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Abstract

A planar cell microcolony served as a model system to study the impact of inter-cellular
crowding and cell-matrix interactions upon the cell cycle. We studied the development over several
days of Chlamydomonas reinhardtii microcolonies, grown from single cells, using a bespoke
experimental setup allowing timelapse fluorescence microscopy. Through precise cell
segmentation and lineage tracking of a large systematic dataset, characterizing individual cell
growth and divisions, we uncovered how the external matrix influenced cell cycle and morphology.
Experiments also revealed spatial heterogeneity among cells within colonies, providing insights
into the effects of contact inhibition and micro-gradients of mass transfer. A radial propagation of
ring-like pattern, characterised by variations in parent cell size, indicated complex spatio-temporal
dynamics in the regulation of the cell cycle within the constrained environment. The mechanisms
of commitment and mitotic sizing remained consistent within colonies under this mechanical
confinement. These findings contribute to a broader understanding of how matrix immobilisation
affects C. reinhardtii, with implications for alternative culture formats such as biofilms and
hydrogel encapsulation—approaches increasingly used in biohybrid applications including
biophotovoltaics and bioremediation.

MAIN TEXT

Introduction

The cell cycle in microalgae such as Chlamydomonas reinhardtii begins with cellular size
enlargement of up to ten-fold known in the growth phase (G1), followed by successive rounds of
rapid cell divisions to produce 2" daughter cells [1], where DNA replication (S) takes place followed
by mitosis (nucleus division) and cytokinesis (cytoplasm division), denoted as M. Synchronisation
can be achieved by diurnal light/dark cycles, where G1 occurs during illumination while S/M
divisions take place in the dark [2]. At the end of the cell cycle, daughter cells hatch out of the
mother cell and restart the cycle from G1. Typically, G1 can last between 10 and 14 hours while
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each S/M spans approximately 30 to 40 minutes [3]. The cell cycle is known to depend on a large
number of factors, including temperature [4], light intensity [5], and nutrient supply [6].

The regulation of this multiple fission process is through the role of control points, namely
“sizer” and “timer”. In C. reinhardtii, the cell cycle features a cut-off size threshold, known as the
primary arrest point in G1 phase, beyond which cells become fully committed to completing the
cell cycle, with or without growth, independently of external conditions, such as light availability
[7]. A mitotic sizer at S/M phase correlates the number of daughter cells 2" with the size of the
mother cell at the end of G1 phase, considering equal and uniform size distribution across all
daughter cells [8, 9]. The number of divisions # relies upon the growth condition but falls between
1 and 5. During the pre-commitment phase of growth, cells increase in size with the fabrication of
cellular organelles and the accumulation of energy reserves. In the post-commitment phase, light-
independent processes such as cell division could be observed at the end of the light phase, taking
place over 4 hours into the dark phase, utilizing internal energy reserves collected in the former
stage. Cell division in C. reinhardtii involves an iterative sequence of DNA replication (S phase),
nuclear division (mitosis), and cytokinesis, typically occurring in multiple alternating rounds. For
example, during multiple fission, three successive cycles of S—-M—C may be executed to produce
up to 8 daughter cells [1].

Conventionally, studies focus on the population-averaged properties of a bulk culture
containing up to thousands of millions of cells, be it liquid suspension, surface colonies or
encapsulated culture. The statistical mean reflects the representative behaviour of a phenotype that
is unique for a typical genotype in a specific environmental condition. All these approaches are
based on an important assumption of homogeneity in sampling population and cellular behaviours,
which often does not hold true upon scrutiny at single cell [10]. External perturbations in the
surrounding environment contribute further to cell-cell heterogeneity [11], including micro-
environmental differences, varied species within microbial consortia, stochastic gene expression
etc. [12]. Hence, single-cell analysis is key to essential information much needed for accurate
interpretation and understanding of heterogeneity and its significance in regulating cellular
processes.

In the past decades, microfluidic systems have been developed for high-throughput single-
cell studies of microalgae with precise spatio-temporal and culture control such as illumination
conditions, temperature, carbon dioxide concentration and nutrient composition [13]. Using these
platforms, it is possible to study dynamic cell-cell interactions [14], cell migration [15], strain
screening [16], growth kinetics [17], photosynthetic activity [18] etc. However, the investigation of
cell growth kinetics and detailed cell morphology still requires live-cell microscopy imaging [19].
With the exception of Lee et al. who utilised alginate hydrogel microcapsules to study the
heterogeneity in lipid content among single cells of Chlorella vulgaris, Chlamydomonas sp and
Botryococcus braunii [20], almost all single-cell studies focus on liquid suspension in the form of
microfluidic flow or microdroplets [21]. Surface immobilisation with microfluidics was also
attempted for continuous monitoring of lipid droplet accumulation in C. reinhardtii [19]. Utilizing
a microfluidic device, Min et al.[22] revealed an extended G1 duration under mechanical stress.
Nevertheless, a detailed investigation of cell cycle behaviour upon immobilisation is still lacking
in C. reinhardtii, and the growth kinetics and the mechanism of cell colony formation are yet
unknown. No prior studies have investigated the effect of contact inhibition on the multiple fission
of C. reinhardtii.

One key objective of this work aims at studying the impact of matrix immobilisation on C.
reinhardtii, providing biological insights into less conventional methods of algal culture such as
biofilm attachment [23, 24] and hydrogel encapsulation [25, 26]. Understanding the biological and
physiological effects of cell confinement provides crucial insights into the early stages of biofilm
formation in C. reinhardtii. While existing research on bio-composite materials frequently focuses
on material properties and functional aspects, there remains a significant gap in the comprehension
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of cellular behaviour following gel immobilisation. A detailed understanding of cell-cell
heterogeneity and spatial distribution is essential, as it can inform the design of future applications
requiring spatial precision or specific correlations in engineered living materials.

Here, we build on experimental and conceptual frameworks we developed recently for
bacteria [27, 28], utilizing agarose gel pads to limit the growth of cell colonies in two dimensions,
and developing a pipeline of image analysis to follow the individual cells within isolated colonies.
Thanks to a customised setup that supports stable long-term time-lapse microscopy, allowing many
courses of cell cycle to be captured under varying conditions, we reveal patterns of spatiotemporal
heterogeneity in single-cell growth and division within colonies, and show a that cell division sizer
control remains robust even in confinement.

Materials and Methods
Cell culture

Chlamydomonas reinhardtii wild-type strain 12 (WT-12), derived from strain CC-124
(137c mt™ nitl nit2), was used in this study. The parental strain CC-124 is available from the
Chlamydomonas Resource Center (https://www.chlamycollection.org/product/cc-124-wild-type-
mt-137c¢/). C. reinhardtii was maintained in organic carbon supplemented Tris-acetate-phosphate
(TAP) medium (Tris base: 20.043 mM; Beijernick salts (NH4Cl: 7.477 mM, MgSO4-7H>0: 406
uM, and CaCly-2H>0: 340 uM); phosphate solution (KoHPO4: 620 uM, KH2PO4: 412 pM);
Kropat’s trace elements (EDTA-Naz: 57.8 uM, (NH4)sM07024: 0.0285 uM, and ZnSO4-7H>0: 2.5
uM; MnCl,-4H,0: 50 mg L!; FeCls-6H>0: 20 uM; CuCl-2H>0: 2 uM); CoCla: 7.7 uM; glacial
acetic acid: 17.416 mM) [29, 30]. Prior to imaging, the planktonic culture was grown for 5 days in
an orbital incubator (Infors HT Multitron Pro.) at 25°C with shaking at 100 rpm under a diurnal
cycle of 12h light (100 umol photons m2-s™!) and 12h dark. In addition to TAP medium, a Tris-
minimal medium was also used in selected experiments. Tris-minimal medium is compositionally
similar to TAP, except for the absence of glacial acetic acid, making it suitable for photoautotrophic
rather than mixotrophic growth.

Gel immobilisation for imaging

To obtain the seed cultures for imaging purpose, the pre-cultures were first diluted to an
optical density at 750 nm of 0.1 and then further diluted by 100 times by 10-fold serial dilution.
The cell density was kept sufficiently low to ensure that cells were sparse and well separated at the
onset of the experiment. This setup guaranteed that under the imaging frame at the beginning of the
time-lapse monitoring, individual cells appeared isolated. To immobilise C. reinhardtii and ensure
the formation of planar microcolonies, 20 puL of this seed culture was sandwiched between agarose
gel pad containing TAP nutrient medium and a gas-permeable polymer coverslip that made up the
bottom observation area (20 mm in diameter) of a 35mm culture dish (Ibidi GmbH, Gréfelfing,
Germany). This setup confined the cells within a coverslip-gel interface, facilitating their division
and growth in a planar orientation (Figure S1). In this work, the concentration of agarose gel pads
varied between 0.5% weight/weight (% wt) and 3% wt of agarose (Sigma-Aldrich, A9539) in TAP
medium.

In rare cases, cells within the microcolony exhibited transient swimming motion due to local
lifting or detachment of the agarose gel from the substrate. These occurrences were identified as
artefacts, as mechanical confinement from the gel matrix and cell crowding otherwise effectively
suppressed motility. Such frames were excluded from downstream analysis to ensure that only
sessile, matrix-associated cells were analysed.

Timelapse microscopy with environmental control
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Each experimental run in this work typically involved continuous epifluorescence timelapse
imaging. To optimise this process, a bespoke open-frame automated microscope was designed and
constructed (Figure S2). The data in this paper corresponded to continuous imaging for up to a
week. Longer tracking beyond 2 weeks was also feasible with this setup. All motorised functions
of the microscope (stage movement, autofocus, turret rotation of filter sets for fluorescence) and all
illumination properties (day/night, transmission and epifluorescence lights) as well as camera image
acquisition were controlled by an in-house software platform called Temika, written in C.

The microscope was equipped with a detachable stage accommodating eight individual
culture dishes (Ibidi p-Dish 35 mm, 81151). Dishes were imaged sequentially, depending on the
number and distribution of microcolonies (typically 20—40 colonies per dish). The imaging cycle
was repeated every hour, with the 1-hour interval measured from the acquisition time of the first
image in each cycle. While the stage was screwed to the microscope chassis to minimise unwanted
motion, the top of the stage was covered with a clear heated glass panel to prevent condensation on
the top of the Ibidi dishes. The entire system was enclosed within an opaque and insulated cabinet,
designed to maintain temperature stability using a Proportional-integral-derivative (PID)
temperature controller. Light illumination at 80 pmol photons m 2-s™! was provided to the algae
with two strips of blue and red LEDs positioned close to the dish holder (Figure S2b), similar to
the environment of a culture incubator. A constant flow of humidified air was streamed through the
imaging chamber to maintain humidity levels and prevent gel dehydration over time. An external
fluid delivery system connected a syringe, operated by a pump, to the Ibidi dish through
microfluidic tubing (outer diameter 3 mm; inner diameter 1 mm). The LED illumination was turned
off automatically and momentarily during image capturing to ensure accurate data capture without
interference from ambient light.

The microscope was built in an inverted configuration and equipped with a Nikon 40x Plan
Fluor objective (working distance (WD) 0.66, numerical aperture (NA) 0.75) and an Andor Zyla
5.5 camera for imaging in brightfield transmission and epifluorescence mode. An Auto-Focus
System (AFS) based on an optical lever was used to counteract axial focus fluctuations caused by
undesired vibrations or thermal drift during timelapse imaging, which are inevitable over long
times, especially when moving repeatedly across multiple Ibidi dishes.

As a first step, a visual scanning within a dish was performed to identify the position of
single well isolated algal cells. Once the AFS was activated, the specific x, y, z coordinates and
AFS offset required for the focal plane were recorded and stored for each cell. A range of 20 to 30
positions were selected within each dish in this way. Once all desired cell positions to be tracked
had been selected, the number of scans and lighting cycle setting were set. Subsequently, a
command script was generated in Temika to initiate the experiment with automated stage
movement and capture images at each position. The exposure time at respective channels of
brightfield with green illumination, brightfield with blue illumination and fluorescence with 470
nm-excitation could be adjusted according to experimental needs. The system was outfitted with a
Semrock LED-DA/FI/TR/Cy5-B-000 quad band fluorescence filter set, which is designed for
imaging across DAPI (414 - 450 nm), FITC (500 - 530 nm), TRITC (580 - 611 nm), and Cy5 (661
- 800 nm) wavelengths. In this work, chlorophyll autofluorescence of C. reinhardtii, which has an
emission peak at 700 nm, was primarily used for image processing and analysis. The imaging
interval was adjustable and set to be one hour. It would be possible to select a higher number of cell
positions, but the trade-off would be a longer imaging interval. Care was taken to make sure that
the stage returned to the origin, corresponding to the centre position among eight dishes between
rounds of imaging for equal exposure to the illuminating LED panel across all cells studied. Cells
undergoing timelapse imaging were subjected to 12-hour light-dark cycle of 80 umol photons
m 2-s~! under the red and blue LED panels, following the same diurnal cycle incubating the liquid
pre-cultures, to achieve diurnal synchronisation.

Page 4 of 28



194
195

196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218

219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236

237
238
239
240
241
242

Image segmentation and analysis

The images were analysed using a semi-customised processing pipeline that utilised a
combination of multiple platforms. Initially, Fiji (version 2.14.0/1.54f) [31] was employed to crop
and centre the images, compensating for the slight drift caused by the mechanical movement of the
microscope stage during timelapse looping. The image cropping step was implemented to save
computational cost and time in the subsequent steps of segmentation. By focusing on the regions
of interest and eliminating extraneous areas, this preprocessing step streamlined the analysis
process, making the segmentation and feature extraction more efficient. To ensure data quality, all
time-lapse sequences were manually inspected prior to analysis. Regions of the image that were out
of focus—most commonly occurring at the periphery of the growing colony—were excluded.
Additionally, analysis was limited to time points before the colony expanded beyond the
microscope's field of view, in order to prevent edge-related artifacts or data loss. Following this,
individual cells were segmented using Stardist [32], facilitated by a custom Python script,
specifically in the chlorophyll fluorescence channel. The effectiveness of the segmentation process
in distinguishing individual cells is demonstrated in a representative example (Figure S3a). To
generate the ground truth dataset used for model training in Stardist and for evaluating segmentation
accuracy, cells were first segmented using a semi-automated approach with Cellpose [33]. The
resulting masks were then manually reviewed and edited to correct segmentation errors, to be used
as the ground truth data. The performance metrics for cell segmentation, calculated from 20
microcolonies comprising a total of 920 cells (Figure S3b). The segmented images and their
corresponding masks were then analysed using CellProfiler [34] to extract various features,
including cell positions, area, fluorescence intensity, and morphological properties.

Differentiation of growth and division phases

To differentiate between the growth (G1) and division (S/M) phases, we initially explored
the use of supervised machine learning via CellProfiler Analyst, which classified cells based on
extracted morphological features. This approach was used illustratively to visualise cell cycle phase
separation; however, it was not applied in the main quantitative analysis due to limited classification
accuracy and inconsistency across colonies and imaging conditions. The examination of cell size
variation over time involved identifying peaks and valleys in the data (Figure S4). Peaks
corresponded to periods when the average cell size was at its maximum, while valleys represented
periods of minimum average cell size. It is noted that the abrupt drop in cell size during division
aligns with a corresponding step-like increase in cell number within the microcolony. This temporal
pattern highlighted fluctuations in cell growth and division cycles, allowing separate analyses of
the parent and daughter cells. This method effectively distinguished between parent and daughter
cells when the two populations exhibited a clear bimodal distribution. Cell populations could
display a bimodal distribution when the daughter and parent cells co-exist in the same frame,
indicating two distinct populations of cell sizes within the microcolonies (Figure S5a and S5b).
This phenomenon, coupled with bimodal decoupling, allowed for a detailed analysis of cell size
across temporal variation.

Cell Division Analysis

The images were analysed by comparing consecutive frames with pairing information based
on cell location and cell size, allowing for the tracking of cells as they transitioned into mitosis. In
the analysis of positional correlation between consecutive frames, cells entering the mitotic phase
were identified and highlighted. These cells, along with their corresponding parent and daughter
groups, were color-coded for clarity (Figure S6). The algorithm considered cells within a narrow
range of positional coordinates and filtered them based on changes in cell size between frames.
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Specifically, cells were tracked from one frame to the next, and those that exhibited a decrease in
size were identified as likely to have undergone mitosis.To reconstruct division histories and
quantify cell proliferation dynamics, we implemented a custom lineage tracking algorithm based
on spatial and morphological features across sequential time-lapse frames. To initiate lineage
assignment, cells in adjacent frames were matched based on spatial proximity using a KD-tree
structure, with the search radius set to 1.5 times half the equivalent diameter of the parent cell. For
a match to be considered a valid parent-daughter relationship, the daughter’s area was required to
be at least 1.5 times smaller than the parent’s area (adjustable via a min_size drop_ratio parameter),
ensuring that only size-consistent divisions were included. To accommodate divisions that span
multiple frames—particularly in the case of successive divisions within a single cell cycle—the
algorithm allowed a frame gap of up to five frames (max_frame gap = 5) before disassociating a
cell from its prior identity. This helps avoid misclassification of slowly dividing cells or closely
positioned sibling cells.

Microsensor measurements of oxygen

C. reinhardtii colonies were grown in a 1% wt agarose gel with a very low cell inoculum
density, creating sparsely distributed algal aggregates within a 35-mm glass-bottomed p-dish. A
cylindrical opaque enclosure served as the sample dish holder. The specimen was illuminated from
the bottom of the observation dish using a LED light source (KL-2500, Schott GmbH, Germany)
with controlled intensity. A fiber-optic scalar irradiance microprobe with a 40 um spherical tip
diameter was adopted to measure spectral scalar irradiance depth profiles from above [35].
Measurements were taken in vertical steps of 50 um at various lateral positions as replicates across
the immobilised algal aggregates [35-37]. The positioning of the probe tip was precisely controlled
using a motorised micromanipulator system, operated by a custom-built software [38]. The spatial
profiles of oxygen concentration were measured across isolated C. reinhardtii aggregates
immobilised within gel matrix using a Clark-type O> microsensor, featuring a tip size of 25 um,
90% response time of less than 0.5 s and a stirring sensitivity of ~1% (OX-25, Unisense A/S,
Aarhus, Denmark) [39]. The sensor readings were calibrated in an air-saturated and anoxic Tris-
minimal medium. Depending on the experimental temperature and salinity, the percentage of air
saturation was converted to absolute oxygen concentration (umol O, L) based on the tabulated
values of oxygen solubility in water (Ramsing and Gundersen, Unisense, Denmark;
www.unisense.com). All oxygen microsensor measurements were conducted with high positional
precision using a custom-built motorised micromanipulation system. The O: microsensor was
mounted on a platform comprising three interconnected motorised linear stages (VT-80, Micos
GmbH, Germany), controlled by MoCo DC controllers (Micos GmbH, Germany), allowing for
precise positioning in the X, y, and z dimensions with a resolution of approximately 1 um. Vertical
profiling was performed using a step interval of 25 um. Both positioning and data acquisition were
managed by a custom software interface (Volfix) developed in LabView (National Instruments,
Japan) [38]. For two-dimensional transect measurements of oxygen concentration, the O:
microsensor tip was manually positioned as close as possible to the surface of the agarose gel using
a USB microscope (Dino-Lite) for visual guidance. This position was defined as z = 0 in the Volfix
measurement software. Laterally, the microsensor tip was initially positioned approximately 0.2
mm beyond the edge of the visible colony boundary. Transect measurements were initiated from
this starting point and proceeded laterally across the colony, with vertical O: concentration profiles
recorded at each step. A lateral resolution of 0.5 mm was used along the y-axis, and vertical profiles
were collected in 0.25 mm increments along the z-axis. The vertical descent at each transect point
continued until the tip exited the colony region, as inferred from a sudden increase in transmitted
light intensity. Transect measurements were terminated once the entire colony cross-section had
been scanned. A constant air stream was introduced to agitate the liquid surface gently in a circular
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motion, in order to minimise the buildup of a thick diffusive boundary layer that could compromise
the oxygen transport across air-liquid interface.

Results
Light-dark synchronisation of microcolonies

To provide spatial confinement while maintaining gas exchange, microcolonies were
immobilised between a nutrient-enriched TAP agarose gel pad and a gas-permeable polymer
coverslip (Figure S1). This setup allowed continuous microscopic observation of colony
development in a quasi-two-dimensional plane over multiple cell cycles. The microcolonies were
subjected to a 12-hour light/12-hour dark cycle throughout the course of the timelapse imaging.
The diurnal synchronisation of C. reinhardtii with the light-dark cycles is reflected in the cyclic
pattern of division in the dark, and growth in the light period [40]. The same behaviour was captured
in our system using C. reinhardtii, in a representative example where a single cell underwent G1
growth phase during the light period on the first day before undergoing multiple fissions to divide
into 4 daughter cells which then started dividing into 32 cells after another 24 hours (Figure 1a and
S7). Further inspection of the single cell size revealed similar information: the cross-sectional area
of a single cell increased from 30 pm? up to 140 pm? during the initial growth phase and decreased
abruptly once cell division was initiated at the mark of 22 hour, concurrently with the increase in
cell number within the microcolony. Notably, the mean cell area increased faster in the light phase
compared to the dark phase when only heterotrophic acetate consumption was possible. The abrupt
decrease in mean cell size corresponded to cell division upon light-dark transition, as reflected in
the step-like increase in cell number. The slight reduction in cell numbers between the 80th and
96th hours was attributed to the lateral and vertical expansion of the microcolony [41]. During the
light phase, the microcolony expands as individual cells grew, yet the total number of cells remained
constant due to the absence of mitotic events. Furthermore, as cells grew and compressed against
neighbouring cells, some migrated into the adjacent cell layer further from the imaging plane and,
constrained by the finite size of the imaging frame, cells that were pushed beyond the field of view
could not be captured.

Spatial heterogeneity of cell cycle behaviour

This subsection aims to document the variation in cell cycle progression relative to the radial
positions within a microcolony, to understand how cell crowding might influence the mechanisms
of commitment sizer and mitotic sizer. One primary observation was the loss of cell cycle
synchronisation across the colony: whilst the peripheral cells grew and divided in accordance with
the diurnal illumination, the cells in the middle displayed a phase lag to grow and divide. This loss
of synchronisation was clearly observed when the cells were classified into the phases of growth
(G) and synthesis/mitosis (S/M) via machine learning (Figure 1b). The question arises whether the
observed phase lag in cell cycle phases near the microcolony centre was due to a reduced division
frequency, delayed division timing, or a slower cell growth rate that prevented cells from reaching
the commitment threshold for division. To investigate this, we quantified the spatial distribution of
actively dividing cells by calculating the mitotic percentage, defined as the fraction of cells that
entered the S/M phase between the current and subsequent imaging frames. The calculation was
performed within defined spatial and cell size bins, with the denominator representing the total
number of cells present in the current frame within each respective bin. The mitotic percentage
decreased with each successive cell cycle progression, where the effect of cell crowding had
increased with the number of cells (Figure 1c). After four cell cycles, the microcolony had
expanded to reach the size of more than 100 um in radius, accompanied by a decrease in mitotic
percentage with the distance of the cell from the edge of the microcolony.

Further inspection shows that given the same size of parent cells, the mitotic percentage did
not change with respect to radial distance (Figure 1d and S8). Indeed, a linear dependence between
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mitotic rate and parent cell size was observed below a threshold of around 75 pm?, a typical sizer
response. Beyond this commitment threshold, there was a reduction in the gradient of mitotic rate
with parent cell size, approaching a plateau as the mitotic rate saturated. Hence, the phase delay in
cell division across radial distance was primarily due to slower growth rate and the longer time
required to attain commitment threshold in the middle.

The variation in mitotic rate across cell cycles and radial positions was also reflected in the
size of parent cells prior to division. Each successive cell cycle was associated with distinct time
points following the onset of imaging: 24 hours (cycle 1), 49 hours (cycle 2), 73 hours (cycle 3),
98 hours (cycle 4), and 121 hours (cycle 5). The average size of parent cells decreased progressively
with each cell cycle, regardless of radial location within the microcolony (Figure 2a). When
stratified by radial distance from the colony centre (0—175 pum, color-coded), it was observed that
parent cells located near the centre generally exhibited smaller cross-sectional areas than those at
the periphery, particularly during early cycles when the colony radius remained below ~100 um
(Figure 2a and 2c).

On the other hand, the size of daughter cells remained relatively constant across division
cycles, showing no clear monotonic trend with respect to radial position within the colony. This
consistency in daughter cell size was further supported by the lack of correlation between the size
of daughter cells and their corresponding parent cells, as indicated by a Spearman’s rank correlation
coefficient (Rs = 0.0755) (Figure 2b and S9), regardless of cell cycle sequence and radial position
within the microcolony. Representative bright-field images (Figure 2¢) depict colony growth over
successive division cycles, showing increasing colony size and cell number over time.

While cells located in the microcolony core exhibited a phase lag in growth and division
relative to peripheral cells, the relationship between cell size and radial position was not linear once
the colony expanded beyond ~100 um in diameter. Instead, an oscillatory pattern emerged,
characterized by waves of cell size variation over time and space, radiating outward from the colony
center (Figure 2d and Figure 3). For instance, in the fifth cell cycle, cells located in the innermost
ring (0-25 um) and the mid-peripheral ring (100-125 um) were smaller, while those in the third
(50-75 pm) and outermost (150-175 um) rings were comparatively larger (Figure 2a).
Additionally, deviations from a monotonic or linear trend in cell size distribution were observed in
other microcolonies (Figure 2d), highlighting spatial heterogeneity in division behaviour across
colonies of similar developmental stages. To assess whether concentric patterns of cell size are
reproducible across colonies, we analysed two independent microcolonies (Figure 3a and 3b).
Radial kymographs revealed dynamic, wave-like cell size patterns that originated near the center
and propagated outward over time. These spatiotemporal patterns manifested as alternating bands
of larger and smaller cells aligned in concentric zones. Quantitative box plots of cell size at a fixed
time point (onset of the 4™ division) further confirmed these observations (Figure 3ii). In both
colonies, cell size varied non-monotonically with radial distance, displaying periodic peaks and
troughs. This spatial heterogeneity was consistent with concentric ring structures and suggests a
robust, coordinated mechanism of radial growth regulation.

To ascertain whether the mitotic sizer rule was consistent across all sequential cycle
numbers within the microcolony, the number of daughter cells from parent cells of different sizes,
measured at various radial distances from the edge of the cell microcolony, was first evaluated
using microscopic images (Figure 4a). These experimental measurements were then compared to
the predicted values derived from the modified threshold model of mitotic sizer described in [6].
To estimate cell volumes from two-dimensional time-lapse images, cells were approximated as
ellipsoidal objects. The projected cross-sectional area was measured from fluorescence
segmentation, and the minor axis length was assumed to represent the z-dimension of the ellipsoid.
This approach follows the extrapolation method previously reported by Liu et al. [6]. The analysis
revealed a good fit with the mitotic sizer model across all radial positions within the cell
microcolony, indicating that the mechanism of the mitotic sizer remains unaffected and consistent

Page 8 of 28



392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441

regardless of the cells' radial distance from the microcolony centre. The parameters of the modified
threshold model are listed in Table S1. This hypothesis is further supported by the box plots
illustrating the relationship between the number of daughter cells produced and the cross-sectional
area of parent cells (Figure 4b). The data showed that, across all radial distances from the centre
of the cell microcolony, parent cells with sizes ranging from 40 to 70 um? typically underwent a
single division, resulting in two daughter cells. Parent cells sized between 70 and 100 um?
underwent two successive divisions. Cells with even larger sizes experienced three successive
divisions. For maximum accuracy, the division numbers associated with parent cell sizes were
determined manually through careful frame-by-frame inspection of the time-lapse data.

Dependence of cell cycle upon hydrogel matrix

Here, we characterised the cell cycle under varied concentrations of gel matrix as a proxy
for studying the varying degree of mechanical stress imposed on confined cells by the surrounding
matrix. Generally, the mechanical stiffness of a gel pad scales linearly with the concentration of
agarose in weight percentage [42]. Microcolonies were established between agarose gel pads and
between 10 and 15 microcolonies were analysed for each gel concentration. After five days, the
size of microcolonies demonstrated a negative correlation with agarose gel concentration (Figure
5a). Cell number increase was the fastest with the lowest gel concentration (0.5% wt), while slower
growth exhibited as the gel concentration increased up to 3% (Figure Sb). For example, at the 110th
hour, microcolonies under 0.5% wt and 1% wt agarose averaged 1200 cells, whereas those under
2% wt and 3% wt agarose averaged 800 cells. The distinction was reflected in early stage of
microcolony development at the 50 hour. Nonetheless, step-like features aligned with the diurnal
cycle were seen at each agarose concentration (Figure Sc¢). To examine variability across colonies,
the coefficient of variation (CV) in colony size was also calculated at multiple time points (Figure
S10). These results indicate that there is no consistent trend in CV with increasing gel concentration.
Instead, the observed variability appears to arise largely from heterogeneity in the timing of the first
cell division event. In some colonies, division occurred early (within the first 10 hours), while in
others, division was delayed until after 24 hours. This difference in initial proliferation timing
resulted in substantial divergence in colony size at later time points, regardless of agarose
concentration.

We next showed that the cell cycle progressed in accordance with diurnal conditions,
maintaining regular intervals of around 24 hours (Figure 6a). The size of daughter cells remained
consistent across all sequential cycles and was independent of gel concentration, as indicated by
the convergence of minimum median cell area values at each division point. These results suggest
that agarose concentration does not affect the size of daughter cells following cell division.

To show how these data provide insights into systems level dynamics of how mechanical
pressure and light conditions affect cell size over time, an exponential model was fitted to the cell
size variation data, determining the growth rate for each sequential cycle number under varying gel
concentrations [7]:

A(t) = A(0) exp(ut) (1)
where A(0) denotes the initial cell size and u represents the rate of cell growth. In the initial three
cell cycles, the growth rate decreased with increasing gel concentration (Figure 6b). However,
beyond the third cycle, cell growth rates across different gel concentrations did not display a notable
trend. This convergence of growth rates across all gel conditions beyond third cycle could be
attributed to the higher rate of cell growth and subsequent division numbers in the first three cycles,
which resulted in a significantly higher cell density under lower gel concentrations. This is evident
as the cell growth rates gradually decreased over successive cell cycles, regardless of agarose gel
concentration (Figure 6b).

There was a notable spread of mitotic events around the timepoint of the light-dark
transition, with a small proportion of cells entering division before the peak timing (Figure 6c¢).
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The earlier division was observed among cells of larger sizes [43]. Conversely, under higher gel
concentrations, the division events extended well beyond the light-dark transition (LD12) into the
dark phase, occurring after cells in lower gel concentrations had completed mitosis. This
phenomenon was further evidenced by the mitotic percentage within the microcolonies at each
division time point (Figure 6¢ and S11), where a higher gel concentration corresponded to a lower
fraction of cells entering the mitotic phase by the end of the light phase. Additionally, the average
timing of cell division shifted progressively away from the LD12 transition as the gel concentration
increased (Figure 6d), indicating that a stiffer mechanical environment delays the coordination of
mitotic entry with the light—dark cycle. The plot of mitotic percentage versus parent cell size also
indicates the consistency of the commitment size across all gel concentrations (Figure 6e). The
mitotic percentage increased linearly with parent cell size up to 75 um?, beyond which the slope of
increase became gentler. Given the same parent cell size, the mitotic rate decreased slightly with
increasing gel concentration. The number of successive divisions produced was positively
associated with the cross-sectional area of the parent cell, regardless of the surrounding gel
concentration (Figure 6f). While parent cell sizes were comparable at division number 1 and 2
across both 0.5% and 3% agarose gels (p > 0.05), cells in 3% agarose exhibited significantly larger
parent sizes than those in 0.5% agarose by the third division (p < 0.01) (Figure 6f). For maximum
accuracy, the division numbers associated with parent cell sizes were determined manually through
careful frame-by-frame inspection of the time-lapse data.

Discussion

C. reinhardtii cells typically grow during the light phase and divide during the dark phase
under diurnal conditions, resulting in apparent synchrony. This synchrony is imposed by the light-
dark cycle, while the actual timing of division is governed by intrinsic size and timer controls that
operate independently of external cues [2]. While classical synchronisation protocols for C.
reinhardtii typically employ autotrophic conditions such as high salt (HS) medium [44], recent
studies have demonstrated that synchronisation can also be achieved under mixotrophic conditions
using TAP medium supplemented with acetate, provided that appropriate light-dark cycles are
maintained [45], as demonstrated in this work (Figure 1a and 6a). As microcolonies matured,
however, not all cells continued to grow and divide in strict accordance with this cycle. Over time,
cell cycle synchrony diminished, exhibiting a distinctive spatial pattern across the microcolony
(Figure 1). A progressive phase delay relative to the light-dark cycle was observed during colony
expansion, potentially influenced by position-dependent factors such as mechanical constraints or
cell-cell contact [22], though further work is needed to determine causality.

The linear increase in parent cell size with radial distance from the colony centre began to
break down once the colony exceeded a certain size threshold (Figure 3). At this stage, a concentric,
wave-like pattern in cell size emerged, which we interpret as a manifestation of localized
mechanical stress arising from the collective macroscopic growth of all cells within the confined
microcolony. This interpretation is supported by discrete particle simulations and analytical models
that predict similar spatial structuring under mechanical pressure in growing cell populations [46].
With a lower level of mechanical stress and greater access to nutrients or gaseous requirements [47-
49], cells in the periphery tend to be more active with higher growth and division rates [50], leading
to a higher number density of cells per unit area. Conversely, centrally located cells experiencing
greater mechanical stress displayed reduced growth rates [S1]. While contact inhibition among
densely packed cells remains a possible contributing factor, no direct measurements of mechanical
signalling were performed in this study. The increasing impact of cell crowding and diffusion
limitations across microcolonies was also evident in the reduction of cell growth rates over time
under 0.5% wt and 1% wt agarose gel pads (Figure 6b).

When cells are confined in tight clusters, the cell cycle can be influenced by a combination
of factors, including restricted access to essential substrates. The availability of nutrients such as
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nitrogen, phosphorus, sulfur, and carbon dioxide for photosynthesis may be compromised due to
diffusion limitations, particularly for cells located farther from the colony surface or nutrient source
[52, 53]. In such cases, localized deficiencies can arise, potentially triggering cell cycle arrest and
entry into a quiescent state [54]. Additionally, the diffusion limitation of metabolic byproducts can
result in the accumulation of reactive oxygen species, causing oxidative damage [55]. Furthermore,
direct contact among neighbouring cells introduces physical constraints, such as space limitations
and contact inhibition [56], which become more prominent in densely packed cell clusters [57].
With evidence of quorum sensing in C. reinhardtii [58, 59], there is likely a considerable
accumulation of signalling molecules at high cell densities within closely packed microcolonies.
Though localized heterogeneity in solute and gaseous concentrations within microcolonies cannot
be entirely ruled out, this study argues against nutrient limitation as a primary driver of the observed
spatial heterogeneity in cell size. Given the small size of the microcolonies analysed in this study—
typically below 200 pm in diameter—and the early appearance of spatial heterogeneity in cell size,
it is less likely that diffusion limitation was the dominant factor shaping growth dynamics at these
early stages. This interpretation is consistent with observations from bacterial microcolonies, where
aggregates of similar dimensions (<200 um in radius) have been shown to exhibit minimal nutrient
depletion and maintain growth rates comparable to planktonic cultures under nutrient-rich
conditions [52]. While differences in physiology between bacteria and microalgae exist, the
physical constraints on diffusion in dense cellular aggregates are broadly comparable, particularly
with respect to small solutes such as oxygen (O:), carbon dioxide (COz), nitrogenous compounds
(e.g., nitrate, ammonium), or phosphate [53]. Thus, while localised gradients of gases such as O: or
CO: may still arise, the scale and timing of cell size divergence suggest that mechanical factors or
cell-cell interactions are more likely contributors in the early phases of colony development.
Importantly, this interpretation does not exclude the potential influence of diffusion-limited
substrate availability; rather, it highlights that diffusion constraints alone are unlikely to account
for the observed spatial heterogeneity, particularly at early time points and small colony sizes.

Beyond a radius of 200 um, diffusion limitations become progressively more significant,
leading to the formation of internal gradients and heterogeneous growth behaviour. Importantly,
Jeanson et al. [52] focused on three-dimensional (3D) bacterial aggregates, where diffusion
distances are inherently longer and more restrictive. In contrast, the present study investigates
planar microcolonies, where cells are predominantly arranged in two dimensions. This reduced
dimensionality facilitates more efficient diffusion of solutes and gases across the colony, further
minimizing the likelihood of significant internal nutrient gradients at the small colony scales
examined. To further evaluate the potential role of diffusion limitation within microcolonies,
oxygen concentration profiles were measured across C. reinhardtii colonies of different sizes. In
colonies with diameters approaching 600 um, a visible oxygen gradient was observed, with higher
oxygen concentrations detected toward the core of the colony and closer to the light source (Figure
S12). In contrast, in smaller colonies with diameters around 200 pm, oxygen concentrations
remained relatively uniform across both lateral and vertical dimensions, with no significant
accumulation at the centre under illumination or significant deficiency under darkness (Figure
S13). These findings demonstrate that while oxygen diffusion limitations can develop in larger,
densely packed aggregates, microcolonies of the size range analysed in the present study are
unlikely to experience substantial oxygen or nutrient depletion. Thus, the spatial heterogeneity in
growth and division observed is more likely attributed to mechanical and spatial factors, rather than
to localized resource limitation.

Spatiotemporal analysis of cell size variation across individual colonies revealed the impact
of physical confinement and mechanical pressure imposed by cell crowding, upon the mechanisms
of commitment and mitotic sizers within colonies. The commitment threshold remains consistent
across spatial locations within the colony, with no variation in the slope gradient (Figure 1d and
S8). On the other hand, higher gel matrix concentration and thus mechanical stiffness led to lower
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rate of cell growth and divisions (Figure 6b and 6c¢). Since cells are only able to enter the mitotic
phase once they reached a size beyond the commitment point, when this size threshold was not
achieved, the timing of division was delayed until the next diurnal cycle. Rather than dividing at a
smaller cell size, cell division was postponed until sufficient growth was achieved. Delayed division
provides additional time for biomass accumulation, leading to progressively larger parent cells over
successive cycles (Figure 6f). The number of daughter cells produced was solely dependent on the
parent cell size, regardless of the gel concentration. This phenomenon, where increased gel matrix
stiffness led to a reduction in overall cell size and productivity, has been reported in other studies
of photosynthetic microorganisms [60, 61]. Furthermore, the reduction in diffusivity and
permeability with higher agar concentrations inhibited bacterial microcolony expansion with
slower fluid transport with nutrients [62, 63].

After the attainment of commitment threshold, once cell division was initiated, regulation
by the mitotic sizer remained unaffected by the gel concentrations, as reflected in the consistent
relationship between parent cell size and number of daughter cells across all gel concentrations
(Figure 4b and 6f). Similarly, within individual microcolony, the size of daughter cells remained
relatively constant, showing only slight variations depending on the parent cell size, regardless of
spatial position within the microcolony (Figure 2). These findings reinforce the consistency of the
mitotic sizer mechanism across varying spatial contexts within the microcolony. This suggests that
the regulation of cell size at mitosis is robust and uniformly maintained throughout the microcolony.

It is also important to highlight that the cells immobilised within the gel pad, although
closely clustered together, do not exhibit the typical stress response associated with palmelloid
formation in C. reinhardtii [64, 65]. In the palmelloid state, cells do not fully divide and are
encapsulated within a persistent outer cell wall envelope derived from the parent cell [66].
Additionally, cells in the palmelloid state possess truncated, dysfunctional, or entirely absent
flagella [67]. In contrast, cells immobilised in the gel pad displayed fully developed flagella, which
were clearly visible around the edges of microcolonies (Figure S14). These cells retained motility
and regained their swimming ability once the gel was removed from the substrate.

Studying confined microcolonies of C. reinhardtii provided new insights into the effects of
cell crowding on the cell cycle and offers a model for investigating initial biofilm formation on a
reduced scale. The observed spatial dependence of phase lag in cell cycle progression among
confined cells mirrors, on a reduced scale, the spatial partitioning of biofilms into growing and
resting regimes [24]. In the proposed mechanism, cells positioned at the upper surface of the
biofilm, furthest from the solid substrate, are in the growing regime. The microcolonies formed a
largely planar structure with increased vertical layering near the centre, resulting in central cells
being located beneath multiple overlying layers and experiencing greater light shading compared
to peripheral cells. As illumination was applied from above, peripheral cells—closer to the
surface—were more exposed to light, whereas centrally located cells, especially those near the base
of the dome, likely experienced reduced light availability. In dense algal clusters, even a few layers
of cells can significantly attenuate incident light, potentially limiting photosynthetic activity and
slowing division rates in the inner regions of the colony (Figure S12b) [68]. These findings may
also have relevance for understanding how C. reinhardtii coordinates growth and division in
spatially confined microenvironments, such as soil pores or on particle surfaces [69, 70]. In such
habitats, cells may experience physical constraints, heterogeneous access to light and nutrients, and
dense local populations—all of which may influence cell cycle dynamics in ways similar to those
observed in our immobilised colony system. While the results in this work underscore the
importance of mechanical and spatial cues in modulating cell cycle dynamics, extrapolation to more
complex environments, such as biofilms or natural consortia, requires caution. Future work
incorporating additional environmental variables (e.g., nutrient gradients, light availability,
extracellular matrix components) will be critical for assessing the generalizability of these results.
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Nevertheless, the framework established here offers a versatile and scalable platform for such
investigations, particularly in controlled comparative analyses of wild-type and mutant strains.
While the present study focused on wild-type strains, the platform is well-positioned to analyse
quantitative phenotypes in non-lethal mutants, particularly those affecting the mitotic sizer system
(e.g., mat3, dp, cdka) [6]. These mutants, which alter cell size control without compromising
viability, represent a valuable opportunity for future studies to leverage our colony-level growth
analysis to uncover novel insights into cell cycle regulation.

A limitation of this study is the absence of direct viability assays, such as trypan blue
exclusion or propidium iodide staining, to explicitly quantify cell death or complete growth arrest.
Furthermore, subtle forms of metabolic stress or non-lethal arrest may not be fully captured by this
current approach, and future studies incorporating direct viability assessments would be valuable
in complementing the findings. In future applications, the platform could be extended through the
use of multichannel fluorescence imaging to probe additional cellular processes beyond growth and
division. For example, fluorescent reporters could be employed to monitor cell cycle regulators,
stress responses, metabolic states, or signalling dynamics in real time [71-73]. Similarly,
photosynthetic capacity could be assessed through variable chlorophyll fluorometry techniques—
such as pulse-amplitude modulation (PAM) or fast repetition rate fluorometry—to provide spatially
resolved measurements of photophysiological performance within microcolonies [74, 75]. Such
additions would enable simultaneous tracking of molecular, physiological, and phenotypic features
at the single-cell level within a spatially structured context, further enhancing the platform's utility
for dissecting complex developmental and stress-response behaviours in immobilised microalgal
systems [76].

Although this study focused on population-level and spatial trends in cell division, the
potential value of lineage-level analysis is recognised. Due to the 1-hour imaging interval
employed, long-term monitoring of multiple colonies was achieved; however, this temporal
resolution was not sufficient to accurately resolve the timing and sequence of individual division
events across full lineages. As a result, reconstruction of complete division histories was limited.
Future studies will aim to incorporate higher temporal resolution imaging in selected fields of view,
allowing more detailed tracking of individual cells and their progeny. When combined with refined
segmentation and automated tracking workflows, this approach is expected to support high-
confidence lineage reconstruction. Such developments would enable the investigation of lineage-
dependent variability, heritability of division timing, and the influence of spatial positioning on cell
cycle progression under confinement.

In conclusion, this work demonstrates how cell cycles vary within individual colonies, the
effect of surrounding matrix on the cell cycle progressions, and how the commitment and mitotic
sizer are affected as a consequence. As microalgal microcolonies mature, the typical light-
dependent growth and synchronous division cycle becomes less consistent, with cell cycle
synchrony diminishing and displaying a distinctive spatial pattern. Despite these variations,
daughter cell size remains relatively consistent. A notable reduction in cell growth rate and delay
in cell divisions was observed with increasing gel concentration, yet the regulation of the mitotic
sizer and light-gated timer mechanisms remained unaffected. These findings offer a framework for
understanding how physical and environmental constraints affect cellular behaviour, advancing
models for biohybrid systems and microalgal biotechnologies.
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Figure 1. Synchronisation is lost in large colonies — radial patterns emerge. (a) Timelapse
monitoring of individual microcolonies revealed periodic expansion in total cell number
corresponding to diurnal illumination, driven by the growth-division synchronisation of individual
cells with the light-dark cycle. The light phase is indicated by yellow shading, highlighting periods
of illumination. This figure shows the mean cell area and the total cell number in a single
microcolony, under 0.5% wt agarose gel pad enriched with TAP nutrient medium. The error band
represents the standard error of the single cell area at each frame. (b) Illustration of cell cycle phase
classification based on morphological features. Using machine learning, the segmented cells were
classified into two general cell cycle phases of growth (G) with red outlines and synthesis/mitosis
(S/M) with green outlines (Scale bar = 50 pm). Cells in the outermost region divided earlier than
those located closer to the microcolony centre. (c) Mitotic percentage across the population was
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computed within concentric rings positioned at varying distances from the colony edge at the time
of imaging, under a 0.5% wt agarose gel pad. Error bars represent the standard error (n = 8
microcolonies). The "number of cycles" refers to the number of discrete division events observed
within a colony. For example, a colony exhibiting its first division at 2 hours and a second division
at 26 hours would be considered to have undergone two division cycles. Mitotic percentage was
calculated using consecutive frames selected around the onset of division timepoints. (d) The
dependence of mitotic percentage on the size of cells positioned at varied radial distances from the
colony edge, under a 0.5% wt agarose gel pad. The error band indicates standard error of mean (n
= 21 microcolonies).
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Figure 2. Parent—-daughter cell dynamics across division cycles in microcolonies. Box and
whisker plots comparing the cross-sectional area of (a) parent cells and (b) daughter cells at
different radial positions upon each cycle of divisions within a single microcolony under TAP
medium. The median value is represented by a solid horizontal line, with the boxes extending from
the lower (25th percentile) to the upper (75th percentile) quartiles. The whiskers extend an
interquartile range (IQR) from the mean, which is indicated by a hollow square marker. The data
was compiled from a single microcolony, comprising of 600 cells in total. (c) Real fluorescent
images corresponding to each division onset episode are shown, highlighting parent cells prior to
division and daughter cells following division completion. (d) Representative fluorescence images
from three individual microcolonies captured at the onset of the fifth cell division cycle. Each cell
is overlaid with a colour map corresponding to its cross-sectional area, with the colour scale shown
at right. These images illustrate the spatial heterogeneity in cell size distribution within colonies at
equivalent division stages.
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centre are positioned near the centre of the y-axis. Colour intensity represents the mean cross-
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sectional area of cells in each spatiotemporal bin. Vertical dashed lines indicate the timepoints of
light-dark (LD12) and dark-light (LDO) transitions. Both colonies exhibit concentric, radially
propagating waves of cell size, as seen by the periodic banding patterns moving outward from the
center. (i) Distribution of single-cell areas across radial positions at a fixed time point i.e. onset of
the 4™ division episode. Each box represents the interquartile range (25%—75%), with whiskers
showing +1 standard deviation from mean (SD), median line in orange, and white circles denoting
the mean. Box fill colour corresponds to the mean cell size in each radial bin (mapped to the jet
colormap). Periodic spatial fluctuations in cell size are observed in both colonies, supporting the
presence of ring-like organisational structures.
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Figure 4. Mitotic sizer determines number of daughter cells. (a) Comparison of observed and
predicted number of successive divisions as a function of parent cell volume for different distance
groups from the colony edge, evaluated using microscopic images at respective sequence of cell
cycle, as compared to the values predicted with mitotic sizer modified threshold model [6].
Error bars indicate standard errors of the mean (SEM). Mother cell volume was binned, and the
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mean number of divisions + SEM is shown for each bin. (b) Box-and-whisker plots showing the
distribution of parent cell cross-sectional areas as a function of the number of daughter cells
produced during division, across successive division cycles. Each data point represents an
individual parent cell. Boxes represent the interquartile range (25th—75th percentile), with the
median shown as a horizontal line and the mean indicated by a white circle. Whiskers represent £1
standard deviation (SD). Data are grouped by the number of daughter cells (2, 4, 8, or 16), as
indicated by colour, and plotted separately for each division cycle. (n =21 microcolonies)
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Figure 5. Agarose concentration affects microcolony development. (a) Representative
microcolonies of C. reinhardtii captured beneath agarose gel pads of concentration 0.5% wt, 1%
wt, 2% wt and 3% wt imaged at the 120" hour. The scale bars correspond to 20 um. (b) Expansion
of microcolony area over time under varying agarose concentrations. Each point represents the
average area across independent colonies per condition, with error band indicating standard error
of mean (0.5% wt: n = 20; 1% wt: n = 10; 2% wt: n = 30; 3% wt: n = 30 microcolonies). (c) Plot
illustrating cell number dynamics over time under varying gel concentrations, with the error band
indicating standard error computed from 10 to 15 microcolonies in each condition. The dataset was
compiled from two biological replicates (independent imaging runs), including 20 microcolonies
grown in 0.5% agarose, 10 in 1%, 30 in 2%, and 30 in 3% agarose.
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Figure 6. Mechanics of the environment influence growth rates but preserve sizer control
robustness. (a) The temporal variation of the median cross-sectional cell area under agarose gel
pads of varying concentrations is depicted, with error bands representing the standard error. This
error was computed from analyses of 10 and 15 microcolonies for each gel concentration,
respectively, with each microcolony containing over 1,000 cells. The light phase is indicated by
yellow shading, highlighting periods of illumination. (b) Dependence of cell growth rate on the
sequence of cell cycles undertaken and the concentration of the agarose gel pad. The median value
is represented by a solid horizontal line, with the boxes extending from the lower (25th percentile)
to the upper (75th percentile) quartiles. The whiskers extend 1.5 times the interquartile range (IQR)
from the upper and lower quartiles, and the mean is indicated by a hollow square marker. Each data
point represents a single microcolony imaged. (¢) The evolution of mitotic percentage within the
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microcolony population under a 12-hour cycle of light (yellow shading)-dark (white) period. (d)
Shift in cell division timing relative to the light—dark transition (LD12) under varying agarose
concentrations. The x-axis indicates the time of the LD12 transition during the imaging process.
The y-axis represents the deviation (in hours) between actual division onset and the LDI2
transition, effectively capturing the shift in timing for each division event. Data points represent the
mean timing shift for cells that produced 2, 4, 8, or 16 daughter cells, grouped by agarose
concentration (0.5%, 1%, 2%, and 3% w/v). Error bars indicate standard error of mean (0.5% wt: n
=20; 1% wt: n = 10; 2% wt: n = 30; 3% wt: n = 30 microcolonies). (¢) The dependence of mitotic
percentage on the size of cells, beneath agarose gel pad of varied concentrations. The error band
indicates standard error of mean (0.5% wt: n = 20; 1% wt: n = 10; 2% wt: n = 30; 3% wt: n = 30
microcolonies). Mitotic percentage was calculated using consecutive frames selected around the
onset of division timepoints. (f) Box-and-whisker plots showing the distribution of parent cell cross-
sectional areas as a function of the number of successive divisions, under 0.5% wt and 3% wt
agarose respectively. Boxes represent the interquartile range (25th—75th percentile), with the
median shown as a horizontal line and the mean indicated by a white circle. Whiskers represent £1
standard deviation (SD). Statistical comparisons between gel conditions at each division number
were performed using one-way ANOVA followed by Tukey’s post hoc test, with p-values indicated
above the brackets. The data correspond to the measurements summarized in Supplementary Table
S3.
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