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Abstract
This study arose from an accidental discovery of calcite spherulites forming on colonies of
various halophilic bacteria grown on solid Luria-Bertani medium made containing water from
a brine pool in Death Valley, their natural habitat. Further studies with a large spherulite
forming bacteria, Pseudoalteromonas haloplanktis, showed that calcite precipitation
conditions were the consequence of bacteria using amino acids as a source of carbon and
energy, a metabolism that produces NHs and CO» waste products. NHs raises the pH of the
medium, turning CO; into CO3?. Calcium in the natural brine combines with COs%. The
resulting spherulitic calcite precipitation is nano-acicular due to organo-mineral interactions
with amino acids. As the bacterial colony grows larger in size, new rows of calcite spherulites
emerge outside the old row and a few millimeters inside the colony’s active edge. Starvation
kills bacteria in the colony center. Living bacteria degrade dead bacteria recycling them for
energy, a process that expels PO4% as well as NH3 and CO; into the medium. PO4* eventually
reaches inhibitory levels that stop further calcite spherulite growth. Calcite spherulite growth
eventually resumes once inhibitory PO4s* was removed by struvite precipitation. Calcite growth
resumed then switched to micro-prismatic until the precipitation of orange guanine
monohydrate at the colony center, at this time, 3-fold calcite coats spherulites. This study sheds
light on the formation and inhibition of calcite spherulites found with infection induced
urolithiasis, a medical condition referring to stone obstructions in the human urinary tract.
Similar formations are also found in mollusks and stromatolites. All these examples are
morphologically similar due to the inevitable presence of amino acids, peptides, or proteins
with various degrees of biological control. A case is made that understanding simpler bacterial

biomineralization processes can also illuminate formation processes of the more complex.
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Chapter 1: Figures

{110}

Figure 1 | Calcite Crystallography: A.) Computer rendering of calcite rhombohedral unit
cell with hexagonal unit cell overlay. Oxygens of CO3? are exposed perpendicular to the c-
axis B.) Looking at a slice of down the c-axis, one can see the three strongest growth
directions <441> and the three most inhibited directions {110}. C.) 3-fold unit coating
outermost spherulites with the proposed crystallographic growth directions labeled.



Figure 2 | Spherulite Evolution: Light micrographs, evolution of calcite spherulites from a
bundled precursor. Synonymous with a category 2 spherulite growth sequence.
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Figure 3 | PH and Bacterial Growth Versus Time: Bacterial growth blue triangles (Optical
Density at 600nm) and pH black dots vs time graph. Showing relation of bacterial growth to
pH change. Despite exponential bacterial growth, pH didn’t rise substantially until after day

1, due to the consumption of carbohydrates.



Figure 4 | Calcite Spherulite Formations: A) light micrograph of 4-month-old colony
showing the edge of colony (blue arrow), spherulites (orange arrow) formed, accompanying
struvite crystal formations (yellow arrow), and guanine monohydrate (orange opaque balls)
B) SEM micrograph showing a close-up of spherulite surface (sampled from the same colony)
C) SEM micrograph of bisected spherulite showing nanocrystalline core and micron-
prismatic outer layer, demarcated by a dark circular abrupt transition; EDS line scan showing
concentration of phosphorus: Rapid decrease with spherulite growth is followed by stasis, an
abrupt rise at the transition, and a decline again with the growth of the prismatic layer.
(Sampled from the same colony) D) Zoomed in SEM micrograph of 3-fold unit that coats the
spherulite above (pictured in B) E) Cross polarized image of polished bisected spherulite,
Maltese cross indicates all crystallites are oriented with radial crystallographic symmetry to
the nucleus.



Figure 5 | Guanine Monohydrate: A) Light micrograph of guanine monohydrate globular
spherulites on colony center, solid media, 4-months after inoculation. B) SEM micrograph of
a cleaved guanine monohydrate revealing a crystalline spherulitic interior. C) SEM
micrograph of guanine monohydrate revealing symmetry usually found in biogenic
anhydrous guanine.



1um

Figure 6 | Bacteria New Versus Old: Field SEM image of Pseudoaltermonas haloplanktis
bacteria. A) 7-day old healthy bacteria collected during active calcite spherulite precipitation.
B.) 3-month-old cell wall fragments in white, surrounded by ~0.25um nodules of guanine
monohydrate.
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Figure 7 | X-ray Diffraction of Calcite: XRD stack showing match of bacterially generated
calcite spherulite (orange) and low Mg?* calcite standard (blue).
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Figure 8 | Tof-SIMS of Guanine Monohydrate: ToF-SIMS matched guanine (CsHsNsO)
with K*, Na*, and H*. Analyzed region (in blue) is where a fresh crystalline pocket was
exposed. K™ and Na* were contaminations.
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Figure 9 | ATR-FTIR of Guanine Monohydrate: ATR-FTIR absorption spectra overlay
of pure standard guanine monohydrate (red) and guanine monohydrate spherulites from
Pseudoaltermonas haloplanktis colonies (blue).



Figure 10 | Phylogenetic Tree: Phylogenetic tree highlighting “OUR BACTERIA” as
Pseudoaltermonas haloplanktis with 99% similarity. Pseudoaltermonas haloplanktis is a
marine bacterium also found in halophilic environments like Badwater, Death Valley. All
other species of Pseudoaltermonas are listed as neighbors along with E. coli and Bacillus for
reference.
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Figure 11 | PH Tolerance Graph: pH tolerance of Pseudoaltermonas haloplanktis in
buffered media with population estimated via the turbidimetric method.
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Figure 12 | PH Gradient: Increase in pH is due to bacterial activity, as indicated by the change
of color of added pH indicator phenol red from yellow (pH < 8) to red (pH > 8). A pH gradient
is clear 4 days after inoculation.
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Figure 13 | DAPI Stain: Photomicrograph of DAPI stained bacteria, bacteria will glow bright
if their cell walls are intact. A.) Day 10, during calcite spherulite core formation, the colony
still mainly consisted of intact cells. B.) Day 30, when struvite precipitates, most cells are

dead and lysed.
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Chapter 2: Introduction

2.1 Abiotic calcite spherulites

CaCOg spherulites are a result of extreme anisotropic crystal growth, where CaCO3 precipitates as
nanofibers. Under rapid abiotic conditions, calcite spherulites do not form. Rather, spherulitic
vaterite, a metastable nano sized polymorph of CaCOs forms instead (Liu and Yates,
2006)(Konopacka-Lyskawa et al., 2019). Crystal growth of vaterite is inherently anisotropic, due
to growth along its c-axis being fastest, i.e., requiring the least amount of energy to grow (Pokroy
et al., 2015). This is due to stacking faults in the c-axis of vaterite lowering the energy for further
growth in that direction (Qiao and Feng, 2007). The newest model of vaterite’s controversial
structure agrees with this explanation, showing that the “most likely” vaterite unit cell has
abundant stacking faults in the c direction <001> (Christy, 2017). Lowered energy in the ¢ growth
direction results in highly unidirectional growth and thus the formation of nanocrystalline fibers.
The surfaces of nanomaterials are highly energetic, causing them to grow in bundles initially and
spheres ultimately via growth front nucleation (GFN). GFN refers to crystal structures that form
due to crystals nucleating on the exposed ends of existing crystals with a differing crystal
orientation to its parent crystal (Dominguez Bella and Garcia-Ruiz, 1986; Granasy et al., 2007;
Zhou et al., 2011). Initial GFN causes branching between 0-30 degrees, causing further growth to
progressively splay out and fill gaps (Pokroy et al., 2015). Once a sphere is formed, the angle of
branching becomes smaller (0-5°) only branching when space is provided (Marangoni and Ollivon,

2007). The above describes a category 2 spherulite formation sequence (Granasy et al., 2007).
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Vaterite spherulite can transform to calcite spherulites in several days after forming (Liu and Yates,

2006).

2.2 Biotic CaCOs Spherulites

In the presence of amino acids, calcite spherulites can form directly, i.e., without first forming as
a vaterite spherulite (Braissant et al., 2003). Unlike the formation of vaterite spherulites, where
unidirectional growth is controlled by extreme precipitation conditions, the direct formation of
calcite spherulites is due to adsorption of amino acids preventing further crystal growth. The
adsorption is electro-static, between the positive potential of the amino acids’ amine groups (-NH>)
and the negative potential of the three oxygens in the carbonate ions (CO3?) of calcite (Kai et al.,
2002). Not all calcite planes exhibit equally exposed oxygen from COs?. The COs® ions have a
trigonal planar configuration, with the three corners being oxygens and the carbon atom at the
center. A calcite crystal consists of these planar carbonate ions with stacking order in the c-
direction (Figure 1A). Thus, faces that are perpendicular to the c-axis are relatively rich in exposed
oxygen with the highest electrostatic potential for inhibition (Figure 1A). Consequently, amino
acids adsorb and inhibit only planes that are perpendicular to ¢ (Mann et al., 1990; Albeck et al.,
1993). This inhibition results in highly elongated calcite nanocrystals, shaped similarly to the
previously mentioned vaterite. While calcite spherulites aren’t elongated due to stacking faults,
the same GFN growth mechanism follows, resulting in a category 2 spherulite sequence (Figure
2). Thus, in the presence of amino acids, or molecules containing an amine group, calcite

spherulites form, even under slower precipitation conditions otherwise conducive to the more
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familiar {104} rhombohedral growth habit.

2.3 Liquid Culture CaCOs Spherulties

Both vaterite and calcite spherulites have been shown to form biologically in liquid bacterial
cultures as a result of bacteria using amino acids as a source of carbon (Rodriguez-Navarro et al.,
2007). If sugars or carbohydrates are available, bacteria use amino acids as a nitrogen source and
assimilate them into their cell components instead. In the absence of sugars and carbohydrates and
if amino acids are available in abundance, most of the amino acids are metabolized as a carbon
source. That metabolism begins with a step called deamination, where the amine group (-NH>) is
removed and discarded as waste. The remaining carbon skeleton, an a-keto acid, enter the Krebs
cycle where it is oxidized to CO, to yield energy. Therefore, unlike bacterial oxidation of
carbohydrates, which produces CO- waste, bacterial oxidation of amino acid produces NHz as well
as CO; as waste. The NHz raises the pH of the medium to values as high as 7.8 (Figure 3), turning
it into an alkaline trap for CO2 (Rodriguez-Navarro et al., 2007). If the medium contains sufficient
amounts of calcium, it will ultimately become saturated with respect to CaCOzs. Biological
transport systems have a limit, so there are always amino acids present in the medium when CaCO3
precipitation occurs. In a vigorously stirred, well mixed liquid culture all dissolved species and
bacteria, which can nucleate carbonate minerals, are homogenously distributed. Because of this,
all cells will start to grow and stop growing at the same time. As a result, a large number of small
spherulites (0.5-5 um) of equal size form (Rodriguez-Navarro et al., 2007). Also, a well-mixed

liquid medium supports rapid logarithmic bacteria growth and thus rapid production of NH3z and
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COz. Hence, spherulites formed in liquid bacteria cultures are often originally vaterite.

2.4 Experimental Summary

In this study, | show that calcite spherulites form on top of the colonies of a halophilic bacteria
grown on solid Luria-Bertani medium, with formation dynamics different from those in liquid
culture, more similar to systems in nature. Unlike in liquid cultures, where the formation of
spherulites is synchronous, the formation of spherulites on agar cultures occurs in rows of
increasing size, in agreement with colony growth dynamics (Figure 4A). On solid media, the
surrounding agar becomes depleted in nutrients over time, this ultimately brings colony growth to
a stop. In addition, | also made an interesting observation toward the end of colony growth where
the growth of spherulites is interrupted by phosphate. Specifically, as the colony approached its
size limit, the cells in the center of the colony were already dead, lyzed, and degraded. This process
produces PO4> in addition to CO, and NH3 as waste. Subsequent struvite (MgNH4PO4+6H,0)
formation removed PO4* from the colony’s environment and calcite spherulite growth resumed.
Lastly a final 3-fold calcite coating formed as a result of low supersaturation just before the
complete end of bacterial life within the colony. This formation coincided with recalcitrant orange

guanine monohydrate precipitation in the colony center.

2.5 Relevance to Nature

Why is it important to study CaCOs spherulites? CaCOs spherulites are synthesized by mollusks

17



as a rapid growth tool for shell repair, invader entombment, and quick shell growth. They are also
building blocks of stromatolites, the oldest microbial trace fossil, found in sedimentary records
throughout the history of the planet from the Eoarchean Era, 3.5 billion years ago, to today. On
modern earth, stromatolites are associated with cyanobacteria-dominated microbial mats, the exact
role of biology remains poorly defined. CaCOgz spherulites are also present in the urine of patients
who suffer from urinary tract infections (UTI’s) and struvite stone obstructions (urolithiasis). The
presence of CaCOs spherulites in urine could possibly be used as an inexpensive diagnostic. In the
discussion section, 1 will comment on these three cases of biogenic CaCO3 spherulites based on

discoveries from this study.
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Chapter 3: Materials and Methods

3.1 Bacterium Isolation and Sequencing

3.1.1 Bacterium Isolation

Bacterium was isolated from brine water samples collected in sterile containers from Badwater
Basin, Death Valley, California. Isolation was done using the quadrant streak plate method on
solid media containing 15.0g agar, 10.0g Luria-Bertani, and 1L of collected Death Valley brine
autoclaved and filtered to 0.2um. Isolated bacterium was rod-shaped (0.2 to 1.5 by 1.8 to 3 um)

aerobic, motile, halophilic, and gram-negative.

3.1.2 16S rRNA Amplification and Sequencing

The full 16S rRNA gene was amplified with polymerase chain reaction (PCR) using a universal
bacterium  forward 9bF (GRGTTTGATCCTGGCTCAG) and reverse 1512uR
(ACGGHTACCTTGTTACGACTT) primers (Eder et al., 1999). Cells were sampled from a single
colony in duplicate to reduce PCR bias and suspended in 20 pulL Lyse-N-Go reagent. Samples were
then incubated at 98°C for 10 min to cleave cells and expose DNA. Resulting lysed cells were
diluted in 80 pL of deionized nuclease free water. Resulting slurry was centrifuged at 6000 rcf for
10 min to remove cell fragments. With 10uM of primer, the PCR mixture were placed in a Techne
TC-5000 thermal cycler for an initial denaturation at 96°C for 90 s, followed by: ten cycles of 96
°C for 30 s, 60 °C for 30 s, and 72 °C for 1 min; 25 cycles of 94 °C for 20 s, 60 °C for 30 s, and
72 °C for 1 min (+2 s for each further cycle); and a final incubation at 72 °C for 10 min. PCR

products (5 ml) were analyzed by agarose gel electrophoresis (1.0%). Gene sequences were
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determined on an ABI 3130 genetic analyzer at the Nevada Genomics Center, Las Vegas.

3.1.3 Phylogenetic Analysis

The resulting nearly full-length sequence of the 16S rRNA gene was grouped at 99% similarity on
NCBI and analyzed using the BLAST algorithm (McGinnis and Madden, 2004) to identify the
most similar species. A phylogenetic tree was constructed by means of the neighbor joining
method (Saitou and Nei, 1987). The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) are shown next to the branches
(Felsenstein, 1985). The evolutionary distances were computed using the p-distance method
(Kumar et al., 2000). This analysis involved 53 nucleotide sequences. All positions with less than
98% site coverage were eliminated, i.e., only those with fewer than 2% alignment gaps, missing
data, and ambiguous bases were allowed at any position (partial deletion option). There were a
total of 1046 positions in the final dataset. Analyses were conducted using MEGA-X (Tamura et

al., 2007, 2021).

3.2 Liquid Media Sampling and Analysis

To monitor population and the evolution of pH over time, liquid media was prepared with 10g
Luria-Bertani and 1 L of distilled water autoclaved and filtered to 0.2 um. Under a sterile laminar
flow hood, media was placed into two sterile 1000 ml Erlenmeyer flasks and sealed with parafilm.
One was inoculated with Pseudoalteromonas haloplanktis and the other left uninoculated
(control). Daily, under laminar flow hood, Erlenmeyer flasks were opened, and a 10 ml liquid
sample was withdrawn with a sterile pipet for pH and turbidity analysis. pH was analyzed with a

pH electrode, accumet AB15 pH meter that has a pH range of -2 to 20 with an error of £0.05. The
20



turbidimetric spectrometer method (Nath and Koch, 1970) was used to approximate population
growth. The same 10 ml liquid sample was placed into a quartz cuvette and absorbance was
measured using a Hach DR6000 at a wavelength of 600 nm. Nano pure distilled water was used
to zero the machine before each measurement. Bacterial pH tolerance was determined in the same
way described above but first buffering each batch with Good’s buffers. pH and respective buffer:
6.5 (Pipes), 7 (Hepes), 8 (Tris), 9 (Ampso), 9.5 (Ches), and 10.5 (Caps). Each inoculated with
Pseudoalteromonas haloplanktis. There was no measurable pH shift from start to finish of the

experiment.
3.3 DAPI Staining

In parallel a sterile stainless-steel needle was dipped vertically into isolated colonies of 10-day
and 30-day old plates. Each were placed onto glass slides and allowed to air dry. Bacterial samples
were stained with DAPI (0.01 pug miY) to distinguish intact bacteria from cellular debris (Porter
et al., 2007). The samples were rinsed in demineralized water, air dried, and viewed with an
epifluorescence microscope equipped with UV, DAPI, fluorescein excitation filter set for DAPI

counts.
3.4 SEM Imaging Bacteria

Bacteria were picked from single colonies of a 1-week-old plate and a 3-month-old plate, with
sterile swabs. Two sterile aluminum slides were separately swabbed with one or the other and
allowed to dry. Slides were placed into a JEOL JSM-6700F Field Emission Scanning Electron

Microscope (FE-SEM) in the Electron Microanalysis and Imaging Laboratory (EMIL) at UNLV.
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3.5 ToF-SIMS

For compositional identification of orange globular guanine monohydrate (Figure 4a and Figure
5a), time of flight secondary ion mass spectroscopy (ToF-SIMS) was done by a technician at the
Montana State University Imaging and Chemical Analysis Laboratory using a Cameca ION TOF
IV with a mass resolution of 0.001 and a mass range of 0-10,000 amu. ToF-SIM spectra were
obtained for an exposed crystal face on the sample dropped onto a Si wafer as a control. Work was

done at the Imaging and Chemical Analysis Laboratory at the Montana State University.
3.6 ATR-FTIR

To confirm hydration state and mineralogy of guanine results from ToF-SIMS, an FTIR absorption
spectra was collected off an exposed crystal face (on glass slide) with a MicroFTIR (Nicolet iN10
MX, Thermo Fisher, USA), on ATR and cooled mode. The spectrum was set to the range of 4000
— 650 cm™ and scanned 128 times at a resolution of 8 cm™ with a collection time of 25s per frame.
Atmospheric CO, and glass slide background were collected and removed before the primary
analysis and rescanned every 100 minutes. For background removal and baseline correct OMNIC

software was used. Work was done at microplastics lab, Desert Research Institute Reno.
3.7 Brine Composition

Death Valley natural brine was sent to UNR’s Core Analytical Laboratory for water analysis. lonic
concentrations were determined with a Dionex 1CS-3000 ion chromatograph. Constituents with

error < 5% (mg/l): Ca: 981, Mg: 240, K: 720, Na: 6294, SO4: 2921, and Cl»: 6418.
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3.8 SEM-EDS of Precipitates

Precipitates were placed on sticky carbon-coated stubs attached to aluminum sample holders.
Samples were gold coated. The elemental compositions of precipitates were determined by means
of energy-dispersive X-ray spectroscopy, (EDS). Using a JEOL 5600 Scanning Electron

Microscope. All precipitated were sputter gold coated before analysis.

3.9 X-ray Crystallography
3.9.1 Single Crystal X-ray Diffraction

For crystal structure determination, of struvite, a single crystal was selected, mounted on a glass
fiber and aligned on a Bruker D8 Apex diffractometer equipped with a 4K APEX 2 CCD detector
with graphite monochromatized Mo(K) radiation (. = 0.71069 A). Individual frames were
measured with widths of 0.5°w® and an acquisition time of 30s per frame. The intensity data were
corrected for X-ray absorption using the Bruker program SADABS. No. of reflections collected
11431, No. of independent reflections 2352. Unit cell: a= 6.961, b= 6.150, c= 11.249 A. Space
group Pmn2 1. R 1: 0.055, wR 2: 0.092, Rin:: 0.028 Goodness-of-fit 1.087. 26 range for data

collection < 65.00.
3.9.2 Synchrotron Microdiffraction

Calcite spherulite diffraction data was collected by a technician at the microdiffraction beamline
12.3.2 (Berkeley Lab’s Advanced Light Source), using a monochromatic X-ray beam with A =

0.4959 A (25 keV) in angle-dispersive transmission mode. Detector distance and orientation were
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calibrated using a cubic crystalline CeO. standard. Calibration, integration and correction for
geometric distortion was conducted with DIOPTAS (Prescher and Prakapenka, 2015). Structure

was determined using GSAS-I11 software (Toby and von Dreele, 2013).
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Chapter 4: Experimental Results

4.1 Mineral Formation on Bacterial Colonies

| followed the formation process of calcite spherulites on LB agar under the light microscope after
inoculation of the bacterium and incubation at 25 °C. Small dumbbell spherulitic precursors, about
10 pum in diameter, appeared on the colony just inside its edge by day two (Figure 4A). Their
nucleation and growth followed this sequence: bundles of needles, sheaf of wheat, dumbbells,
spheres. This sequence is known as the category 2 spherulite evolution (Granasy et al., 2007;
Pusztai et al., 2008). The “dumbbells” always transitioned to round spherulites before reaching a
size of 20 um. By day three, spherulites forming on the very edge became large enough to be
visible to the naked eye, forming a ring with a spherulite free colony center (Figure 4A). Spherulite
growth and enlargement stopped when a new row of spherulites formed. This succession of growth
of existing spherulites and inhibitive formation of new spherulites continued as the colony grew
larger, resulting in a band of spherulites. A large number of small calcite spherulites formed when
the colony was smaller (innermost spherulites figure 4A) compared to a smaller number of large
spherulites when the colony became larger (orange arrow figure 4A). There was a zone just inside
the colony edge that was not conducive to carbonate precipitation (Figure 4A between orange and
blue arrows). This zone became wider as the colony grew larger. In other words, as the colony
grew bigger, the conditions that triggered new spherulite nucleation occurred farther and farther
away from fresh agar. After day 20, spherulite nucleation and growth seized. Around one month,
struvite crystals visible to the naked eye appeared in the center of the colony (Figure 4A yellow

arrow). The spherulites in the outermost ring resumed growth, adding a 20 um thick layer of
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nanocrystals to the dark circular demarcation in Figure 4C. Further precipitation added a 30-50
um layer of prismatic 3-15 um thick calcite crystals, preferentially to the side of the spherulites
that faced the colony edge, not on the side that faced the colony center. As shown by SEM-EDS
analyses of bisected spherulites taken from the colony edge, the pause and resumption of carbonate
precipitation in the outermost row of spherulites produced in them a circular electron-dense layer
that is enriched in phosphate (Figure 4C). Around month three, prismatic calcite growth stopped,
seen by periodically bisecting spherulites (figure 4C). A new regime of carbonate precipitation
began, coating the spherulites in the outermost row with 3-fold calcite monocrystals (Figure 4D).
At this time, globular spherulites of guanine monohydrate appeared at the center of the colony
(Figure 6B). Later, they appeared throughout the colony (Figure 4A and figure 5A). Around month
six, calcite spherulites began to dissolve back into agar, becoming disc shaped. Guanine
monohydrate was not affected. Guanine monohydrate continued to grow, until about 1mm in

diameter (Figure 5), at which point the experiment was terminated.

4.2 Mineralogy of Precipitates

4.2.1 Calcite Spherulites

SEM-EDS analyses revealed peaks of Ca (Ko 3.69), O (Ka 0.525), and C (Ka 0.277), likely
indicating a phase of CaCOz. Synchrotron X-ray microdiffraction yielded a refined unit cell of a =
4.9940 (9), b = 4.9940 (9) (b = a because trigonal), and ¢ = 17.1075 (1), Alpha =90, Beta =90,
Gamma =120, machine error < - 0.002, rmse = 0.00001629669. consistent with cell parameters of
calcite. Previous studies have shown that vaterite spherulites could transform into calcite

spherulites. This is not the case in cultures in this study. The spherulites described here are
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originally calcite based on three lines of evidence. First, synchrotron X-ray microdiffraction
detected no other phases, nor evidence of vaterite from refinement (Figure 7). Second, the
precipitation rate in our culture is likely far too slow for vaterite formation. Third, if the spherulites
described here were originally vateritic and transformed to calcite, there would be a detectable
volume change. Vaterite has a smaller unit cell volume and density than calcite. Such a
transformation has been shown to result in several micron thick voids within the spherulite core
(Cherkas et al., 2017). There was no evidence of any voids, gaps, or displacement within the calcite
spherulites (Figure 4C). The refined unit cell of the spherulitic calcite matches to low Mg?* calcite
(Antao and Hassan, 2010) (Figure 7). Calcite nanocrystals in the core are crystallographically
aligned radially. There are two lines of evidence for this. First, diffraction peaks show a high
degree of preferred orientation. Second, cross polarized microscopy studies of a bisected spherulite

(half of a sphere in epoxy not thin section) yielded a Maltese cross pattern.

A Maltese cross will not be observed unless most or all of the crystallites in the spherulite are
radially oriented crystallographically, i.e., pointing away from the center of the spherulite. Cross
polarized microscopy also confirmed that the crystallites are elongated along the c-axis. In calcite
the c-axis is also the optic axis. At the very center of the cross polarized microscopy spherulite in
Figure 4E the crystallites are oriented away from the viewer, i.e., their axis of elongation is
perpendicular to the stage. Because the axis of elongation is also along the optic c-axis, the center
of the sample always stays white, never pink, even as the stage is rotated. Any axis oblique to the
optic c-axis of calcite would change white to pink under cross polarized microscopy. The white
center disappears and becomes a perfect X when switched to plain polarized light. The third line
of evidence that the c-axis is the axis of elongation is the formation of the 3-armed crystals coating
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outer spherulites (Figure 4D), these grew parallel to the fibers beneath. Since calcite only has one
3-fold axis, aka its c-axis, the 3-armed or 3-fold morphology (figure 1B) is evidence of being along

it.

4.2.2 Struvite

SEM-EDS analyses of the transparent orthorhombic crystals yielded peaks of Mg (Ka 1.253), O
(Ka 0.525), and P (Ka 2.013). Light elements such as N and H are not detectable by EDS. Single
crystal XRD vyielded a refined unit cell of a= 6.961, b= 6.150, c= 11.249, which matched that of

struvite.

4.2.3 Guanine Monohydrate

Orange globular opaque spherulites were soft and highly soluble so they were analyzed without
cleaning. Under SEM-EDS analyses produced only one peak of C (Ka. 0.277). ToF-SIMS spectra
matched guanine monohydrate (CsHsNsOH), sodium guanine tetrad (CsHsNsONa), and potassium
guanine tetrad (CsHsNsOK) (Figure 8). The latter two were artefacts due to Na" and K*
contamination in the sample. The fact that these are contamination artefacts was confirmed with
Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy on a sample
that was pure and clean, obtained by cleaving a monocrystal. All spectra peaks matched guanine
monohydrate (Figure 9). Biogenic guanine crystals in eukaryotes are nearly always anhydrous
guanine (CsHsNsO). In our sample, no anhydrous phase was detected. Despite the hexagonal
morphology being indicative of the anhydrous guanine phase, ATR-FTIR of the hexagonal crystals

in figure 5C also matched guanine monohydrate.
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4.3 Identification of Bacteria

The nucleotide sequence of the near full-length 16S rRNA of the isolated bacterium matched that
of Pseudoaltermonas haloplanktis with 99% similarity (Figure 10). This bacterium is common in

saline marine environments at or near 70 °C (Michela Corsaro et al., 2001).

4.4 pH Increase

The pH increase in bacteria culture was shown both in experiments with liquid and solid Luria-
Bertani media. In liquid culture, the pH of the medium was measured with a pH probe while the
bacterial growth was monitored by measurement of culture optical density at 600 nm. On the first
day, there was appreciable bacterial growth but no substantial change in culture pH. Thereafter,
culture density and pH rose synonymously before plateauing. The final pH of the culture, when

bacterial growth seized and became stationary, was 7.8 (Figure 3).

4.5 pH Tolerance

The above experiment showed that the culture stopped growing when the culture pH reached 7.8.
| wondered whether or not the high pH was the cause of bacterial growth stoppage. To answer
that question, I determined the bacterium’s pH tolerance. | grew liquid cultures that were adjusted
to various pH values and kept at the values with various buffers: pH 7, pH 8, pH9, pH 10, and pH
11. Bacterial growth was fastest at pH 8. No or little growth was observed at pH 10.5 (Figure 11).
Therefore, the alkaline pH of 7.8 is not the reason why the bacteria stopped growing in unbuffered

liquid LB experiment.
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Chapter 5: Discussion
5.1 Overlap with Nature

In a bacterial culture, and in nature, sustained bacterial growth requires continuous access to
nutrients and removal of metabolic wastes. In a well-mixed liquid culture, there are no gradients
in the distribution of nutrients or wastes. All bacteria in it grow at the same rate. However, in this
experiment with a solid medium, nutrients have to diffuse to the colony from the surrounding agar
while metabolic wastes have to diffuse out of the colony to the surrounding agar. Both diffusion
processes become increasingly more obstructed by bacteria and biofilm as the colony grows
bigger. Hence the size of a bacterial colony grown on agar, apart from species that can swarm, is
finite. This study shows that the same two diffusion processes also control the formation of calcite

spherulite formations.

5.2 Effect of Carbohydrates

The precipitation of calcite on solid Luria-Bertani medium did not begin until the colony reached
approximately 2 cm in diameter (Figure 4A). This may seem counterintuitive. The growth rate of
a colony is highest in the beginning. In other words, throughout the media fueled growth of a
colony, activity only decreases, never increases. The delay in spherulite formation is attributed to
the fact that Luria-Bertani medium contains approximately 4%, carbohydrates (BD DIFCO™ LB
Broth, SKU: 240230). Consequently, as long as bacteria are consuming carbohydrates, the colony
puts out CO., but not NHs. Without NHs, alkalinity will not rise (Figure 3). Indeed, when | grew
the bacterium in a defined medium composed of no carbohydrates and only amino acids (10.0g/L
glutamic acid) spherulite formation began immediately, forming large crystals visible to the naked
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eye by day two.
5.3 Spherulite Formation on Colonies

The process of nucleating a new crystal vs continued growth of an existing crystal are energetically
different physicochemical processes. Nucleation of calcite is a multi-step exothermic process,
consisting of aggregation of hydrous amorphous calcium carbonate (ACC) clusters, dehydration
of ACC clusters, crystallization of metastable phases, and Ostwald ripening into stable
nanocrystalline calcite seeds (Cartwright et al., 2012). The continued growth of an existing crystal
is a one step process, through straightforward addition of ions from solution to crystal surface
defects. Hence, nucleation requires more energy or higher levels of alkalinity than continued
crystal growth. Hence, in a diffusion free system, there can only be a single nucleation event, after
which no new crystals form. All available calcium and alkalinity would go into the growth of
existing crystals, preventing saturation from ever rising over the nucleation energy barrier. The
situation is different in a colony grown on an agar medium, however. The colony, comprised of
bacteria and biofilm, is a large diffusion barrier, especially as the colony grows bigger, thereby to
some extent trapping the NHsz and CO. metabolic wastes. In other words, NHs is highest in the
center of the colony and decreases as a function of distance from it to the surrounding medium
(NHs was confirmed with a Hach Ammonia Test Kit). This creates a gradient in pH (Figure 12).
Calcium is homogenously distributed in the agar plate because bacteria do not metabolize it.
Additionally, atmospheric CO> is readily available. When colonies are intentionally inoculated
such that spacing between them is minimal throughout the plate, spherulites precipitated in agar
as well, thereby without bacteriogenic CO.. This means that CaCOz3 saturation is controlled by the

distribution of NH3, not Ca or CO.. Specifically, CaCOs3 saturation is reached 2-5 mm inside the
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colony edge, where the gradient of NH;3 diffusing out meets Ca?* diffusing in. For a period after
spherulites appeared, existing spherulites inhibited new spherulites from being nucleated, even
though the colony grew in size. This is because the growth of existing spherulites depletes calcium
and lowers the saturation level of its surroundings, preventing alkalinity from rising above the
nucleation barrier, thus inhibiting nucleation. This inhibitive condition disappears, and new
spherulites are nucleated once the buildup of alkalinity between the previous row and the colony
edge overcomes the nucleation energy barrier. Once a new row of spherulites is formed, calcium
diffusing in from the surrounding agar is intercepted, and the older row to their inside is deprived
and stops growing. With each new row, the size of individual spherulites increases while the
quantity of spherulites nucleated decreases. Furthermore, the band of bacteria separating existing
spherulites from fresh agar becomes wider. These trends are due to the fact that the rate of NH3
output in the colony decreases as the colony becomes larger, a result of bacterial inaccessibility to
nutrients with further colony growth. This alternating cycle between growth of existing spherulites

and the nucleation of new spherulites continues until colony growth comes to a stop.

5.4 PO4* Induced Stoppage

The growth of spherulites has been terminated when new spherulites appeared to their outside. The
outermost row of spherulites temporarily paused their growth before this happened: due to a rise
of phosphate, which is known to inhibit the precipitation of CaCOs (Figure 4C) (Schlesinger &
Hay, 1986 ; Burton’ and Walters, 1990). This sudden rise in phosphate in the colony’s environment
could only come from the degradation of dead cells in the colony center. As the colony grows
larger, only the edge is growing, where there is access to nutrients from the surrounding agar. Cells
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in the center of the colony are starved of nutrients, die, and are recycled as a source of carbon
(Figure 13B). The arrested growth of the last row of spherulites suggests that by this point in time,
the degradation process has proceeded to the point that phosphate-containing macromolecules,
including DNA and phospholipids, had been degraded. After a pause, calcite spherulite growth
resumed. This is the result of struvite precipitation. The solubility of struvite decreases with
increasing pH and precipitates at near neutral pH in the presence of NHs. A sudden infusion of
phosphate into an alkaline environment with high levels of NHs and Mg?* induced rapid
precipitation of struvite, thereby depleting PO4* and releasing spherulites from inhibition. The fact
that the resumed spherulite growth continued to be nanocrystalline suggests that the colony edge
was still metabolically active at this point. The texture of spherulite growth soon became micro-
prismatic (after ~20 um of growth) (Figure 4C), suggesting that the activity of the colony began
to slow down considerably and was not far from the end of its life. On plates where a larger number
of colonies grew close to one another such that higher levels of alkalinity could be generated,
another row of spherulites were initiated at this time. These spherulites stopped growing at a very

small size, again confirming that the colony was approaching the end of its life at that point.

5.5 Three-fold Layer on Spherulites

The end of colony growth and activity coincides with the formation of a thin covering of 3-fold
calcite superstructures on the last row of spherulites, each 15 um from tip to tip (fig 1B). At this
point, NH3z and CO- production by bacteria is at too low a rate to substantially overcome diffusion
and accumulate in the colony, resulting in low supersaturation. The formation of 3-fold calcite
requires two conditions: low supersaturation with respect to CaCOz and presence of short peptides.
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The same 3-fold unit, but much smaller in size (< 500 nm), on average 1-10 nm, is a rough final
coating on the platelets of nacre (gastropods and bivalves), shell of the giant barnacle
Austromegabalanus psittacus, tips of spherulites in Nautilus macromphalus, and even vertebrates
such as fish otoliths and avian eggshells (Checa et al., 2020). In these examples, the same
biomolecules previously controlling crystal growth instead induce a 3-fold structure at the end of
biomineralization, when saturation conditions are much lower. The size difference between the 3-
fold examples in nature and those in this study is due to these transient low saturation conditions
being extended by bacteria with month long cellular recycling continuously producing scant NHs.
3-fold growth requiring low supersaturation as well as a peptide was confirmed in a clean
laboratory synthesis experiment using sericin, a 4 amino acids long peptide extracted from nacre
(Pastero and Aquilano, 2018). The exact molecular interactions between sericin and calcite that
led to the face-specific inhibition have yet to be defined through lattice matching. In the sericin
experiment, the 3-fold morphology only resulted when growth rate of calcite was near the
adsorption rate of sericin onto calcite, this was achieved only when running the experiment at low
supersaturating conditions. Under these conditions, the three {104} rhombohedral faces continued
growth particularly in the <441> directions while the remaining planes perpendicular to c,
especially along {110} were inhibited. The same crystallographic growth bias is seen in all of the
known examples in nature, and the 3-fold coating on the spherulites in this study (Figure 1C). The
ability of organic molecules to adsorb onto planes perpendicular to calcite’s c-axis decreases with
increased lattice bond strength, which varies in crystallographic direction. Thus, the periodic bond
chains (PBC’s) of calcite, <010>, <421>, and <441> are resistant to adsorption. The <441>

directions are by far the strongest, hence biomolecules are hardly incorporated along < 441>, rather
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expelled sidewards during growth (Figures 1B and 1C) (Aquilano et al., 2011; Checa et al., 2020).
Short peptides, either four or five amino acids long, are known components of peptidoglycans, a
structural polymer that form the cell wall of bacteria. Peptidoglycans are highly recalcitrant. They
are one of the last polymers in dead bacteria to be degraded. In this study, by the time the thin layer
made of 3-fold calcite monocrystals began to form, guanine monohydrate crystals formed on top
of the colony, suggesting that DNA was already degraded (Fig. 7 B). It is likely that by this time
peptidoglycans were depolymerized as well, but only the sugar backbone was degraded, leaving
the cross-linking peptides intact to induce the formation of the 3-fold calcite unit in the low

supersaturation conditions.
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Chapter 6: Relevance to Nature Discussion

6.1 Spherulites in Mollusks

Calcium carbonate spherulites like those in this experiment are synthesized by mollusks, under
certain circumstances, as parts of their shells. Typically, the CaCO3 components of a mollusk shell,
which is protected from dissolution by an organic layer of scleroprotein or chitin, called the
periostracum, is divided into two layers: a prismatic layer, that typically consists of calcite crystals
(10-40 um long and 0.5-3 pm thick) hexagonal in cross section and elongated about their c-axis,
and a nacreous layer that is comprised of flat aragonite platelets (10-20 pum wide and ~0.5 pm
thick) cemented together by elastic biopolymers. The growth of both layers is under highly
sophisticated control using biomineralizing proteins and slow growth. There are scenarios where
these animals need to relax their control to allow CaCOs to precipitate in the more primitive
spherulitic growth form. These scenarios all include a need for rapid growth: Warm summer
months when shell growth is rapid in which case spherulites are precipitated in between the
periostracum and prismatic layer (Nishida et al., 2011), initial stages of pearl and shell blister
growth to entomb intruding parasites or debris (H&nni, 2012), and during the repair of shell fracture
(Fleury et al., 2008). Thus, the evolution of mollusks is not a process where primitive
biomineralization controls are discarded as more sophisticated controls are invented. Rather, the
primitive controls are retained. In other words, they possess an expanded repertoire of controls that
include the primitive as well as the advanced. The primitive spherulitic growth form still useful

for rapid biomineralizing scenarios.
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6.2 Spherulites in Stromatolites

Carbonate spherulites also make up stromatolites, layered organo-sedimentary structures that
formed on Earth from the Eoarchean Era, 3.5 billion years ago, to today. Today, stromatolites are
associated with cyanobacteria-dominated microbial mats, notably, those in Shark Bay Australia.
The role of cyanobacteria is well known. Cyanobacteria possess an extracellular polysaccharide
sheath, which is negatively charged and absorbs divalent ions including calcium. During the day,
they photosynthesize, taking up CO2 and bicarbonate, thereby causing the pH of the interstitial
water to increase. Such water is undersaturated, not oversaturated, with respect to CaCOs,
however. If anything, this water facilitates CaCOs dissolution. If precipitation does occur during
this time, atmospheric CO, would cause CaCOj3 precipitates be enriched in inorganic 3C. It has
been found that carbonate in stromatolites is enriched in 2C, however (Andres et al., 2006). Thus,
CaCOg precipitation occurs in the mat only at night when cyanobacteria CO; fixation seizes and
heterotrophic bacterial processes release NHs and CO3, due to degradation of buried organics,
which diffuse upwards into the Ca-enriched interstitial water in the polysaccharide matrix. This
would suggest that heterotrophic bacteria like those in this study, are the real stromatolite builders.
This study demonstrates that bacterial activity rate dictates how far into the biofilm Ca?* travels
before precipitation occurs. Extending this finding into a natural stromatolite system, the
heterotrophic bacterial activity rate can be approximated based on the thickness of the biofilm
separating the hypersaline water from the mineral surface, as CO is the limiting reactant in this
precipitation system. This can also be used to quickly monitor stromatolite growth rate, a topic of
much interest due to unease about climate change impacts to stromatolite formation. Additionally,

this study adds to the growing body of evidence that the spherulite formations in stromatolites are

37



morphologically the result of proteins, peptides, and amino acids inevitably present in a microbial

mat.

6.3 Struvite and Calcite in the Urinary Tract

Urolithiasis, a medical condition due to the formation of stone obstructions, when bacteria cause
urinary tract infections (UTI). Urea (CO(NH?>)>) is an energy source for bacteria. Like the bacterial
oxidation of amino acids, when bacteria cleave urea, they produce NH3z and CO> waste products.
NHs combines with Mg?* and PO+* in urine forming struvite, even at neutral pH conditions.
Advances in spectroscopy have led to the discovery of calcite spherulites in the urine of patients
with a UTI (Frochot et al., 2021). This suggests that presence of calcite in urine could be a
diagnostic of struvite urolithiasis. Why struvite urolithiasis is accompanied by CaCOs precipitation
is poorly understood. The traditional explanation is due to high urinary pH as a result of NHs
production by bacteria. A more likely non-exclusive answer is that free phosphate, which is
ordinarily present in urine at high enough levels to inhibit CaCOz precipitation, is sequestered by
the precipitation of struvite. As experiments in this study show, calcite spherulite precipitation
continues until bacterial release of phosphate inhibited it, only resuming once struvite formed.
Indeed, rat mutants lacking the gene responsible for urinary acidification, have high urinary pH,
without UTT’s, i.e., no NHs, developed calcium phosphate urolithiasis (Wagner and Mohebbi,
2010). In another rat experiment, PO4* concentration in urine was deliberately lowered by feeding
the animal a high calcium diet, a process that precipitates calcium phosphate in the gastrointestinal
tract, thus lowering excreted PO4% in urine, and forming CaCOs spherulites in the rat’s urine at
healthy urinary pH (Takeuchi et al., 1991). Thus, in mammals, the excretion of NHz and CO:
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wastes in the form of urea (CO(NH>).) is a remarkable biomineral prevention strategy. As UTI’s
demonstrate, even at healthy pH levels, presence of NHz induces struvite stone formation,

sequestering PO+ and removing our defense against CaCOs precipitation.
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