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The induction of mineralization by microbes has been widely demonstrated but
whether induced biomineralization leads to distinct morphologies indicative of
microbial involvement remains an open question. For calcium carbonate, evi-
dence suggests that microbial induction enhances sphere formation, but the
mechanisms involved and the role of microbial surfaces are unknown. Here,
we describe hydrozincite biominerals from Sardinia, Italy, which apparently
start life as smooth globules on cyanobacterial filaments, and evolve to
spheroidal aggregates consisting of nanoplates. Complementary laboratory
experiments suggest that organic compounds are critical to produce this mor-
phology, possibly by inducing aggregation of nanoscopic crystals or nucleation
within organic globules produced by metabolizing cells. These observations
suggest that production of extracellular polymeric substances by microbes
may constitute an effective mechanism to enhance formation of porous spher-
oids that minimize cell entombment while also maintaining metabolite
exchange. However, the high porosity arising from aggregation-based crystal
growth probably facilitates rapid oxidation of entombed cells, reducing their
potential to be fossilized.

1. Introduction

Annually in spring/summer, a cyanobacterial bloom triggers the precipitation
of hydrozincite (Zns(COs),(OH)e) along a small stream draining Pb—Zn mine
wastes in southwest Sardinia, Italy (figure 1). Hydrozincite precipitation is due
to photosynthetic alkalinization of the cyanobacterial cell surface [1,2] and
probably serves to detoxify dissolved Zn, resulting in a polished discharge into
the Mediterranean [1]. However, the precipitate also encrusts cells, which in the
wider context of most microbes and particularly bacteria could potentially lead
to death and entombment.

However, there is accumulating experimental evidence that induced biominer-
alization leads to specific morphologies that help prevent cell entombment. Aloisi
et al. [3] showed that metabolizing cells of Desulfovibrio lacustre produce cell-bound
organic nanoglobules that act as nucleation sites for calcium carbonate, which are
subsequently released from the cell surface. Similarly, dolomite nucleation
occurred in nanoglobules produced by the halophiles Halomonas meridiana and
Virgibacillus marismortui [4]. In both the cases, production of these globules was
seen as a mechanism to avoid self-entombment of the bacterial cell.

In nature, microbial cells occur mostly as biofilms embedded within an organic
matrix of extracellular polymeric substances (EPS), consisting mostly of polysac-
charides and proteins (amino acids) with lesser amounts of uronic and nucleic
acids [5]. Experimental evidence suggests that EPS and other organic molecules
enhance sphere formation during microbial induction of calcium carbonate pre-
cipitation [6,7]. These observations led us to hypothesize that organic secretions
by microbes may constitute a global strategy to facilitate the development of
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Figure 1. Map showing location of the Rio Naracauli in southwest Sardinia and sampling locations for hydrozincite bio-precipitates shown in figure 2.

spherical precipitates to avoid self-entombment. We used a
combination of microscopic and spectroscopic observations
supported by theoretical arguments to test this hypothesis.

2. Material and methods

We collected hydrozincite bio-precipitates from the Rio Naracauli
in Sardinia (figure 1) in May 2006 and studied their mineralogy,
morphology and textures using X-ray diffraction (XRD), scanning
electron microscopy (SEM) and vibrational spectroscopy. To test
the hypothesis that organic compounds are deployed by cells to
control precipitate morphology, we also conducted abiotic hydro-
zincite precipitation experiments in which several L-amino acids
(L-aspartic acid, L-glutamic acid and L-cysteine) and the model
polysaccharide xanthan were used as surrogate components of
microbial EPS [6].

Experiments were conducted in triple-neck, round-bottomed
250 ml flasks (Quickfit) containing 100 ml of an autoclaved equi-
molar solution (20 mM) of ZnSO, and NaHCOj3;, and connected
to a second flask containing approximately 10 g of (NH4),COs.
All additives were added to a final concentration of 1 mg ml !
(except xanthan, 0.25mgml ') and mixed alongside controls
without organic additives. The pH was monitored during
mixing of the two solutions and adjusted to approximately pH 6
using concentrated HNO; (15.5 M, Merck Analar grade) in order
to prevent precipitation during mixing [8]. The pH of the solution
was monitored via an 8-channel meter (except for the control
where pH was recorded manually since we did not have enough
electrodes that fitted the 8-channel meter) by electrodes calibrated
against Merck buffers (pH 4 and 7) inserted in the middle port of
the flask and sealed against a rubber bung. Precipitation products
were also examined using XRD, SEM and vibrational spectroscopy
(attenuated total reflectance Fourier transform infrared (ATR-
FTIR) and Raman), the latter referenced against a commercial
hydrozincite standard (zinc carbonate basic) from Fluka.

XRD analysis was carried out on a Bruker D8 Advance diffract-
ometer using CuKa primary radiation generated at an accelerating
voltage of 40 kV. Samples were scanned in a range of 4—60" 26 with
a dwell time of 1 5/0.01 26, and diffracted X-rays were recorded by a
Sol-x energy dispersive detector. SEM samples were mounted onto

Al stubs covered in conductive (carbon) sticky discs and gold sput-
ter-coated to a thickness of approximately 20 nm. A Philips XL30CP
SEM with tungsten filament was used for field samples, with accel-
erating voltage of 20kV, whereas additional SEM imaging for
precipitates with organic additives was carried out using a CarlZeiss
Sigma HDVP microscope at an accelerating voltage of 5 kV.

FTIR spectra were collected using a Bruker Vertex 70 spec-
trometer on a single bounce, Platinum ATR accessory fitted with
a diamond crystal. Samples were finely ground using an agate
pestle and mortar and a few milligrams were trapped under the
diamond crystal. Absorbance was measured using a room tempera-
ture DLaTGS detector and spectra were collected and processed
(including background subtraction) using OPUS v. 7.0 software.

Raman measurements were performed on an Ocean Optics
QE65Pro Raman fiber optics spectrometer using a diode laser
with excitation wavelength of 785 nm. All spectra were measured
at laser power of 500 mW using a laser spot size of 100 pm.
Data were collected in the spectral range 100-2815cm ™. Scan
times were 1 s, and depending on the signal output 5-10 accumu-
lations were collected in order to get reasonable signal-to-noise
ratio. For asp-lab and glu-lab and xanthan gum samples, the
spectra exhibited fluorescence, i.e. high level of background which
masked the spectral features of the material. Therefore, these spectra
were processed using the baseline subtraction procedure with cubic
spline interpolation algorithm using Renishaw WiRE2 software.

3. Results
3.1. Structure of natural hydrozincite bio-precipitates

SEM was used on natural hydrozincite to establish its textural /
spatial relationships to microbial cells and to investigate the
mechanism of bio-precipitation. The hydrozincite displays a
characteristic morphology consisting of botryoidal masses
with a porous texture (figure 2a). As shown in previous studies
[1,2,9], the spherical precipitates adhere to the bacterial sheath
and are also associated with a meshwork of EPS (figure 2b),
clearly demonstrating their biological origin. At high magnifi-
cation, each sphere is made up of numerous nanoplates/
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Figure 2. SEM photographs illustrating dominant morphologies and textures in hydrozincite bio-precipitates from Rio Naracauli. (a) General appearance of the bio-
precipitates displaying botryoidal structure, (b) higher magnification of spheroids showing close association with organic strands thought to be EPS, (c) close-up view
of the spheroids consisting of platy/needle-like aggregates and (d) even higher magnification image showing globular nature of early formed hydrozincite in

association with EPS.

nanofibres with no specific orientation (figure 2c). Apparently,
the growth of these spheres starts as smooth globules on/and
surrounding the surface of the organic structures (figure 2d).
These globules merge into each other as they grow and appear
to maintain the smooth texture, with the porous structure only
appearing at later stages of growth.

Similar textures/structures have been reported in the litera-
ture when other minerals precipitate in the presence of bacteria.
Morin et al. [10] have described the mineral tooeleite
(Fes(As03)4(SO4)(OH)4-4H,0) as exhibiting a reticulated struc-
ture consisting of nanosized platy crystallites, particularly
when biologically catalysed. Furthermore, the mineral dypin-
gite (Mg5(CO3)4(OH),.5H,0) was found to occur in the form
of spherical aggregates consisting of platy crystals organized
into rosettes [11]. The texture was most common in biotic exper-
iments, although abiotic titrations of the water to high pH also
produced rosettes. These observations offer circumstantial
evidence that bacteria are involved in the development of the
spherical aggregates, although it is unclear if the cell surface
and/or exopolymeric substances are the critical variable. This
prompted us to test the effect of organic additives on the
structure of hydrozincite precipitates in abiotic experiments.

3.2. Effects of organic additives on hydrozincite
structure

Based on the similarity of natural hydrozincite structures to
structures described for other minerals and in experimental
systems [3,7], we assumed that cells actively secrete globules
(figure 2d) to serve as nucleation sites for hydrozincite. More

specifically, we hypothesized that cells secrete organic com-
pounds in the form of EPS that promote the formation of
spherical aggregates as a probable strategy to avoid entomb-
ment [6]. This assumption was tested using experiments
where 20 mM zinc sulfate solutions made to mimic the concen-
tration in the Rio Naracauli were spiked with organic additives
and incubated for just over one week. The experiments success-
fully precipitated hydrozincite, as confirmed by XRD analysis
(data not shown). Control solutions without organic additives
produced mostly flat discs (figure 3a,b). By contrast, solutions
with organic additives produced precipitates consisting of
a mixture of discs and irregular aggregates in proportions
that appeared to depend on the additive. With L-aspartic
acid, irregular aggregates dominate (figure 3c). At higher
magnification, these aggregates display identical spheroidal
aggregate morphology to the natural hydrozincite (figure 3d)
and also contain very high porosity. As these experiments
were sterile and abiotic, it is clear that this morphology arises
only because of the presence of an organic additive. Addition
of L-glutamic acid also produced a mixture of plates and aggre-
gates in more or less equal proportions (figure 3e), with the
aggregates also demonstrating botryoidal morphology similar
to L-aspartic acid and natural samples (figure 3f). L-Cysteine
produced mostly discs depicting ‘tea-saucer’ shapes but aggre-
gates were also evident (figure 3g), although in this case with
poorly developed botryoidal morphology (figure 3h). Finally,
xanthan produced mostly irregular aggregates (figure 3i)
which completely lacked botryoidal structure (figure 3j). Never-
theless, in the case of both L-cysteine and xanthan, the aggregates
were also found to comprise nanoscopic plates similar to those
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Figure 3. SEM photographs of hydrozincite precipitated under sterile conditions in the laboratory in (a,b) the absence of organic additives (ctrl) and (c—j) the
presence of different organic additives (as labelled), simulating the presence of bacterial extracellular polymers. L-Aspartic acid (asp-lab), L-glutamic acid (glu-lab)
and L-cysteine (cys-lab) were added to a concentration of 1 mg ml ™", whereas xanthan (xan-lab) was added at 0.25 mg ml ™" to reduce suspension viscosity and
facilitate precipitate recovery by filtration. Note the botryoidal structure similar to natural hydrozincite in the presence of L-aspartic and L-glutamic acids; this structure

is poorly developed in precipitates with (-cysteine and xanthan.

forming the botryoidal aggregates in the presence of L-aspartic
acid, L-glutamic acid and in natural hydrozincite.

3.3. Vibrational spectroscopy

As well as providing extra identification, vibrational spectro-
scopic analysis (ATR-FTIR and Raman) was conducted to
probe the presence of organic additives in the synthetic precipi-
tates, since such additives can often be incorporated during
crystal growth [12]. ATR-FTIR data showed that all synthetic

hydrozincites yielded spectra identical to both a commercial
batch of zinc basic carbonate (Fluka) and the natural bio-
precipitate from Rio Naracauri (figure 4a). Based on previous
studies [13,14], the main frequencies within the recorded
400-3200 cm™ ' range were due to symmetric stretching
(1045 cm ™), bending (837 cm ') and asymmetric stretch-
ing (1504 and 1388 cm ') modes of the CO3*~ group. Only
hydrozincite precipitated in the presence of L-cysteine displayed
additional peaks at 1599 cm™' (asymmetric bending),
1092 em™* (rocking), 997 cem ! (rocking), 802 cm ! (bending)
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Figure 4. Infrared (@) and Raman (b) spectroscopic comparison of natural bio-precipitates (ING) and laboratory synthesized hydrozincites (asp-lab, glu-lab, cys-lab,
xan-lab) with a commercial hydrozincite standard (ZnC0; basic). Note the slight red shift in the peaks at 1504 and 837 cm ™" in the presence of organic additives
and for the natural sample in FTIR data, while both FTIR and Raman suggest possible incorporation of L-cysteine in the precipitate. The laboratory control without
additives showed an identical spectrum to the commercial standard and is not shown. (Online version in colour.)

and 627 cm " (bending) modes. The first three are assigned to
amine groups, whereas the latter two are due to CO,™ based
on comparison with Min’kov et al. [15]. Nevertheless, there
appears to be a slight red shift in some of the peaks, most notably
those at 1504 and 837 cm ™! in the presence of organic additives
and for the natural sample.

Analysis by Raman spectroscopy confirmed the
laboratory precipitates to be hydrozincite (figure 4) by
comparison with characteristic peaks in a commercial hydro-
zincite standard and by the presence of peaks consistent with
those from Frost & Hales [14]. Generally, peaks were weak
and somewhat broad compared with the commercial stan-
dard (except for xanthan where peaks were relatively well
defined). The presence of L-cysteine was also confirmed
(figure 4b), with peaks in the region 500-950 cm ™' that are
absent in the commercial hydrozincite. Meanwhile, there
were no peaks that could be assigned to organic molecules
in natural hydrozincite.

3.4. In situ measurements

Temporal trends in pH (figure 5) show that the gas diffusion
approach using ammonium carbonate provides a good basis
for simulating pH changes during microbial metabolism
linked to urea metabolism [16,17]. Initially, the pH rises
rapidly in the first 5 h followed by a period of nearly stable
pH lasting up to 24 h. This stable pH period is associated
with increasing turbidity of the solution (note that solutions
containing L-aspartic acid and L-glutamic acid are clear at
the initial pH of approximately 6 while those containing
L-cysteine and xanthan start slightly cloudy). It is possible
that this period constitutes the nucleation phase implying
that hydrozincite precipitation is a proton-generating reaction
that buffers pH increase due to ammonia for a while:

570" (ag) + 2(NHy),COs¢q) + 6H20)
& Zns (CO3)2(OH)6(S) + 10H+(aq) + 4NH3(aq). (31)
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Figure 5. Graph showing changes in solution pH during laboratory exper-
iments. The curves display similar trends consisting of a rapid increase in
pH in the first 5 h, a nearly constant (buffered) region up to 25 h during
which nudleation is thought to occur, and a third phase of rapid increase
towards an asymptotic value around 9. Lines represent experiments contain-
ing L-aspartic acid (asp-lab), L-glutamic acid (glu-lab), L-cysteine (cys-lab),
xanthan (xan-lab) and control without additives (ctrl). (Online version
in colour.)

Subsequently, the pH rises rapidly again over the following
48 h towards an asymptotic value of approximately 9, prob-
ably associated with crystal growth and/or aggregation
(see below).

4. Discussion

The main finding of this combined field and experimental
study is that the induction of hydrozincite precipitation by cya-
nobacteria in the Rio Naracauri leads to specific morphologies
which are only reproducible in vitro in the presence of organic
additives. Clearly, of the two morphologies (discs and aggre-
gates) produced in the experiments, spherical aggregates
offer better scope for avoiding cell entombment. Sphere pack-
ing offers open channels (figure 6a) and potentially facilitates
efficient exchange of nutrients as well as metabolic waste pro-
ducts. It follows that microbes would derive maximum benefit
if they could facilitate the formation of spherical crystals. How-
ever, thermodynamic arguments indicate that the nucleation of
a sphere is energetically less favourable than nucleation of
discs/plates. To demonstrate this qualitatively, we compared
free energy profiles for the heterogeneous formation of a criti-
cal stable nucleus for the two shapes shown in figure 6a,b. The
relevant equations are [18,19] for a perfect sphere (which on a
surface implies a wetting angle of 180°, see caption)

47°kTIn S
AGlnucleus = 4777’27 - 37 (41)
v
and for a circular disc [19]
kT In S
AGnucleus = 27Trh7 - ﬁ/ (42)

where 7 is the radius (m), v is the surface free energy of the
mineral (Jm™?), k is the Boltzmann constant, T is temperature
(K), v is the molecular volume of the mineral (m?), S is the rela-
tive saturation of the solution (dimensionless) and # is the
height of a circular disc (m). The molecular volume of
hydrozincite is about 2.2 x 1072* m® (http://database.iem.ac.
ru/mincryst/inf.php?hydrozin.cit) but a value for vy is not

available in the literature. This deficiency need not preclude [ 6 |

comparison of relative nucleation energies for the two shapes
for a given surface free energy value. Using 0.6 ] m~ 2, which
is in the lower range of surface free energies for carbonates
[20], shows that a spherical critical nucleus has to overcome
approximately 5 times more nucleation energy barrier than a
disc-shaped nucleus (figure 6¢) for the same solution saturation
(SI = 8) constrained by values measured in Rio Naracauli [9].
The critical radius, corresponding to the maximum in AG, is
also larger for a sphere (22 nm) than a disc (11 nm), consistent
with theoretical predictions [18]. Both outcomes are due to
higher surface energy for generating a sphere. Although one
cannot demonstrate that the final shape is that of the critical
nucleus, these calculations imply that microbes must employ
active strategies to facilitate formation of spherical aggregates
from other crystal shapes.

One such strategy is the production of organic globules to
act as nucleation sites for precipitation [3,4] (figure 2d). The
exact mechanisms by which these organic globules catalyse
carbonate nucleation are not known at present. While an alka-
line environment necessary to produce HCO3 ™ and CO327 ions
from the respired CO, can be generated through photosyn-
thesis (cyanobacteria) and/or metabolic deamination of
amino acids by heterotrophs [4,21], localized supersaturation
of the carbonate can be achieved through complexation of the
cation (Ca®", Mg®", Zn*") by functional groups on organic
molecules/EPS in the globule. The bound cations then attract
carbonate ions, effecting mineral precipitation [22]. In such a
scenario, the shape of the final precipitate is determined by
the globule and individual nuclei/crystals can grow in differ-
ent shapes to lower crystallization energies. Cation binding
probably also acts to lower saturation of the mineral [8], provid-
ing further protection from toxic metal ions. While the nature
and composition of the organic molecules in nanoglobules
have yet to be established and hence their ability to bind cations
is unknown, bacterial EPS is known to effectively bind Ca*"
from solution [23].

Another mechanism by which organic molecules could
promote spherical morphologies is through aggregation
of non-spherical nanoscopic and microscopic crystals.
Aggregation-based mineral growth [24] has been demonstra-
ted in a number of studies in which organic molecules and
polymers are present [25], leading to the formation of meso-
crystals with oriented growth [24] or non-oriented crystal
aggregates [12]. The accepted mechanism for such growth is
that the interaction between organic molecules and crystal
nuclei retards further growth of the nuclei, which hence
occurs at a slower rate than aggregation [12]. Specifically,
organic molecules might adsorb to different faces on crystal
nuclei, leading to passivation of those faces. As demonstrated
by a number of studies based on field and laboratory investi-
gations [9-11,26] aggregate mineral structures are invariably
present when precipitation occurs in the presence of bacteria,
suggesting a common operative mechanism.

One outcome of growth by aggregation in the presence of
organic additives is the possible incorporation of the organic
molecules adsorbed on surfaces by trapping into the poly-
crystalline aggregate [12]. Hence, we subjected samples of
natural and synthetic hydrozincite precipitates to vibrational
spectroscopic analysis. Spectra of natural hydrozincite from
the Rio Naracauli did not display peaks other than those
present for commercial synthetic hydrozincite or experimen-
tal controls without additives. Given that cyanobacterial
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Figure 6. (a) Conceptual view of the relative likely potency to entomb a bacterial cell by spheres and discs and comparison of the thermodynamic drive for the
nucleation of each shape (b,c), showing a lower energy cost of forming a disc-shaped nucleus. Note that equation (3.1) is multiplied by (1 — 05022 + cos6)/4
for heterogeneous nucleation [18], where @ is the contact angle as shown in (a). Dotted vertical lines in () mark the maximum AG for the sphere and the disc and
represent the radius of the critical cluster for each shape. (Online version in colour.)

filaments and strands of EPS are clearly present in these
samples (figure 2b), this result is somewhat counterintuitive
and may point to lack of sensitivity of the techniques used.
Indeed, De Giudici et al. [2] demonstrated the incorpora-
tion of organic biopolymers using NMR spectroscopy. In
the laboratory precipitates, distinct peaks were only present
in hydrozincite precipitated in the presence of L-cysteine.
While this may suggest that L-cysteine was incorporated
into the synthetic hydrozincite, it is also possible that the
vibrations are simply due to the presence of solid L-cysteine
in the precipitate, since L-cysteine solutions were turbid
even before hydrozincite precipitation commenced. However,
xanthan was also insoluble under the starting conditions of
the experiment and indeed had to be reduced significantly

in concentration relative to other additives to facilitate fil-
tration. On the other hand, there was a small but notable red
shift in some peaks for samples with additives and in the natu-
ral sample (relative to the commercial standard), consistent
with some structural modifications resulting from the presence
of natural (EPS/ cells) and artificial organic compounds.

5. Summary and wider implications

Our study has shown that the addition of organic additives
mimicking EPS always appeared to induce aggregation,
strongly suggesting that the differences in structure between
control and organic spiked precipitates are due to the
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presence of these additives (figure 2), and hence that the
structures seen in natural samples may also be indicative of
biological /organic control of the morphologies [2,10].
Lastly, we note that L-aspartic acid and L-glutamic acid
induced the formation of botryoidal aggregates similar to
those from Rio Naracauri, whereas L-cysteine and xanthan
did not. These differences cannot be explained by obser-
vations from this study and must await further work;
however, it is possible that they relate to the polarity and/
or charge characteristics of the additives.

The significance of forming spherical aggregates becomes
apparent when the precipitation of spherical grains is con-
sidered in the context of cell entombment by comparison
with other precipitate morphologies. Since bacteria can only
acquire nutrients and excrete metabolic by-products through
their cell surfaces, maintaining an open pore network is criti-
cal to their survival in the face of adventitious mineral
precipitation. We note that high porosities are also an
inherent feature of microbial mat carbonates, tufa, thrombo-
lites and stromatolites which are known to form in intimate
association with EPS [27]. As schematically illustrated in
figure 6a, spherical aggregates provide better scope for an
open channel network compared to discs or other polycrys-
talline shapes. More importantly, the chaotic rather than
oriented aggregate morphologies in both natural and syn-
thetic samples with organic additives create additional pore
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network volume and connectivity, potentially affording
nutrient/waste exchange despite apparent total entombment.

A potentially important consequence of porous aggregates
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