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Abstract

This study is a first outcome of a series of works on immobilized cultures of Chlorella
vulgaris. Colonies were grown independently on solid media under heterotrophic conditions
and their growth was followed by continuous three-dimensional microscopy and image
analysis. The growth was assessed by 3D imaging using a structured light microscope and
subsequent image processing. Based on the expressions proposed for the height and radius
growth dynamics, we concluded that the colonies expanded at a constant rate in the horizontal
direction and a decreasing rate in the vertical direction. A spherical cap best describes the
shape of the colonies during the growth period. During development, the packing density of
the cells in the colony was calculated to occupy 25—40% of the available space. The cell yield
was initially much lower than published values and approached those values at the end,
indicating that the glucose consumption was dependent on not only the growth and division of
cells but also on the activity of old cells. Finally, no colony-colony intraspecies interaction

was observed when two colonies were grown in proximity.
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1. Introduction

Chlorella vulgaris is a well-studied spherical microalga. This species is a potential
candidate for commercial biofuel and food production due to its robustness, high growth rate,
and lipid content [1]. An essential species in co-culture systems [2], C. vulgaris has four
different cultivation modes: photoautotrophic, heterotrophic, mixotrophic, and
photoheterotrophic [3-5]. Although photoautotrophic growth attracts much interest as CO; is
fixed during the process, heterotrophic growth is also desirable because of the increased
production of biomass and lipids, yet with cheaper and simpler bioreactor design and an easier

scaling-up process [3,6].

A colony of microorganisms is a natural community grown on solid medium and exposed
to the headspace gases, and is an easily detectable life form that responds to any change
induced by the species [7], mutation [8], domestication [9], and some cultivation conditions.
The last includes pH, temperature [10], agar concentration, nutrient concentrations [11], and
the presence of other organisms that exert influence through numerous mechanisms such as
quorum sensing molecules [12-14], physical contact [15], and nutrient competition [14,16].
To further investigate these phenomena, in the current study, the development of a single

colony and colony-colony intraspecies interactions were studied.

The chlorophyll molecule of C. vulgaris is naturally fluorescent with a peak emission
range of 680-690 nm [17], allowing easy observation of the colonies using at wide-field

stereo fluorescence microscope equipped with structured illumination (Zeiss Axio Zoom.
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V16). This equipment enables high-resolution 3D images to be acquired rapidly and
circumvents several disadvantages, such as the potential photobleaching of confocal laser
scanning microscopy [18], destructive observation of living samples in electron microscopy
[19], and the restriction induced by the rotating stage of micro three-dimension computed

tomography [20].

Mathematical models have always been a complement and a consolidation for the study of
biological experiments to understand, make predictions, or check hypotheses [21]. The
traditional continuous population-based models play an important role in biological research
due to their simplicity and computational efficiency [22]. A number of published empirical
growth models have been used to simulate microbial growth under homogeneous conditions,
notably, the Monod, Verhulst, Gompertz, and Richards equations and their variants [23].
Simple physical-biological models have also been developed to depict radial-growth and
height-growth of colonies in a heterogeneous environment [24]. However, no unified colony

growth model has been designed, especially for microalgae.

The purpose of this study was to investigate the colony development of C. vulgaris under
heterotrophic conditions. The absence of light ensured that a single energy and carbon source
exists during the growth, whatever the position in the colony. It eased the result interpretation
and allowed us to propose a simple and efficient interpretation of colony development. This
first step was required before dealing with mixotrophic conditions (works in progress), for
which the metabolic pathway depends on the position within the colony (organic carbon in the
medium and carbon dioxide in air as carbon sources, and the former and presence of light on
the top of the colony as energy sources, but with rapid attenuation in internal layers). First, a
theoretical model was proposed, then a single colony growth experiment was performed to

demonstrate the volume, radius, and height dynamics, and the model parameters were



established by regression. The experiment also revealed the relationship between the cell
population and the volume of the colony, and therefore, the volume fraction occupied by cells.
This allowed the biomass growth to be continuously quantified. The cell yield was analyzed
and compared with published values and finally, the spatial-temporal interaction between two
neighboring colonies was investigated in terms of height, and parallel and orthogonal
directions in the horizontal plane. Based on the series of observations and analysis method
developed and validated in the current work, this reliable non-destructive 3D imaging method
offered a tool the study of more complex situations in the future, e.g., colony growth under
photoautotrophic and mixotrophic conditions, interaction of species in the co-culture system
(autotrophy and heterotroph). In addition, the proposed biological and numerical models laid
a foundation to reveal the metabolism pathways of heterotrophic growth colony, which

always exist, at least at the bottom part of the colony due to the absence of light.

2. Materials and Methods

2.1. Strain and media

Chlorella vulgaris SAG 211-12 was obtained from the Culture Collection of Algae (SAG),
University of Gottingen, Germany. To obtain the inoculum, this strain was grown in B3N
liquid medium [25] (50 mL medium in 250 mL Erlenmeyer flask) at 25 °C, 170 rpm, with 1.0%
(v/v) CO2, under 30 pmol-m™>-s! continuous LED illumination on the surface of the cultures
in the microbial incubator (INFORS HT Minitron, Switzerland). A seven-day-old culture was

selected for the inoculation of colonies.

Colonies were grown on MBM-GP solid medium [2]. It was composed of B3N medium in
which the concentration of NaNOs, CaClz-2H,0, MgS0O4-7H>0, and FeEEDTA were doubled

and combined with 20 g-L!' of peptone, 20 g-L! of agar, and 10 g-L! of glucose (D(+)-
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Glucose, > 99%, anhydrous, ACROS Organics™). The glucose solution was autoclaved
separately to avoid caramelization. Approximately 15 mL MBM-GP medium at
approximately 50°C was poured into each Petri dish (50 mm diameter, pre-sterilized,
THERMO FISHER, UK), and gelified at room temperature. A nitrocellulose membrane (0.2
um pore, 47 mm diameter, Sartorius Stedim Biotech GmbH, Germany) was then placed on
the surface of the solid medium before inoculation. The membrane was imprinted with a 3
mm X 3 mm grid, which was used as a scale and to guide the colony inoculation placement

position.

2.2. Sampling procedures and growth conditions

To obtain the inoculum, a 15 mL pre-sterilized tube with 10 mL liquid culture was
centrifuged for 5 mins at 4 °C at 8586 g (Centrifuge, 5804 R, Eppendorf, Germany). Then,
approximately 9 mL of the supernatant was discarded, and the remaining culture was
transferred to a 1.5 mL sterilized tube. This tube was centrifuged again for 5 mins at 4 °C at
6800 g. After discarding the supernatant, a trace of cells was carefully inoculated onto the
membrane with a sterilized 2.5 pL micro-tip. After inoculation, the Petri dishes were sealed
by parafilm, covered with aluminum foil to prevent exposure to light, and incubated at 25 °C

and 70% relative humidity in a dark incubator (Memmert HPP 400, Schwabach).

2.3. Experimental design

The following chart graphically outlines the experimental design.



Set I (Single colony,
6 repetitions)

Microscopic observation
Set IT (Single colony, Vexps Reg» H
3 repetitions)

Single colony

Set III, Single (Single
T colony, 5 repetitions)

. : . Ilexpy Req’ H’ P
Microscopic observation
Glucose measurement (duplicate)
Cell count and cell size determination(triplicate

mg, Deer, N

Set IV (Single colony,
3 repetitions)

1.5CV (2 colonies,
1.5 mm gap, 5 repetitions)
Microscopic observation

Vexp, D/h DJ.» H
Colony-colony
interaction

3CV (2 colonies,
3 mm gap, 5 repetitions)

15CV (2 colonies,
15 mm gap, 5 repetitions)

Fig. 1. Flow chart of experiment design. Hexagons represent the two series of experiments in the study, and
rectangles represent the experiments. The phrases preceding the parentheses are the short names of the
experiments (used hereafter in the text). In the parentheses, ‘single colony’ and ‘2 colonies’ indicate the number
of microcolonies inoculated in a Petri dish; ‘1.5 mm gap’, ‘3 mm gap’, and ‘15 mm gap’ represent the initial
distance between the two microcolonies. Experiment set III is designated as ‘single’ in the second topic.
Rounded rectangles refer to the measured variables: 1, is the measured volume, R., the equivalent radius, H
the height, P the packing factor (defined as the volume fraction occupied by cells in the colony), m; the mass of
glucose in the medium at time t, D.,;; the average diameter of cells, N the total number of cells, and D, and Do

the parallel and orthogonal diameters of the colony, respectively.

Two series of experiments were performed (Fig. 1). In the ‘single colony’ series, there
were four sets of experiments designed to observe the spatial-temporal development of a
single colony in a Petri dish. In sets I and IIl experiments, a single colony was observed

continuously for 666 hours. In sets II and IV, the results were collected from different
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colonies that were destroyed at various times to determine the total number of cells and the
glucose consumption rate during growth. These four independent experiment sets increased

the reliability of the results.

The interaction between two colonies was studied by inoculating them in a Petri dish with
an initial gap of 1.5 mm, 3 mm, or 15 mm. The ‘colony-colony interaction’ series were

performed using the same protocol as set III, which served as control.

2.4. Image acquisition

3D fluorescent images of the colonies were obtained using the Zeiss Axio Zoom.V16
stereo fluorescence microscope (Carl Zeiss Microscopy GmbH, Germany) combined with
Apotome?2 and objective Apo Z 1.5X, a short-arc mercury reflector lamp (HXP200, ZEISS,
Germany) at 75% light intensity, and a 63 HE filter set (BP 559-585 nm, BS 590 nm, BP

600-690 nm).

Stacks of images with a pixel size of 6.5 pm in the x-y-plane and 6.5 um spacing in the z-
axis were taken with a 50 ms exposure time per image. The software of ZEN 2.3 pro (blue
edition, ZEISS, Germany) was used to control the microscope system. The image resolution
was 512 X 512 pixels, which represents a field width of 3.33 mm X 3.33 mm. As the colony
grew, several (multi-tile) images were required to cover the entire colony in the x-y-plane. At
the end of one typical observation, 2 X 2 tiles are required to cover the total colony field. To
limit the image acquisition time to 30 minutes per colony, the spacing in the z-axis was

increased to 13 pum after 240 hours of incubation.

2.5. Image analysis and measurement

The primary steps of image processing were devoted to 3D reconstruction. The out-of-
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focus information was first removed using a function of the ZEN 2.3 pro software and the
native czi format (raw format of images produced by microscope) was converted to TIFF
format, using either ZEN 2.3 pro or Image]. For multi-tile images, the conversion was

performed after stitching by ImageJ [26,27].

The images were further processed using an in-house code developed in Matlab® 2018b.
The image processing operation included median filtering to reduce the noise, an automatic
threshold based on the maximum entropy method and morphological operations on the binary
image (filtering, endpoints connection, hole-filling, and closing). Then, the colony volume
was built by merging all images of the stack. This allowed for growth parameters such as
volume (V,xp), height (H), and equivalent radii (R.q) to be determined automatically. The
flowchart of the image processing chain is summarized in Fig. 2, and the post-processed
binary 3D images of a single C. vulgaris colony from set III are represented for selected times

in Fig. 3.

Yes| | (d) Stitching (e) Exporting as
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Y

Y
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1 ! ZEN 2.3 pro D Imagel H :  Matlab 2018b



Fig. 2. Flow chart of image processing and measurement. (a) The C. vulgaris colony, microscopic version. (b)
The acquired images by Zeiss Axio Zoom.V16 (e.g., a stack of 4 tiles and 8 slices images). (c) The optical
sectioning of the images obtained by ZEN 2.3 pro. (d) The post-stitching images in which the four tiles have
been merged into one. (¢)=>(d) shows the theory of the stitching based on the stitching plugin of ImageJ [26,27].
(e) The native czi format images are converted to TIFF format and saved as a sequence by ImageJ or ZEN 2.3
pro. (f) The denoised sequence obtained using the median filter. (g) The binarized sequence with a threshold
value calculated by the maximum entropy algorithm [28,29]. (h) The sequence obtained by a series of
morphological processing steps, such as filtering, thinning, endpoints connection [30], filling, dilation, and
erosion. (i) Reconstruction and measurement of the colony. The schematic diagram shows the measurement
theory for the equivalent radius (R.,), the area of the colony at the i-th slice (a;), the distance between neighbor
slices (Az), and the height of the colony (H). The volume of the colony (V) is the sum of the parts between

slices, which is measured under the assumption that each part is a circular truncated cone.
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Fig. 3. Post-processed 3D images of a single C. vulgaris colony from set III.

To compute the shape parameters, simple assumptions were made regarding the colony

shape:

- The volume increment between two slices is assumed to be a truncated cone,

- The colony radius R, is determined from the maximum slice area, assuming that the
colony-membrane interface is circular,

- The height H is the distance between the last visible slice of the stack and the first
slice of images with an area greater than half the maximum area. Indeed, as the colony
is not exactly parallel to the focus plane of the microscope, the plane with at least half

the maximum area is considered the bottom of the colony.

Using these assumptions, the colony volume at time ¢ is computed as follows:

41
V() = ?:11[3 X Az X (a; + @41 ++Ja; - ai4q)], (1)
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where i is the slice index, n the number of the non-empty slices, a; the area of slice i, and Az

the distance between slices.

The equivalent radius R, (t) is determined as:

max{a4,...,.Qn-1}

Reg(t) = |/, 2)

T

where max{a,, ..., a,_41} is the maximum area of all slices, which is the best representative of

the area of the colony at the membrane level.

For the ‘colony-colony interaction’ experiments, the two diameters in the parallel
directions degenerate into one single transect after colony merging. In this case, the equivalent
radius can no longer be defined. Thus, the sum of D, of the two colonies is used as an
indicator before merging, and the total length D/ is used after merging (Fig. 4). The diameter
in the orthogonal direction Do represents the average value of the two colonies before and

after merging (Fig. 4).

()

500 pm
Dy=Di(L)+Di(R)

D.=[p(L)+DyR)J/2

D.=[DAL)+Du(R)J/2

Fig. 4. Demonstration of adjacent colony diameter measurements in the parallel (D,) and orthogonal directions
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(Do). (a) Measurement of D, and Do before merging. Dy is the sum of the two colonies in the parallel direction,
Du is the average value of the two colonies in the orthogonal direction. (b) Measurement of D, and Do after

merging. Dy is the total length of the merged colony. Do is the same as that of before merging. Scale bar, 500 pm.

2.6. Cell enumeration and packing factor

The population of a colony was estimated by suspending the entire colony in water and
determining the cell concentration in the suspension using a Beckman Coulter counter
(Multisizer™ 4 COULTER COUNTER®, California, United States). The total cell number
was obtained by the determined concentration multiplied by the total suspension volume. The
average diameter of cells was also obtained with the Coulter counter. Each measurement was
performed in triplicate.

Once the colony was photographed through the microscope, a 12 mm X 12 mm square
membrane containing the whole colony was cut by a disposable pre-sterilized scalpel, added
to a 15 mL tube containing 400 uL fresh Milli-Q (BioPak®) water, and the tube vortexed to a

homogeneous suspension. The suspension was diluted to an OD 800 nm between 0.2 - 0.4,

and average cell diameter and total cell concentration were determined by the Coulter counter

equipped with a 30 um diameter aperture.

For the series of tests using destructive measurement at selected times, the cell number and
the average cell size of the colony was determined by the Coulter counter. These data allowed
for the calculation of the total volume occupied by cells. The packing factor P(t) of cells in a
colony is defined as the total cell volume (assuming the cell to be spherical) divided by the

colony volume:

Dcell(t)
2

P(t) = 4m/3 x ( )2 X N()/Vexp (£) (3)
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Where D (t) is the average cell diameter, N(t) the total number of cells, and V,,,(t) the

apparent volume of the colony determined by image processing.
2.7. Dry matter content

Five 168-hour-old colonies were collected to determine the dry matter content. These five
colonies were transferred to a 50 mL tube with 5000 pL fresh Milli-Q water to obtain a
suspension (as in Section 2.6). Then, 100 pL of this suspension was used to determine the cell
concentration and the cell size using the Beckman Coulter counter. To determine the dry mass,
the remaining 4900 uL was centrifuged for 10 minutes at 2 °C at 4950 g, and then the pellet
was washed and centrifuged twice again with the same conditions. The final pellet was
transferred to a pre-weighed aluminum dish (pre-dried to constant weight at 105 °C) and then
dried to a constant weight at 105 °C. Each measurement was performed in triplicate. The

following equation was used to calculate dry matter content R, (the ratio of dry mass over

wet mass):

R — Miot — Megre
WY TN X pyer X 41/3 X (Deen/2)?’

(4)

where m;,; is the total mass (aluminum dish and pellet) after dehydration, m,,. the mass of
the aluminum dish, N total number of cells, D.,;; the average cell diameter and p,,.; the cell

density set at 1.11 g-mL"! (the cell density of 7-day-old Chlorella sp. from [31]).

2.8. Glucose measurements

The glucose concentration was measured using high-performance liquid chromatography
(HPLC, Ultimate 3000, Thermo Scientific, USA) with a cationic column (Aminex HPX-87H,

300 mm X 78 mm, Bio-Rad, USA). The nitrocellulose membrane with its colony attached

13



was removed from the Petri dish, and the dish with the remaining medium was then weighed
(my). The solid medium was diluted with 25X its weight in Milli-Q water, heated to 97 °C
with continuous stirring (200 rpm), then cooled to 25 °C using an ice water bath, resulting in a
melted growth medium solution. The solution was filtered using a 0.2 um membrane (PP
Syringe, Whatman™ Puradisc™, VWR International, France) and 10 pL of this filtrate was
analyzed by HPLC (at 60 °C with a flow rate of 0.5 mL-min! using isocratic elution with 2
mM H>SO4 as a mobile phase). The refractive index (RI) detector (RI 101, Shodex, Japan)
was fixed at 35°C to obtain signal values. The calibration curve of glucose was obtained by 5-
point external calibration in the range of 0.2 g-L'=10 g-L ! D (+)-Glucose (> 99%, anhydrous,
ACROS Organics™, Czech Rep). The total run time of each injection was 30 minutes. The
glucose concentration, c(t), was quantified as the peak area. In order to obtain the right

glucose balance, the evolution of medium mass should be taken into account:

me(t) = c(t) X (my (t) — mp), (5)

where mp is the mass of empty Petri dish, my,(t) the mass of Petri dish with the solid
medium at time t, mg(t) the mass of glucose at time t, and c(t) the glucose concentration at

time t.
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3. Results and discussion

3.1. Biological model of single colony development

(@) (b) 144 hours (c) 336 hours

)

Agar medium
gar medium c
£
Microscope objective g
m : s
(@]

Holder

Bottom

Bottom Center Top Margin

Fig. 5. Single colony development analysis. (a) Schematic diagram of the experiment. The colony was cut by a
scalpel in the middle and the physical cross-section was turned towards the microscope objective. Then, the
cross-sections of 144-hour-old and 336-hour-old colonies were photographed, shown in (b) and (c), respectively.
The observed shapes of colonies are shown in the drawings (b) and (c) with an indication of different zones: M
(Margin, in green), T (Top, in gray), B (Bottom, in gray), and C (Center, in red). Scale bar, 50 pm.

To understand the mechanism of colony development, colonies were cut in the middle by a
scalpel (Fig. 5a) and the cross-sections of the colonies were then observed by Zeiss Axio
Zoom.V16. Two differently-aged colonies were observed at the margin (M), top (T), and
bottom (B) segments independently, and the center (C) of the 336-hour-old colony was also
observed (Figs. 5b and 5c). Those cells in the center of the 336-hour-old colony were densely

arranged and most of them had ruptured and lost their cell integrity while they were intact in

other colony locations.

Following these observations, a simple mechanism of colony development can be proposed.

For the young colony (Fig. 5b), most cells were alive with a complete structure and no
15



apparent differences in cell morphology were observed. It is reasonable to postulate that the
cells at the outer boundary of the colony (margin cells) divide for the radial growth of the
colony, as these cells benefit from an exposure to unlimited nutrients [32] and from a stable
supply in Oz likely to penetrate the colony at that location due to its small height [33—-35]. The
cells in the middle of the colony near the membrane benefit from unlimited nutrients but
might suffer from a lack of O needed to diffuse from the top of the colony. Those top cells
maintain a complete structure but with decreased activity due to limited nutrients needed to

diffuse across the colony.

In the old colony (Fig. 5c¢), the cells at the margin and the top functioned similarly to the
related cells in the young colony. A center segment developed where the cells lose their
structure (Fig. 5c). Those center cells suffer a lack of both nutrients and oxygen. They
undergo autopathy to supply nutrients for the survival and division of top cells [36]. For the
top colonies, the nutrients might be derived from both the autopathic cells and the medium. A
decreasing growth of the colony with increasing height would occur as the nutrients become
more limited due to increasing distance from the medium. The cells at the very bottom layers
may have divided because of the abundant nutrient supply and, likely, some O diffuses

through the medium.

3.2. Numerical model of single colony development

3.2.1. Radial growth

According to the above observations, we postulate that an external layer of cells at the
margin of the colonies, Ar ensures radial growth. This layer undergoes the same growth
conditions regardless of the age of the colonies [37]. The extension rate of colonies in the

radial direction should, therefore, be constant, and the following expression could determine
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the evolution of radius over time:
Req ) = Req (to) + HmaxArt, (6)

where t is the age of the colony, R,(tp) and R4 (t) the equivalent radii of the colony at
times ty and t, respectively, Umq, the maximum specific growth rate of C. vulgaris cell (a
constant value of 0.05 h™' from the suspension culture, unshown data), and Ar the growth
width at the margin of the colony. A linear model measured R, using expression (6). Note
that this procedure allows only the product p,,,,Ar to be identified. The obtained value of Ar

therefore depends on the value used for p;,qy-
3.2.2. Vertical growth

Following the observation and assumptions of Section 3.1 for the vertical development, we
postulate that change in height over time should demonstrate asymptotic behavior due to the
increased nutrient limitation with height. The following expression was chosen for the time

evolution of height H(t) :

H(t) = Hpax[1 — e(‘%)], (7)

where t is the age of the colony, H,,,, the maximum possible height, ty, the time shift
needed to get the initial height of the inoculum at t = 0, and 7 the time constant of height

growth.
3.2.3. Shape characteristics of colonies

The volume of the colony depends not only on the height and equivalent radius but also on

its shape. To describe the shape characteristics of a colony in a simple and measurable way, a
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variable called shape ratio was used, which is defined as the ratio between the volume of a
standard pattern and the real volume of the colony. In our study, cylinder and spherical cap
were the two considered standard patterns, and the corresponding shape ratios could be

calculated as follows:
(i) For a cylindrical pattern, the shape ratio 1,(t) is defined as
Nc(t) = Vexp (D)/Ve (D), 8)
where V.(t) is the volume of the cylinder at time t:
V.(t) = mReq(D*H(D). ©)
(ii) For a spherical cap pattern, the shape ratio 1, (t) is defined as
Ns(1) = Vexp (©)/Vs (1), (10)
where V;(t) is the volume of the spherical cap at time t:

Ve() = =mH (D[3Req(0)? + H(6)*] (1)

To define a unique shape ratio n(t), the two candidate shape ratios 1.(t) and n,(t) were

compared. Then, we determined 7(t) with the selected shape ratio as a function of time:

n(t) =ns/[1- e<_ @ )], (12)

where t is the age of the colony, 1, the asymptotic stable shape ratio of the colony, t,, the
time shift necessary for the initial inoculation shape, and 7, the time constant of the change in

colony shape.
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3.3. Colony growth

Four independent sets of experiments were performed to study the development of single C.
vulgaris colonies. The experiment sets I and IV were destructive. For each time point,
triplicate colonies were measured by 3D imaging and then destroyed for glucose
determination. The total number of cells and the average diameter of cells were also

determined using the Coulter counter.

As expected, colony radii expanded linearly and expansion was constant during the entire
experiment. This is demonstrated by the excellent fit obtained using expression (6) (Adj-R? >
0.99, Table. 1 and Fig. 6a). Assuming the maximum growth rate of C. vulgaris to be 0.05 h™,
and an average cell diameter of 4 um, the circumferential growth zone (4r) was
approximately 67-89 um, equivalent to 17-22 layers of cells at the outer boundary of the

colony.

As postulated in Section 3.1, a decreasing growth rate was observed in height. The
experimental height from all four sets fit Eq. 7 well (Adj-R> > 0.99, Table 1 and Fig. 6b). The
maximum height of colonies was calculated as (sets 1-4, respectively) 2318 um, 2229 um,
1616 um, and 2026 um, suggesting that the maximum height of C. vulgaris colonies was

approximately 2 mm under these specific experimental conditions.

An alternative way to model the growth of colonies is to consider them as regular patterns.
The two models of the cylinder and spherical cap were compared with the actual volume
measurements (Figs. 6¢ and 6d), and the shape ratio was defined at the same time (see Section
3.2.3). The spherical-cap-based shape ratio proved to be more stable over the culture and
provided the best approximation. This observation suggests that the colony shape remained

globally spherical and kept its spherical cap form over time. Thus, the spherical-cap-based
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shape ratio was selected as a unique shape ratio in this work. This result is in agreement with

the 3D reconstructed views, as depicted in Supplementary Figs. S1 and S2.

Altogether, the colony development in the horizontal direction, vertical direction, and
pattern could be predicted by the equivalent radius model (Eq. 6), height model (Eq. 7), and
shape ratio model (Eq. 12), respectively. Consistently, the volume of the colony could be
predicted as a function of time by a combination of these models, with good agreement with

the experimental volume (Fig. 6f).
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Fig. 6. Chlorella vulgaris colony development. (a) Colony development in the horizontal direction. (b) Colony

development in the vertical direction. Graphs (c) and (d) show the shape ratios of the colony based on the
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cylinder and spherical cap, respectively. (e) The fit of the selected shape ratio (spherical-cap-based). (f) The

volume of colonies. The experiment sets I, II, III, and IV are represented by empty triangles, filled diamonds,

empty squares, and filled circles, respectively. In graphs (a), (b), (e), and (f), the predicted equivalent radii,

heights, shape ratios, and volume calculated by Egs. 6, 7, 12, and 11 are represented by the solid line, dashed line,

dotted line, and dash-dotted line, respectively. Error bars represent standard error.

Table 1

Summary of all parameters fitted from the experimental results using the proposed growth models

Experiment data Fit*
Initial value Req(£) H(t) n(t)
Experiment Ratio  Req (& Adj- . . Adj-
oy Req B N0 N e B G G e AGR Gy owe
um pm  pm pm um h h um h h

set I 4.4x107 336 141 238 262 74 0998 700 -30 2318 0993 118 -105 0.98 0.973
set I1 3.9%x107 322 142 227 275 67 0991 726 -35 2229 0996 110 -100 0.99 0.866
set I1T 3.6x107 264 234 1.13 313 89 0997 354 -43 1616 0997 74 -150 098 0.736
set IV 5.5x107 367 150 245 422 68 0995 636 -45 2026 0.993 86 96 1.11 0.962

Note: values marked with (*) indicate that they are from the fit with Egs. 6, 7, and 12.

3.4. Cell-level analysis

In experimental sets II and IV, the colonies were first observed to obtain their volumes and

subsequently treated to obtain the number of cells in the colony and their average size using

Coulter counter.
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volume and the number of cells. (d) The average diameter of cells. Empty diamonds and filled circles represent
the data of experiment sets II and set IV, respectively. The solid and dashed lines are the splines fit of sets II and

set IV, respectively. Error bars represent standard error.

The colony volume and the number of cells present in the colony both exhibited a
gradually decreasing slope in the semi-log curve (Figs. 7a and b), and they demonstrated an
excellent global correlation with each other (Fig. 7c). An excellent linear fit was obtained in
log-log scale: InN(t) = 0.86 InV,,,(t) + 7.04 (Adj-R’ = 0.98), where N(t) is the number of
cells and Vy,(t) the colony volume at time t. Previous researchers have reported direct
relationships between the number of cells and the area of colonies [38], the relationship
between area and the visible cell numbers of the colony [38,39], and the relationship between

the radius of the colony and the visible cell numbers [40]. In the present study, the correlation
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was more consistent as it considered the influence of the whole colony volume instead of

merely its area.

In spite of the relationship between the number of cells and the colony volume, cell size
change over time in the colony exhibits significant variation (Fig. 7d). The average diameter
initially increased from 3.3 um to 4.6 um during the first 144 hours, and then gradually
decreased to its initial diameter at the end of the experiment. This behavior is consistent with

that reported for Escherichia coli [41].
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Fig. 8. Packing factor of the colony. The packing factor P is the occupied ratio of cells in the colony. Empty
diamonds and filled circles represent the data of experiment sets II and IV, respectively. The solid and dashed

lines are the splines fit of sets I and IV, respectively. Error bars represent standard error.

To investigate further the spatial distribution of cells, the packing factor change over time
was determined using Eq. 3. The packing factor represented only 15% of the total volume just

after inoculation and gradually increased during culture growth to 30% at 96 hours. It
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stabilized near this value up to the end of the culturing period. With an average cell diameter
of 4 um, the volume of the cell equals 33.5 um?®, which gives a density of 10! cell-m™,

consistent with the value reported in a recent study [42].
3.5. Glucose consumption

The glucose consumption may be derived as the product of glucose mass needed per dry
mass of microalgae (inverse of cell yield Y,.;; in the mass of dry cell per mass of glucose)

times the mass of microalgae produced m .y (t):

dG dm I
= Ween—— (13)

The production of dry mass of cells can be expressed as the wet volume of cells, assuming

their wet density p,,e; to be equal to 1.11 g-mL! times the dry mass content Riry:

d_G _ Rdry d(Vwet)
dr _ Pwety T dr

The glucose consumption, therefore, depended on both the variation of cell number N_; (t)
and the variation of the average cell size D..;;(t), as determined with the Coulter counter.

Assuming the cells to be spherical, we obtain

dG Rary

v l4n/3 X (Dcell(t)/2)3 X

d(Ncell)
— = ——="" + Neey(t) X 4m/3
dt Pwet Ycell dt + cell( ) 7T/

y d((Dcel;(tt)/Z)s)l (14)

From our culture, the average dry matter content, Ry, , determined using the protocol

explained in Section 2.7 (Eq. 4) was 66%. Note that up to 91% percent of intercellular water
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could be included in the microorganism pellet (which traditionally has been used to determine
the cell wet mass), which would give a dry mass content result of 57% [43]. In addition, our

method is consistent with the method used to compute the volume of wet cells in Eq. 14.

In our experiments, all measurements were of samples taken from the culture at discrete
times t;. Assuming all new cells formed were the size measured at t;,;, the respective
contributions of cell division and cell size variation to the change of dry mass over the time

interval [t;, t;, ] would be

dmdry _ 3 _
dt = Pwet Rdry 47-[/3 X ((Dcell)i+1/2) X (Ni+1 Ni)
division

dmdry _ 3 3
T . = Pwet Rdry Ni X 4‘7-[/3 X (((Dcell)i+1/2) - ((Dcell)i/z) )

Both contributions are depicted in Fig. 9. In experiment set 1, the variation rate of total dry
mass due to the variation in cell size decreased from 7.8 X 1078 g-h! to —5.8 x 1077 gh™!,
while that due to cell division increased from 5.5 x 1078 g-h! t0 9.1 x 107¢ g-h’!. Set IV
yielded similar results: the variation rate of total dry mass on cell size decreased from 4.2 X
1078 g'h'! to —1.8 X 10™%g-h!, while that on cell division increased from 7.1 X 10~7 g-h’! to
1.1 X 107° g-h’!. Comparing the absolute values, the change in total dry mass of cells after

the initial sampling was mostly due to cell division.
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Fig. 9. Changes in total dry mass of cells for experimental sets II and IV. One can observe that the change in

total dry mass of cells was mostly due to cell division after initial sampling.

From Eq. 13 and experimental values (shown in Fig. 9), the cell yield (Y,,;;) during culture
time can be determined (Table 2). The yield using the total variation of dry mass and yield
obtained by neglecting the change of cell size confirmed that glucose demand was primarily
controlled by cell division. At the beginning of the immobilized cultures (namely, up to ca.
400 hours), our experimental values of Y,,;; were much lower than values reported previously
(Table 3). It is reasonable to presume that during initial colony growth, the enormous glucose
consumption is used not only for those new cells to grow and divide but also for old cells to
remain metabolically active [44]. Moreover, it might be because fermentation yields less
energy than C. vulgaris respiration [45]. During later growth, the cell yield became more
stable and was closer to the range of published values. This is likely due to cells growing less
active or dying and glucose consumption being directed to cell division, which is consistent
with the proposed biological model (Section 3.1), where active cells concentrate on the edge

of the colonies.
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Table 2

Experimental cell yield.

Cell yield (Yoo

Experiment ]I;Ii;ﬁ g dry cell / g glucose
Accounting for change in cell size Neglecting change in cell size
48 0.004 0.002
144 0.026 0.025
set 1T 168 0.022 0.025
336 0.654 0.762
648 0.295 0.315
96 0.008 0.007
168 0.040 0.044
240 0.124 0.148
set IV 336 0.204 0.208
408 0.337 0.435
504 0.513 0.609
648 0.228 0.273
[46] 0.457-0.475*
References [47] 0.539-0.694
[48,49] 0.787"

Note: * is adapted from the value of 82.4-85.6 g cell/mol glucose from reference [46].
b is adapted from the cited references: value of 83% C of glucose + 1% C of cellular producing 72% C of
cellular from reference [48]; and value of 43.46% Carbon/cellular from reference [49].

3.6. Colony-colony interaction

To study the interaction between two C. vulgaris colonies, the colonies were incubated
under four different conditions: single colony as a control (single), two colonies with an initial
distance of 1.5 mm (1.5CV), two colonies with an initial distance of 3 mm (3CV), and two
colonies with an initial separation distance of 15 mm (15CV). Five replicate plates were set
up for each experiment and the average results are shown with their standard errors. The two
1.5CV colonies merged at 138 hours, the 3CV colonies at 306 hours and no merging occurred
during the experiment for the 15CV colonies (Supplementary Fig. S3). Similar to the ‘single
colony’ experiments, the ‘colony-colony interaction’ experiments were analyzed in terms of

horizontal growth, vertical expansion, and volume development. However, to follow the
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colonies before and after merging, we used the parallel and orthogonal diameters D, and Do

(see Section 2.5) instead of R., from the ‘single colony’ experiment.

The heights of all the four experiments were fitted with Eq. 7 (Adj-R*> > 0.99, Fig. 10a and
Table 4). All the double colonies had a maximum height of about 2 mm which was the same
as in the single colony experiments. The diameter evolution was also fitted using Eq. 6 before

the colony merging (Table 4). The double width (the diameter is analyzed here instead of the

radius) of the growth layer was approximately 180 um (Fig. 10b), which is in agreement with
the value used for the single colony experiments. The D, growth of the single and the 15CV
colonies remained linearly throughout the experimental period, while the 1.5CV and 3CV
colonies showed two linear growth phases (Fig. 10c). After merging, the slope was divided by
a factor of two. This is consistent with the definition of D,, which accounts for four dividing
fronts before merging and only two after merging. This observation does not depend on the
initial distance between the colonies; it only changes the merging time. The factor half in the
slope indicates that the growth rate at the outside part of the margin was not affected by the

merging.

Similarly, in the case of 15CV, where the colonies did not merge at all, there was no

significant influence of the presence of another C. vulgaris colony on diametral growth.

The total volume of the colonies (the sum of the two colony volumes) grew at a decreasing
rate (Fig. 10d), which was also similar to the ‘single colony’ experiments. All colonies
experienced a similar growth rate before 138 hours. After merging at 138 h, the 1.5CV
colonies grew more slowly than the other colonies. This is easily explained by the fact that the
total length of the dividing margin was reduced after merging, which limited the increase of

total surface area over time.
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In conclusion, all these observations indicate that a C. vulgaris colony is not influenced by
the presence of another colony of the same strain in the neighborhood. In particular, the
growth in height and the radial growth at the external margin of the colony were not affected.
The reduction in total volume growth is explained simply by a geometrical effect: the total

length of external margin, responsible for the area extension, was just reduced after merging.
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Fig. 10. Colony-colony interaction of C. vulgaris. (a) Development of height H. Graphs (b) and (c) are colony
development in the orthogonal direction (Do) and parallel direction (D), respectively (see Section 2.5). (d)
Volume growth. Single colony (single), two colonies with the initial distance of 1.5 mm (1.5CV), 3 mm (3CV)
and 15 mm (15CV) are represented by empty squares, filled circles, empty diamonds, and filled triangles,
respectively. In graphs (a), (b) and (c), the predicted H, Do, and Dy of the single, 1.5CV, 3CV, and 15CV were
obtained by Eqgs. 7, 6, and 6, and they are represented by solid line, dashed line, dotted line, and dash-dotted line,
respectively. In graph (c), the value of D of experiments 1.5CV and 3CV was fitted using Eq. 6 by two different

sets of parameters before and after merging. Error bars represent standard error.

Table 4

Fitness of the diameter of colonies under different inoculation conditions.
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Experimental data

Fit*

Initial Value H Do D,
Conditions - - + -
.. . Adj- . Adj- D Adj-
H Do Dyt tpy Hwe ‘5 Do) 4ab, ‘P ( to;/ ap, Y
um um  um h h um pm pm pum  um
single 234 518 500 401 -52 1709 0.997 615 179 0996 622 176 0.996
lscy Beforemerging 515 g4 1203 492 54 1984 0995 801 174 0991 1203 349 0991
After merging 2668 164  0.995
Before merging 1011 387 0.996
3CV 228 525 1015 382 -55 1650 0.998 503 196  0.998
After merging 4511 150 0.988
15CV 246 550 1062 356 -44 1593 0.997 644 179 0996 1201 364 0.988

Note: values marked with (*) indicate that they are from the fit with Egs. 6, 7, and 12.

4. Conclusion

In this work, we focused on the growth of one isolated and two adjacent C. vulgaris
colonies. Based on the proposed biological growth model, which takes into account the
impact of oxygen and nutrients, two mathematical models, a linear radial and an asymptotic
height growth, were developed, and their consistency tested experimentally. Additionally, a
spherical cap was the shape that best described the quantitative and morphological growth of
the colony. No interaction was observed between two C. vulgaris colonies growing at an
initial distance of 1.5 mm, 3 mm, and 15 mm. In particular, no effect on height growth and
radial growth was detected even after colony merging that occurred in the colonies initially
separated by 1.5 mm and 3 mm. The decrease in volume growth observed after merging was
explained simply by the reduction of the external margin, where division occurred. Thanks to
this validated method of immobilized cultures and related analysis protocol, works are in
progress in our team to study the metabolism pathways of colonies under heterotrophic and
mixotrophic conditions. To that purpose, we designed culture support able to measure gas
concentrations continuously. Furthermore, the proposed numerical models and features of
colonies could be used to investigate interspecies interaction in co-culture system (e.g.,

quorum sensing).
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Appendix. Supplementary data
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Fig. S1. a. Side view of a single C. vulgaris colony in the experiment set I. Colonies are represented by solid
green lines, the related spherical caps by dashed black lines, and the cylinders by dotted red lines. The numbers

‘0, 72, ..., 648’ represent the post-inoculation incubation time of the colony.
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Fig. S1. b. Top view of a single C. vulgaris colony in the experiment set I. Colonies are represented by green,

the related spherical caps by dashed black lines.
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Fig. S2. a. Side view of a single C. vulgaris colony in the experiment set III. Colonies are represented by solid

green lines, the related spherical caps by dashed black lines, and the cylinders by dotted red lines. The numbers

‘0, 66, ..., 642’ represent the post-inoculation incubation time of the colony.
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Fig. S2. b. Top view of a single C. vulgaris colony in the experiment set III. Colonies are represented by green,

the related spherical caps by dashed black lines.

41



Control (Set )

Gap=1.5mm Gap=3mm
y19.4 mm y\9.4 mm y 9.4 mm
O
O
5 s O © o o
z z z
:IO: 0.5 mm 0.5 mm 0.4 mm
0 x 9.4mm 0 x 9.4mm 0 X 9.4 mm
o y\9.4 mm y 9.4 mm yl 9.4 mm
o
{ ]
5 O z O z e ©
:O: 0.7 mm 0.7 mm 0.7 mm
0 x 94mm 0 x 94mm 0 X 9.4 mm
o
A y 9.4 mm y .4 mm y 9.4 mm
o
S
= E
:% z z < ; z
1.1 mm 1.1 mm 1.1 mm
0 x 9.4mm 0 x 94mm 0 X 9.4 mm
y 9.4 mm y\9.4 mm
Q
O
S
g z > z
1.5 mm . . 1.4 mm
T /"
0 x 94mm 0 x 94mm 0

X 9.4 mm

Fig. S3. 3D growth of two C. vulgaris colonies with different initial separation distances of 1.5 mm and 3mm.

Single colony as control. Colonies separated by a distance of 15mm were not shown due to the morphological

similarity to that of the control.
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