Seifan
et al. suggested that the morphology of microbial calcium
carbonate was mainly affected by the surface properties of
bacterial cells.38 When ions are adsorbed on the cell surface, the
activation energy barrier that usually inhibits spontaneous
nucleation and crystal growth is greatly reduced, followed by the
precipitation of cell surface minerals, which may lead to
inclusion of complete cells.39,40 In EPS-free cells the number of
extracellular cation chelating sites is greatly reduced, which
inhibits the deposition of calcium carbonate. Furthermore, the
inhibition of calcium carbonate deposition by cell metabolites
may be attributed to the dissolution of calcium carbonate by
carboxylic acids such as succinic acid and citric acid. For
example, carboxylic acids were shown to inhibit the growth of
calcium carbonate crystals by being adsorbed on the surface of
the crystals. It was assumed that the affinity of carboxylic acids
for calcium carbonate particles was stronger than for free
calcium ions in the solution.41

Previous studies have shown that microorganisms changed
the deposition rate of calcium carbonate, and induced different
crystal phases of calcium carbonate.19,42 Different bacterial
species had signicantly different effects on deposition.
However, there was no difference in the effect of the two
bacteria on deposition in this study, which may be due to the
fact that the two strains belong to the same species, and so have
high genomic similarity. Bacterial cells or EPS could serve as
a structural unit for calcium carbonate precipitation and help
start the biomineralization process.43 Moreover, the addition of
bacteria can greatly contribute to the deposition of calcium
carbonate.44 Carbonic anhydrases (CA) catalyze the carbon
12890 | RSC Adv., 2021, 11, 12885–12892
dioxide hydration reaction and further increase pH values in the
culture medium. CA can also elevate the supersaturation of
some minerals in liquid culture medium by releasing a large
number of carbonate and bicarbonate ions, which promotes the
precipitation of carbonate minerals such as calcite and arago-
nite.25 In the present study, compared with control, EPS-free
cells signicantly inhibited calcication, while the results of
other biological treatments were very similar to those of the
control group. In subsequent studies, we found that the two
strains have carbonic anhydrase activity, and we speculate that
their effect on calcium carbonate deposition is related to this
enzyme. We explored the calcication of bacteria under
different temperature, pH and calcium ion concentration
conditions and conducted outdoor experiments to try to repair
the cracks in a colored stone pool in a more natural way (the
relevant article is not published). In addition, two other strains
with carbonic anhydrase activity, SWU15-10 and SWU18-10,
which belong to the same genus of Pseudomonas sp., were iso-
lated from Huanglong. They can promote the deposition of
calcium carbonate at 10 �C and 15 �C and pH 7 and 8. In a long-
term experiment, the bacteria produced dense calcite calcium
carbonate on the surface of marble to repair stone relics. Under
different experimental conditions, calcite-type calcium
carbonate is the main calcication product, but the crystal
morphology changes greatly with the experimental conditions.45
4.2 The effects of bacterial strains on crystal structure

Spherical superstructures were induced by bacterial cells of the
two strains, which could be due to the selective adsorption of
ammonium ions or organic compounds released from bacterial
cells on the (001) faces of vaterite, and to cells stabilized on the
(001) faces of vaterite, stabilizing the hexagonal slices, which
further assemble into superstructures.46 The hexagonal slices
assemble into spherical superstructures to decrease the surface
energy. They had a similar morphology to precipitates induced
by three biopolymers, including two negatively charged proteins
and a neutral polysaccharide.47 Proteins are able to induce the
formation of complex structures of calcite, while various calcite
© 2021 The Author(s). Published by the Royal Society of Chemistry
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crystal morphologies as well as the less thermodynamically
stable vaterite structure are induced by polysaccharide, and the
shapes of both crystals are spherulitic. Polysaccharide can
combine with Ca2+ through multiple hydroxyl groups, and then
form vaterite crystals in earlier stages of nucleation. However, in
the present study, no signal due to aragonite was detected by
XRD or FT-IR, which may be attributed to the low crystallinity
and small quantity of aragonite. In addition, calcite rhombs
with distinct edge-step features were observed in all experi-
mental treatments for the two strains. The formation of ‘3-
dimensional cross’ rhombs was due to bacterial colonization.
Once colonized, crystals with a faster growing speed at their
centres were formed by the adsorption of ions from bacterial
solution. In addition, a small number of cluster crystals were
observed in the B21-3 cell metabolites and EPS-free cells treat-
ment groups, and in the cell metabolites treatment group of
strain A20-18, which was consistent with the results of cysteine
acid and glucose regulation in a simulation experiment; this
conrmed the regulatory role of extracellular components in the
deposition process of Huanglong travertine.48 In the present
experiment, calcium carbonate with different morphologies was
synthesized by different experimental treatment groups, but the
crystal phase of calcium carbonate was not affected. It is not
clear which component in the experimental groups caused this
effect.
4.3 The formation of complex structures of ring-like and
cubic crystals

Complex structures of ring-like and cubic crystals were observed
in the presence of EPS and bacterial cells of strain B21-3, which
indicated the breaking off of ring-like crystals from the complex
structures. A hypothetical mechanism for forming ring-like
crystals is: (1) in the EPS, the amphiphilic polymer molecules
are arranged in a circular shape, wherein the hydrophilic ends
face outward and the hydrophobic ends face inward, forming
a cavity in the centre of the ring structure,49,50 so that (2) when
Ca2+ is adsorbed on the negatively charged groups by electro-
static interaction, leading to local supersaturation of Ca2+ and
CO3

2�, CaCO3 particles are fabricated around the surface of
cyclic aggregates, forming ring-like crystals.

The formation of cubic crystals was probably due to the
synergistic effect of homogeneous nucleation and heteroge-
neous nucleation.51,52 Calcite rhombs were precipitated though
homogeneous nucleation at the early stage. With addition of
EPS, pristine CaCO3 particles attached on the surface of cyclic
aggregates, thus providing an enormous number of sites
involving hydrophilic groups and calcite seeds for heteroge-
neous nucleation. The ring-like and cubic crystals adsorbed
further Ca2+ and CO3

2� ions from solution to grow into the
chimera morphology.
5 Conclusions

This study was performed to compare the effects of two
psychrophilic bacteria isolated fromHuanglong on calcication
kinetics and the morphology of CaCO3 formed. There were no
© 2021 The Author(s). Published by the Royal Society of Chemistry
signicant differences between the two strains in the effects of
each treatment on the deposition rates. Compared with the
control treatment, EPS-free cells signicantly inhibited depo-
sition, while other experimental treatments had no signicant
effects on the deposition rate. The crystal phase of the sediment
was not changed by the four experimental treatments for the
two strains. Calcite was the main crystal phase. Crystals with
various morphologies were induced by different experimental
treatments using the two strains. A rhombic structure, a poly-
hedral structure and irregular crystals were the main shapes
induced by A20-18, while ring-like crystals also appeared for
B21-3.

In addition, spherical crystals only appeared in the cells
treatments groups for the two strains. Cuboid crystals and
cluster crystals were only found in EPS-free and cell metabolites
groups. These results further supplement the understanding of
the mechanism of the microbial deposition of calcium
carbonate and provide a basis for clarifying the biological origin
of Huanglong travertine. It is essential to put forward protection
and control measures to prevent the degradation of travertine.
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