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Abstract Microbial processes can make substantial differences to the way in which particles settle in
aquatic environments. A novel method (OMCEC, optical measurement of cell colonization) is introduced to
systematically map the biological spatial distribution over individual suspended sediment aggregates
settling through a water column. OMCEC was used to investigate (1) whether a carbon source concentration
has an impact on cell colonization, (2) how cells colonize minerals, and (3) if a correlation between
colonization patterns and aggregate geometry exists. Incubations of Saccharomyces cerevisiae and stained
montmorillonite at four sucrose concentrations were tested in a settling column equipped with a full-color
microparticle image velocimetry system. The acquired high-resolution images were processed to map the
cell distribution on aggregates based on emission spectra separation. The likelihood of cells colonizing
minerals increased with increasing sucrose concentration. Colonization patterns were classified into (i)
scattered, (ii) well touched, and (iii) poorly touched, with the second being predominant. Cell clusters in
well-touched patterns were found to have lower capacity dimension than those in other patterns, while the
capacity dimension of the corresponding aggregates was relatively high. A strong correlation of colonization
patterns with aggregate biomass fraction and properties suggests dynamic colonization mechanisms from
cell attachment to minerals, to joining of isolated cell clusters, and finally cell growth over the entire
aggregate. This paper introduces a widely applicable method for analyses of microbial-affected sediment
dynamics and highlights the microbial control on aggregate geometry, which can improve the prediction of
large-scale morphodynamics processes.

1. Introduction

The fate of suspended particulate matter (SPM) plays a vital role in controlling large-scale processes related to
geophysical flows such as dispersal and sinking of organic matter and contaminants to offshore and deep
waters, nutrient cycles, food web stability, and sediment transport in both limnetic and pelagic ecosystems
(e.g., Alldredge & Gotschalk, 1989; Bainbridge et al., 2012; Bruce et al., 2006; Cho & Azam, 1988; Cloern,
2001; Grossart & Simon, 1993). Although many sediment transport models have attempted to predict SPM
dynamics, they mainly consider SPM to comprise only pure minerals (e.g., Delft3D, MIKE 21, and MIKE 3),
while SPM in aquatic ecosystems also exists in a mixture with organic matter including living cells (Tang,
2017). The interactions between these constituents in biomineral SPM may cause changes in SPM dynamics
as compared to mineral-only SPM. A better understanding of the implications of aggregate-attached biomass
may therefore improve predictive models of sediment hydrodynamics and transport, as well as aid in
determining scaling laws of large-scale morphodynamic processes in rivers and coastal zones (e.g.
Seminara & Blondeaux, 2001). Together with the biomass assessment, mapping the spatial distribution of
cells over individual SPM aggregates may be used to elaborate on possible mechanisms of cell dynamics
including growth, mortality, attachment, and detachment and to develop models of cell colonization on
mineral aggregates.

Growing attention has been paid to how SPM dynamics changes in the presence of a biological phase in
addition to the mineral phase. The consistent finding throughout the recent literature is that although gen-
erally larger in size, biomineral aggregates are subject to higher drag and have lower excess density than
mineral aggregates because of their lower capacity dimension, and thus, their settling velocity is not substan-
tially different from mineral aggregates (Maggi, 2013, 2015; Maggi, Manning, & Winterwerp, 2006; Maggi &
Tang, 2015; Shang et al., 2014; Tan et al., 2012; Tang & Maggi, 2016). It is noteworthy that earlier experiments
have also shown a high variance in biomineral SPM geometric properties such as size L and capacity dimen-
sion d (Tang & Maggi, 2017), thus suggesting that the heterogeneity is particularly high relative to our current
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knowledge of the interplay between biomass fraction and cell colonization patterns. One of the possible
explanations for a high variance is the complexity of the multiple physical, chemical, and biological processes
leading to the genesis of biomineral aggregates. These are initially formed by SPM aggregation in a sheared
water environment. While mineral aggregation is mainly caused by electrochemical interactions, living cells
can attach to mineral surfaces by secreting sticky substances like extracellular polymeric substances (EPSs)
and transparent exopolymer particles (TEPs) (e.g., Alldredge, Passow, & Logan, 1993; Decho, 2000; Kigrboe,
Andersen, & Dam, 1990). The presence of biological matter changes the shape and surface asperities of
SPM substantially, and thus adds complexity to SPM aggregation as evidenced in both orthokinetic and
perikinetic collision and aggregation (Tang, Alonso-Marroquin, & Maggi, 2014), or when aggregates trap cells
and minerals carried by flow through the aggregates (e.g., Logan & Alldredge, 1989; Xiao et al., 2012). Once
attached to minerals, living cells may colonize their environment by growing and interacting with other cells;
other biological processes can also happen such as mortality, EPSs and TEPs secretion, and organic matter
mineralization that can either enhance or hinder colonization progression (e.g., Grossart et al., 2006; Simon
et al,, 2002).

While cell growth and cell-cell interactions have widely been investigated for different microbes and
environmental conditions (e.g., Gerbersdorf & Wieprecht, 2015; Goldschmidt, 2016; Grossart et al., 2003,
2006), colonization effects on biomineral aggregate geometry have received only a minor attention. Cell
counting and visualization in biomineral SPM are often conducted through microscope imaging after staining
cells with fluorochromes. However, cell visualization may be less effective when minerals mask cells and adsorb
the dyes (e.g., Boenigk, 2004; Schallenberg, Kalff, & Rasmussen, 1989). Although cell counting may be improved
through sample dilution and cell detachment methods (e.g., Boenigk, 2004; Gough & Stahl, 2003; Velji &
Albright, 1986), the handling and processing of SPM aggregates can disrupt the aggregate structure, thus
preventing the observation of cell spatial distributions and colonization patterns developing in a suspension.

This study introduces a novel method, OMCEC (optical measurement of cell colonization), to identify cell colo-
nization patterns on individual SPM aggregates naturally settling through a water column. We aim to experi-
mentally investigate (1) whether the carbon source concentration has an impact on cell colonization, (2) how
cells colonize minerals, and (3) if a correlation between cell colonization patterns and aggregate geometry
exists. In our experimental setup, stained montmorillonite minerals and Saccharomyces cerevisiae, a unicellular
fungus commonly found in nutrient-rich waters and sediment (e.g., Bogustawska-Was & Dabrowski, 2001;
Hagler & Ahearn, 1987; Silva-Bedoya, Ramirez-Castrillon, & Osorio-Cadavid, 2014; Spencer and Spencer,
1997), were used as models for natural clays and microorganisms in aquatic ecosystems, respectively. The
OMCEC method was first calibrated against mineral and biological SPM aggregates and, then, tested on incu-
bations of S. cerevisiae and stained montmorillonite at four sucrose concentrations. Details of the OMCEC
method, experimental procedures, data analyses, and results are presented in the following sections.

2. Methods

The OMCEC method combines of biochemical, optical, and computational techniques including mineral
staining, cell incubation, settling column testing, and image acquisition and processing as detailed below.

2.1. Experimental Procedures, Samples, and Microparticle Image Velocimetry Acquisition

Fluorescent rhodamine B dye (Sigma Aldrich Inc., Australia) was used for mineral staining because its emis-
sion spectrum to visible light peaks at 580 nm and differs from that of microorganisms (i.e., 500 to
550 nm). It is easily adsorbed to minerals and is noncytotoxic at concentrations below 2 mg/L (Field et al.,
1995; Giana et al., 2003; Hardy et al,, 2016; Smart & Laidlaw, 1977). Montmorillonite was used because it
has high cationic exchange capacity and large surface area (Bhattacharyya, SenGupta, & Sarma, 2014), which
enhance dye adsorption.

Twelve grams of montmorillonite was stirred in 500 mL deionized water until homogeneous before adding
0.2 g rhodamine B powder (Figures 1a and 1b). This mixture was stirred for 3 h for the dye to adsorb. Next,
stained minerals were let to settle, and the pink transparent supernatant was gradually withdrawn using a
syringe (Figure 1c). The stained minerals were washed with water and naturally air-dried before being gently
disaggregated and heated at 150°C for half an hour to inactivate microorganismes, if any (Figure 1d).
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Figure 1. (a) Dry unstained montmorillonite, (b) rhodamine B powder, (c) supernatant with stained montmorillonite, (d) dry
stained montmorillonite after washing and drying.

Four types of samples were prepared: unstained montmorillonite (M), stained montmorillonite (RM), S.
cerevisiae (Y), and a biomineral mixture (RMY) of the previous two (Table 1). The M, RM, and RMY suspensions
had a mineral concentration of 0.6 g/L, while the initial S. cerevisiae concentration in the RMY and Y samples
was 0.17 g-dry/L. Four RMY samples were prepared with 0.6, 1.2, 2.4, and 4.8 g/L of sucrose, whereas one Y
sample was prepared with 4.8 g/L sucrose and 0.001 g/L rhodamine B to replicate the rhodamine B release
in RMY samples (Table 1). This rhodamine B concentration was measured using a 721G visible spectrophot-
ometer. Y and RMY samples were then incubated at 30°C for 100 h in a climatic chamber (MLR-352H-PE,
Panasonic) and were gently stirred three times per day to enhance sucrose accessibility by cells (Table 1).

Seven suspensions were tested in the settling column detailed in Tang and Maggi (2015a, 2016) (Table 1).
SPM was gently transferred with a wide mouth pipette into the measuring section of the settling column
and allowed to settle freely into the camera view. Settling SPM was illuminated by a thin light sheet gener-
ated by a 3.7 W, 400 lumens, cool white Cree LED transmitted through a system of optic fibers while SPM
images were captured using a full-color CCD camera (Prosilica GT3400C) equipped with a high magnification
lens (Navitar 12X Body Tube). The CCD sensor is made of 3384-by-2704 pixels and has a frequency of 3.054
frames per second in 8 bit depth and 4 bytes per pixel mode. The field of view was 6.67-by-5.23 mm, and
the pixel size was 1.97-by-1.93 um.

Table 1
Specifications of Suspension Types Used for Calibration and Testing

Minerals  S. cerevisiae  Sucrose ~ Rhodamine B Sucrose/dry-biomass

Suspension type (g/L) (g-dry/L) (g/L) (g/L) (9/9)

1 2 3 4 5 6
M Unstained montmorillonite 0.60 - - - -
RM Stained montmorillonite 0.60 - - - -
Y2 S. cerevisiae = 0.17 4.80 0.001 28
RMY? Stained montmorillonite 0.60 017 0.60 35
and S. cerevisiae 0.60 0.17 1.20 7

0.60 0.17 2.40 14

0.60 0.17 4.80 28

Incubated samples.
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Figure 2. Flowcharts for (a) image preprocessing and (b) postprocessing.

v
Pre-processed aggregate images

2.2. Image Preprocessing and Postprocessing

Full-color images were processed to remove noise and isolate aggregates from the background (Figure 2a).
Each image pixel was defined by (R, G, B,) intensities (red, green, and blue). The (R,, G,) channels were first
amplified, while B, was set to zero because the emission wavelengths of both materials are beyond the blue
spectrum. A fast Fourier transform filter was next applied to remove high-frequency background noise in the
(Rp, Gp) channels before a threshold was used to eliminate low-intensity pixels. Isolated pixels were
considered noise and were removed because a single pixel area in our microparticle image velocimetry
(uPIV) system was smaller than that of a montmorillonite particle and an S. cerevisiae cell. Individual aggre-
gate images were extracted from the whole images using an image recognition algorithm (Maggi, 2007),
and only in-focus images were chosen. Among various methods like artificial neural networks (e.g.,
MacDonald & Mullarney, 2015), we used the gray level local variance method (e.g., Pech-Pacheco et al., 2000;
Pertuz, Puig, & Garcia, 2013) where an image with high-intensity gradients (i.e., larger than 2000) was consid-
ered in-focus. Finally, image intensities were normalized to 255 using R;, = 255R, /I, and G;, = 255G, /Ip,
where [,=max(Ry,...,Rn, Gy, ..., Gp) is the maximum pixel intensity and N is the total pixel count in an
image.

All pixels of RM and Y preprocessed images were scattered in the (R, Gp,) space to classify whether they
belonged to the mineral or the biomass phases. The 99% confidence lines were then determined (see the
red and green lines in Figure 3a), and the bisector of the angle formed by the two lines was defined as

Gt :aRp+b, (1)

and was used as the threshold green intensity G; at each R, intensity, while a=0.564 and b=1.190 in
equation (1) were known from the confidence limit lines (see the black line in Figure 3a). A pixel was
attributed to the biomass phase if G, > G; or to the mineral phase if G, < G,. Isolated pixels of one phase were
changed into the other phase because single pixels were considered noise as in the preprocessing.

The OMCEC method was calibrated using equation (1) against RM and Y samples with the expectation that
all pixels in RM (stained montmorillonite only) would be classified as minerals, and all pixels in Y (cells
only) would be classified as biomass. Calibration results returned average errors of 7.25% and 4.70% in
RM and Y samples, respectively, which were caused by pixels falling between the two confidence limits
and by directional light source; i.e., the light sheet was shined onto the left side of the aggregates
(Figures 3a and 3b).
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Figure 3. (a) Thresholding graph; pixels above and below the threshold were classified as biomass and minerals, respectively. (b) Conceptual representation of an RM
aggregate image of the calibration set affected by the nonuniform illumination. (first row) RM aggregate images and (second row) Y aggregate images
throughout the postprocessing as in Figure 2b: (c) after preprocessing, (d) after pixel normalization, (e) after phase thresholding, (f) after correction of nonuniform
illumination, and (g) after changing isolated pixels. RM and Y stand for stained montmorillonite and S. cerevisiae, respectively.

To correct the first effect, the max(R, Gp,) of each pixel of a preprocessed image was first normalized to 255
and the min(R,, G,) to 255 min(R,, G,)/ max(R,, G,). Application of this normalization (Figure 2b) redistributed
some ambiguous pixels away or across the threshold, reduced the error in the Y sample to 3.57%, and
slightly increased the error in the RM sample to 7.40%; because the overall improvement, the correction
method was used in our analyses.

To correct the second effect, a system of reference was located at the aggregate centroid C,, and the horizon-
tal distance x;, between C, and the biomass centroids C, was compared to the distance x, between the left
vertical tangent and C, (Figure 3b). In 95.4% of the RM images, C, was at the left of C,, and the average ratio
Xp/Xe=0.36 was used as a criterion to reduce further the error on calibration images. All images were tested
against condition x,/x, > 0.36; if satisfied, a number equal to min(0.074N, N*) of biomass pixels on the left side
of the aggregate would be converted to mineral pixels, where N is the total pixel count and N is the total
biomass pixel count on the left side of the aggregate. Applying this correction between steps 2 and 4 of
the postprocessing (Figure 2b) reduced the error in the RM sample to 5.03% and did not have effects on
the Y sample (see examples in Figures 3c to 3g).

2.3. Data Analyses and Cell Colonization Pattern Classification

Cell colonization maps were analyzed to retrieve the aggregate biomass and mineral fractions f, and f,, as
mp Mm

o = ="M
b m mb+mm,

T my 4+ mp

)

where my =Appp and my, =Apm, are the wet biomass and mineral mass, respectively; A, and A, are the total
pixel area of biomass and minerals, with the aggregate area A=Ay, +Am; pp=1.1126 g/cm? is the S. cerevisiae
density (Baldwin & Kubitschek, 1984); and p,,, = 1.47 g/cm? is the montmorillonite density at 100% hydration
(De Wit & Arens, 1950). The linear aggregate size L was calculated as the length of the minimum square cover-
ing the aggregate image (Maggi & Winterwerp, 2004), while the aggregate three-dimensional capacity
dimension d was estimated using the light intensity spectrum method (Tang & Maggi, 2015b). The scaling
law for the fractal dimension d (Maggi, 2007)
L 7
d= 5(5) , (3)

was used to retrieve the capacity dimension and size of the primary particles J and L, as well as the charac-
teristic parameter y.

NGUYEN ET AL.

OPTICAL MEASUREMENT OF CELL COLONIZATION 1798



@AG U Journal of Geophysical Research: Earth Surface 10.1002/2017JF004263

The average three-dimensional capacity dimension dj, of N, cell clusters in an aggregate was determined as

1
dp = > dbjap;, (4)

Ne

z ap.j i=1
i=1

where d,, ; and a,, ; are the capacity dimension and projected area of the cell cluster j, respectively.

The Euclidean distance between the centroids of biomass and mineral phases was described with the symbol
D,,» and used for analyses described next.

The average projected area a,, of all cell clusters in an aggregate was calculated as

=N )

ap
The dispersion index [, of the cell cluster area was defined as

lo=—, (6)

1/2
Nc
2 . . .
wheres = (Z (ab,i - ab) ) is the standard deviation of cell cluster area. Cell clusters in an aggregate are
=1
considered to have a similar area if I, < 1. The contact index /. between cell and mineral clusters was calcu-
lated as

_ lmo

IC - ’
Pb

@)

where £, is the number of cell cluster pixels in contact with mineral clusters and p,, is the entire inner and
outer perimeter of all cell clusters. Using equations (2) and (5) to (7), we quantitatively identified three types
of aggregates: mineral, f,<0.05; biomineral, 0.05 < f, < 0.95; and biological, f,>0.95 (Figure 4a). Biomineral
aggregates were classified into three types of cell colonization patterns: scattered, a,/A<0.05 and /, < 1;
well touched, /. > 0.5; and poorly touched, /. <0.5 (see examples in Figure 4b).

The probability of observing a colonization pattern in a specific range of a generic metric quantity x was
determined as
Ns, Np,
Psx =%, Pux ===, Pox = — =, ®

X X X

nW,x

where ns ,, Ny x and np , are the counts of scattered, well-touched, and poorly-touched patterns in that
range, respectively, while ny=ns, »+ ny x+ np x is the corresponding total count.

2.4. Microscope Images

Images of SPM aggregates acquired using a Motic® series BA310 microscope at 40X magnification were used
for qualitative comparisons to those from the pPIV system. Throughout all the 800 microscope aggregate
images obtained from the RMY samples (Figure 4b, third row), aggregate types and colonization patterns
quantitatively classified in section 2.3 were consistently observed. Although a low concentration of rhoda-
mine B was released from stained montmorillonite during rehydration (0.001 g/L), cells in RMY samples
retained their natural chromatic features (see examples in Figure 4b).

3. Results

A total of 2747 maps were experimentally retrieved using OMCEC for the four cell-mineral samples (RMY) at
various sucrose concentrations and were used for analyses of cell colonization on SPM aggregates in the
following sections.
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Figure 4. (a) Classification tree of aggregate types and cell colonization patterns. (b) Examples of classified aggregate types and cell colonization patterns; first,
second, and third rows represent preprocessed images, colonization maps, and microscope images of similar aggregates for qualitative comparison, respectively;
the red and yellow pixels in the second row represent minerals and cells, respectively.

3.1. Biomass Fraction and Sucrose Concentrations

The biomass fraction probability distribution peaked at f,<0.1 and f, > 0.9, hence showing that aggregates
prevalently mineral or biological are the most likely regardless of sucrose concentrations (Figure 5a).

The probability distribution of each aggregate type as a function of sucrose concentration shows that
mineral aggregates were the most likely found at 0.6 g/L sucrose concentration but became rare at 4.8 g/L
(Figure 5b). On the other hand, the probability of observing biomineral aggregates almost doubled with
increasing sucrose concentration, while biological aggregates remained the least likely. These
observations suggest that S. cerevisiae may have a greater preference for attaching to minerals than forming
cell clusters when the concentration of a carbon source (sucrose) increased, or that the colonization rate
increased, or both.

Contrary to our expectations, we did not find significant correlations between sucrose concentrations and
colonization patterns because Ps, [sucrosels Pw, [sucrosel @Nd Pp, [sucrose] Calculated using equation (8) were nearly
invariant (Figure 5c¢). Given this observation, colonization maps of the RMY samples at the four sucrose
concentrations were combined as one data set for the following analyses.

3.2. Biomass Fraction and Cell Colonization Patterns

Colonization maps of 1294 biomineral aggregates were analyzed, and a positive correlation between L and f,
was significant for large aggregates. While scattered and poorly-touched patterns occurred mostly in f, <0.2
and f, > 0.8, respectively, well-touched patterns were observed throughout the entire f, range and were
predominant in 0.2 < f,<0.8 (Figure 6a). An increasing attachment of small cell clusters to aggregates was
observed with increasing f, for the scattered pattern, but with cell clusters becoming larger and fewer for
the other patterns (Figures 6b and 6c¢). Although the biomass and mineral phases became closer to each
other as f,, increased, their distance in a poorly-touched pattern was always much greater than in the other
patterns (Figure 6d).

3.3. Cell Colonization Mechanisms

If an increase in f, is considered a proxy for cell colonization (Figure 6a), we can infer a colonization evolution
that progresses from scattered to well-touched, and then to poorly-touched patterns. This transition,

together with the correlation of N, ay/A, and Dmp/L with f, (Figures 6b to 6d), was instrumental in
elaborating on the colonization mechanisms conceptually presented in Figure 6e and described below.
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Figure 5. (a) Probability distribution of f, in RMY samples. (b) Probability of observing mineral, biomineral, and biological aggregates against sucrose concentrations.
(c) Cumulative probability of observing colonization patterns against sucrose concentrations. RMY stands for a mixture of stained montmorillonite and S. cerevisiae.

Cell colonization may begin with the attachment of small cell clusters to minerals, as suggested by a large N,

and low ap /A when f,, is small (Figures 6b and 6c). Large cell clusters may also attach to minerals and form a

poorly-touched pattern because very high m was observed when f,<0.6 (Figure 6d, blue markers).
Newly attached cell clusters are likely to join by unipolar cell budding as observed in young S. cerevisiae
clusters (Vopalenska et al., 2010), while they tend to grow apart from each other when old (Palkova et al.,
1997). Next, colonization may continue due to cell growth, with a preference for cell expansion on mineral
surfaces because minerals provide the environment for microbial metabolism as a result of nutrient adsorp-
tion. This preference for mineral surfaces is reflected in a positive correlation between L and f, in large

aggregates and in the decline of D,,/L (Figure 6d), indicating that biomass and mineral phases get closer
to each other as f, increases. Cell expansion is presumed to continue until the entire mineral is completely
colonized. However, the larger the mineral surface covered by cells, the shorter the contact length between
cell and mineral clusters remains, and thus aggregates characterized by a well-touched pattern may become
poorly touched when f,, increases. Although cell attachment can also happen during the later stages of cell

colonization (e.g., N increased with a, /A being constant for the scattered pattern), cell growth and joining

are the dominant mechanisms because a significant decrease and increase in N and a, /A against f,, respec-
tively, was observed for the well-touched and poorly-touched patterns (Figures 6b and 6c).

In summary, analysis of colonization patterns may be used to infer colonization mechanisms. The scattered
pattern occurs as a result of small cell cluster attachment while the well-touched pattern mainly occurs as
a result of cell joining and growth on mineral surfaces. The poorly-touched pattern may be formed by two
mechanisms: attachment of large cell clusters to minerals and growth of large cell clusters, with the latter

starting either as a poorly-touched or a well-touched pattern.

3.4. Cell Colonization Patterns and Aggregate Geometry

Well-touched patterns were mainly observed to have low dj, values, while the others were mostly seen in high
dp ranges (Figure 7a). Ps, 4 and Pp 4 calculated using equation (8) slightly increased and decreased, respec-
tively, whereas Py, 4remained stable with increasing d values (Figure 7b). The scattered pattern was only seen
in small L ranges, Py, , nonlinearly increased, and Pp; was almost constant as L increased (Figure 7c).

Bin-averaged d values were mostly larger than 2.4 and decreased with increasing L; regardless of patterns
(Figure 7d), and the scaling law in equation (3) shows that the characteristic parameter y was always negative.
The primary particle size L, ranged between 5 and 9 um, which are the typical cell and mineral particle sizes.
The primary particle capacity dimension was nearly invariant across the patterns and was relatively high,

reflecting a compact structure of primary particles.
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The d, values were high and almost constant against d for the scattered pattern but were positively corre-
lated with d for the well-touched and poorly-touched patterns (Figure 7e). Because small cell clusters in
the scattered pattern were always compact, a stochastic attachment of cell clusters may have had a stronger
effect on d than d,. Figure 7f shows that N, increased nearly linearly with increasing L; for all patterns, but with
slopes that differed from each other. The increasing N, with L; may be due to larger aggregates having larger
surface area for cell attachment, and a lower slope suggests that cell growth plays a more important role in
increasing L; than facilitating cell attachment in the well-touched and poorly-touched patterns. Analysis of
variance rejects the null hypothesis that a geometric property among dy, d, L, and N, is invariant against
the tested range of another geometric property (i.e., significance p < 0.001), suggesting that the correlations
observed in Figures 7d to 7f were significant.

4, Discussion

The OMCEC method is a promising approach for optical analyses of cell colonization on individual SPM
aggregates because it preserves the aggregate structure and can be operated systematically, assuring objec-
tive results, and reducing manual labor. OMCEC is based on PIV methods, and hence particle tracking and
velocimetry can be coupled to biomass-to-mineral fraction analyses and widened to SPM
aggregate hydrodynamics.
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Figure 7. Probability of observing scattered, well-touched, and poorly touched patterns against (a) biomass phase capacity
dimension dp, (b) aggregate capacity dimension d, and (c) aggregate size L. Bin-averaged (d) d against L, (e) dj, against d, and
(f) N against L for the three patterns. The lines in Figure 7d illustrate scaling function for bin-averaged d and L following
equation (3), with the correlation coefficient R? representing the goodness of fit of equation (3) against given data.

The OMCEC method can be widely applied to laboratory experiments, but its in situ application may be lim-
ited because it requires mineral staining. The experimental setup in this study is a pilot test simplified with
aggregates consisting of only one type of minerals and microorganisms, while aggregates in natural waters
may comprise various microbial species such as bacteria, diatoms, and green algae, and other organic matter
like debris and detritus. However, OMCEC is a framework with many adjustable submethods as described in
section 2. Users can analyze more complex aggregates by incubating, for example, multiple microbial species
or biological matter from natural waters, as long as the emission wavelengths of the biological matter are
lower than 550 nm. Rhodamine B released in incubation samples is unlikely to affect natural chromatic fea-
tures of any microorganism because this fluorescent dye has been shown to stain only the mitochondria (e.g.,
Johnson, Walsh, & Chen, 1980; Reungpatthanaphong et al., 2003; Scaduto & Grotyohann, 1999), which are not
detectable in a PIV system at current camera resolutions. If microorganisms with emission wavelengths
higher than 550 nm are used, other fluorescent dyes with emission wavelengths lower than 550 nm and com-
patible with minerals (e.g., fluorescein; Diaz et al., 2013) can be used.

SPM smaller than 15 pm were not captured in this study although the image pixel size was 1.97-by-1.93 um
likely because the fluorescence intensity was not high enough for the CCD sensor. Optics can be improved by
an enhanced illumination system. An excitation wavelength about 530 nm combined with a 560 nm long-
pass emission filter is often used to obtain the fluorescence of rhodamine B without other reflection wave-
lengths (e.g., Diaz et al., 2013; Hardy et al., 2016). However, this technique would prohibit the detection of cell
fluorescence in the 500 to 550 nm bandwidth. Specifically to our setup, a visible white light spectrum was
used without filters, and consequently, scattered light from SPM aggregates can be both the fluorescence
and the reflected light. This uncertainty may be one of the explanations of why some pixels of the calibration
set fell between the two confidence limits in Figure 3a. To eliminate this uncertainty as an alternative to our
correction methods (see steps 1 and 3 in Figure 2b), a high-intensity excitation light at a wavelength shorter
than 500 nm may be used with a 500 nm long-pass emission filter. In addition, the excitation light source can
also be installed from multiple directions to provide a uniform illumination.
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Overlaid cells and minerals impose a limit on this OMCEC method as much as in other microscope-based
methods discussed in section 1. While cells overlaid by minerals were not detectable and did not affect
the mineral fluorescence, cells laying onto mineral surfaces fluoresced at wavelengths between those of
stained minerals and cells; thus, this may be another explanation for the pixels falling between the two
confidence limits. Overlaying can be quantified using the microtome technique (e.g., Li & Ganczarczyk,
1990), micro-computed tomography scanning (e.g., Schmidt et al., 2015; Tisato et al., 2015), and focused
ion beam nanotomography (Wheatland, Bushby, & Spencer, 2017); however, aggregates have to be fixed
in a solid matrix for sampling and may experience substantial perturbation during sample preparation, and
thus, coupling these techniques to the OMCEC method requires further consideration. Additionally, an aggre-
gate image obtained in this OMCEC method is a 2-D projection of a complex 3-D aggregate, and thus, a
potential development of OMCEC could include the use of the stereoscopic PIV and tomographic PIV
methods (e.g., Elsinga et al., 2006; Jeon & Sung, 2012; Prasad, 2000).

The capacity dimension d,, of cell clusters in the scattered and poorly touched patterns (i.e.,, mainly in the
range of 2.4 to 3; Figure 7a) matches experiments with pure S. cerevisiae aggregates, i.e, d=2.66 +0.34
(Logan & Wilkinson, 1991), and is higher than d,, for the well-touched pattern. This observation may imply
that cell clusters in the first two patterns were formed either before colonizing minerals or when the coloni-
zation was nearly completed, while cell clusters in the well-touched pattern were the results of cell expansion
on mineral surfaces.

Biomineral aggregates in this study were found to have relatively high d values (Figure 7d) as compared to
those sampled in the field, i.e,, 2.1 to 2.4 (Lartiges et al., 2001; Maggi & Tang, 2015) and activated sludge,
i.e, 1.76 and 1.99 (Gorczyca & Ganczarczyk, 1996; Li & Leung, 2005). An explanation for the high d values is
that no organic matter was tested in our system, excluding S. cerevisiae cells. It is noteworthy that S. cerevisiae
cells are ellipsoid-shaped and adhere together or to minerals by their membrane stickiness (Verstrepen &Klis,
2006), and thus, they tend to form more compact clusters than those formed by bacteria in the same condi-
tions (Logan & Wilkinson, 1991), and we infer that they also form compact biomineral aggregates.

On the one hand, our observations of cell attachment may be approximated by cluster-cluster aggregation
kinetic models (e.g., Lin et al.,, 1989; Meakin, 1988; Schaefer, 1989; Weitz et al., 1985), in which clusters are
randomly brought together via diffusion with the hypothesis that collision always leads to aggregation.
Aggregates formed by this kinetics are often found to have d of about 1.8, which is smaller than d of the scat-
tered pattern. The difference in d values is likely because cell clusters are smaller than mineral clusters, and
thus, the diffusion limited particle-cluster aggregation model with d being around 2.52 (Meakin, 1988;
Witten & Sander, 1981) may provide a better description to cell attachment mechanism in this study. On
the other hand, microbial growth dynamics is often described by Eden’s model (e.g., Eden, 1961;
Richardson, 1973; Waclaw et al., 2015), in which an unoccupied neighbor site is chosen randomly and then
filled by another particle (a cell in this case). This model seems to generate aggregates with very compact
structures (Meakin, 1988) but may not be able to fully describe well-touched patterns, because the cell
growth direction is subjectively decided, which is toward or apart from other cell clusters depending on their
maturity, and toward minerals. The formation of biomineral aggregates is a combination of different kinetics
and therefore may require the development of a model that can comprehensively take into account all these
aggregation mechanisms.

Scattered patterns occurred by cell attachment at the early stages of cell colonization (Figures 6a to 6c), and
thus, this mechanism was strongly correlated with the aggregate size L; (Figure 7f), corroborating findings in
Kigrboe et al. (2002). In addition, we found that the well-touched and poorly-touched patterns were predo-
minant at the later stages of cell colonization (Figure 6a) and their N -to-L; ratios were lower than in scattered
patterns (Figure 7f). These findings align with Kigrboe et al. (2002) and Grossart et al. (2003), in which cell-cell
interactions increase the cell abundance (i.e., leading to an increasing L;) much more than attachment. The
positive correlation between L; and cell counts was found in Kigrboe (2003), Knoll, Zwisler, and Simon
(2001), and Passow and Alldredge (1994). On the other hand, Lartiges et al. (2001) suggest that L; of biomin-
eral aggregates is controlled by physical aggregation. However, this conclusion was drawn without consider-
ing the heterogeneity of the biological processes that happen during biomineral aggregate formation.
Therefore, further investigation should be conducted to study simultaneous effects of cell colonization and
aggregate-aggregate interactions to provide a better understanding of biomineral aggregate formation.
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5. Conclusions

The OMCEC method has been described and tested to map cell colonization patterns on individual SPM
aggregates. Applications of OMCEC suggested that the increase of a carbon source concentration in a model
SPM suspension enhances cell colonization on minerals. Three cell colonization patterns have been quanti-
tatively and qualitatively identified: scattered, well touched, and poorly touched, with the well-touched pat-
tern being predominant. A correlation between the colonization patterns and biomass fraction was observed,
which may imply an evolution of colonization mechanisms spanning from cell attachment to minerals, cell
joining, and expansive growth on the mineral surface until the entire aggregate is colonized. The cell-mineral
contact, on the one hand, significantly loosens cell cluster structure and, on the other hand, leads to the for-
mation of dense SPM aggregates. The OMCEC method has been shown as a powerful tool for laboratory-scale
studies, especially in relating SPM biophysical interactions to its hydrodynamics. Further applications of the
OMCEC method to more complex systems could provide a better understanding of these small-scale interac-
tions and their effects on large-scale processes in natural waters.
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