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With the goal of investigating the assembly and fragmentation of cellular aggregates, this
manuscript examines cyanobacterial aggregates in a laboratory setting. This quantitative
investigation of the conditions and mechanisms behind aggregation is an important
contribution as it yields a basic understanding of natural processes and offers potential
strategies for control. The combination of computational and experimental investigations
in this manuscript provides convincing support for the role of shear on aggregation and
fragmentation.

https://doi.org/10.7554/eLife.103503.3.sa2

Abstract

Fluid flow has a major effect on the aggregation and fragmentation of bacterial colonies. Yet, a
generic framework to understand and predict how hydrodynamics affects colony size remains
elusive. This study investigates how fluid flow affects the formation and maintenance of large
colonial structures in cyanobacteria, using an experimental technique that precisely controls
hydrodynamic conditions. We performed experiments on laboratory cultures and lake samples of
the cyanobacterium Microcystis, while their colony size distribution was measured simultaneously
by direct microscopic imaging. We demonstrate that EPS-embedded cells formed by cell division
exhibit significant mechanical resistance to shear forces. However, at elevated hydrodynamic
stress levels (exceeding those typically generated by surface wind mixing) these colonies
experience fragmentation through an erosion process. We also show that single cells can aggregate
into small colonies due to fluid flow. However, the structural integrity of these flow-induced
colonies is weaker than that of colonies formed by cell division. We provide a mathematical
analysis to support the experiments and demonstrate that a population model with two categories
of colonies describes the measured size distributions. Our results shed light on the specific
conditions wherein flow-induced fragmentation and aggregation of cyanobacteria are decisive
and indicate that colony formation under natural conditions is mainly driven by cell division,
although flow-induced aggregation could play a role in dense bloom events. These findings can be
used to improve prediction models and mitigation strategies for toxic cyanobacterial blooms and
also offer potential applications in other areas such as algal biotechnology or medical settings
where the dynamics of biological aggregates play a significant role.

Introduction

Many environmental and pathogenic bacteria exhibit colonial forms of life, either as surface
hydrodynamic stresses, which may lead to flow-induced fragmentation and aggregation [6]. These
physical processes, combined with biological growth, determine the fate of aggregates and the
microbial lifestyle. Nonetheless, despite their abundance and fundamental importance, a generic
framework to study the effects of fluid flow on bacterial colonies, as well as their fragmentation
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and aggregation across scales, is still in its infancy [7-10]. Here, we focus on colonies of bloom-
forming cyanobacteria and ask the question: how flow-induced aggregation and fragmentation
regulate dynamic changes in colony size?

These blooms often lead to increased turbidity, cause harm to other aquatic organisms, and
deteriorate water quality. Recent evidence indicates that the severity and frequency of
cyanobacterial blooms are increasing due to eutrophication and climate change [12-15].
Consequently, water management authorities show growing interest in techniques to prevent,
monitor, and control these toxic blooms [16]. A particular effort is being taken to combat blooms
of Microcystis, a non-motile colony-forming freshwater cyanobacterial genus that dominates many
aquatic ecosystems worldwide [17, 18]. Fluid dynamics is at the heart of Microcystis bloom
formation, but is also used in some of the methods to control them. A large colony size and positive
buoyancy give Microcystis a higher average light dose in comparison to non-buoyant algae [19, 20].
Control methods such as deep artificial mixing have been successfully applied in several lakes to
disrupt this competitive advantage by increasing the turbulence level [21]. Yet, the mechanisms of

Microcystis colony formation, and in particular, the impact of fluid flow on the formation of
colonies are poorly understood.

Microcystis cells are held together by a layer of extracellular polymeric substances (EPS),
facilitating the formation of large colonies of up to a millimeter in diameter with diverse
morphological arrangements [22-24].

expansion of cells which remain attached by their secreted EPS layer after division, and (ii)
aggregation, i.e., initially independent cells/colonies collide and adhere to each other. Sequencing
of Microcystis colonies has revealed a much higher genetic diversity between independent
colonies than within colonies, thus supporting the hypothesis that colony formation under natural
called cell adhesion) can promote a rapid increase in colony size beyond the limit set by division
rates, and may explain sudden rises in colony size in late bloom periods [26-28]. Aggregation rates
depend on the stickiness of the colonies, which in turn is controlled by the EPS composition, pH,
and ionic composition of water [29-31]. In particular, divalent cations such as Ca?* can bridge
negatively charged functional groups in EPS and therefore increase stickiness [32-34]. It has been
shown that high levels of Ca®* enhance cell aggregation in Microcystis cultures [35]. Moreover, cell

cell aggregation by regulating the collision frequency between cells or colonies [6]. In addition,
fluid flow also influences colony formation through fragmentation, potentially serving as a
Beyond modulating colony size through aggregation and fragmentation, fluid flow has also been
proposed as a driving factor in changes in colony morphology and growth rate [39-41].

Flow-induced alterations in colony size and morphology impact the vertical migration and grazing
resistance of colonies, thereby influencing the success of the Microcystis population. This bears
significance for forecasting models which have often assumed a fixed colony size [42-44].
Information on colony size is also important for bloom control via artificial mixing systems, which
rely on estimates of colony flotation velocity, determined by both colony shape and size [21, 45].
Moreover, it remains uncertain whether mixing systems, such as bubble plumes, can enhance
their efficiency by fragmenting colonies or whether artificial mixing may inadvertently promote
aggregation. Colony fragmentation has been observed in grid-stirred [46] and propeller mixed
reported averaged dissipation rates, while local values near the fast moving surfaces can be orders
of magnitude higher [48]. Furthermore, the size distribution of the colony fragments has not been

characterized.

In the present study, we investigated to what extent Microcystis colony fragmentation and/or
aggregation occurs at levels of turbulence observed for naturally or artificially mixed lakes. To this
end, colonies of a laboratory culture of Microcystis were subjected to various intensities of shear
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of dynamic changes in colony size distribution under controlled laboratory conditions and analyze
the characteristics of colonies formed by aggregation and cell division. Furthermore, the
fragmentation behavior of the laboratory culture was compared with field samples of Microcystis
spp- We also developed a numerical model based on a two-category discrete population to
simulate changes in the size of Microcystis colonies via aggregation and fragmentation. Finally, we
provide a phase map based on flow characteristics and cyanobacterial abundance to highlight
different regimes in which fluid flow plays a significant role in cyanobacterial colony formation.

Fragmentation of Large Microcystis Colonies occurs
through Erosion

A culture of Microcystis strain V163 was filtered to collect large colonies, and colonies on the filter
were subsequently re-dispersed in fresh BG-11 medium up to the desired total biovolume fraction
@ (Materials and Methods). The flow was generated by a cone-and-plate shear operating in an
inertial regime, and it was characterized by the average energy dissipation rate ¢, hereafter called
dissipation rate (Materials and Methods). The size distribution of the colonies was measured over
time by microscopic imaging of the suspension through the transparent lower surface (Fig. 1).
The colony size is described here by its relative diameter [ = d/d;, where d is the Feret’s diameter
(maximum distance between two boundary points of the colony) and d, is the single-cell diameter.
The number of cells in a colony, N, was calculated from its relative diameter via the relation N, =
¥, where f=2.09 is the average fractal dimension measured for colonies of Microcystis strain V163
(Materials and Methods). The size distribution was computed as the normalized biovolume
distribution n(l), i.e., the number of cells in colonies in size bin {; [ + A [}, divided by the total
number of cells in the suspension and the bin width.

The results show that the initial size distribution had a bimodal shape, with a subpopulation of
small colonies peaking around ! ~ 1 — 2 (single cells, dimers, and trimers) and a subpopulation of
large colonies, peaking around I ~ 20 — 40 (Fig. 2A(2). The cut-off size between the two
subpopulations is defined here as the minimum of the bimodal distribution. Some small colonies (I
~1—2), up to 20% of the total biovolume, were always present in the initial distribution even
after filtration, due to pre-stirring required to keep the suspension homogeneous. However,

medium-sized colonies (I = 4 — 8) accounted for a negligible fraction of the distribution.

When subjected to an intense dissipation rate (¢ = 5.8m? / %), the large colonies of Microcystis
strain V163 displayed considerable fragmentation, with their median diameter (50 % percentile of
the biovolume distribution of the large colonies) decaying to about half of the initial value after a
few hours (Fig. 2B(%). In contrast, the median diameter of small colonies showed little change in
size and remained below [ < 2 during the entire experiment. The size distribution after 1 hour
indicated that most colonies larger than [ = 30 were fragmented, leading to a rise in the

was preserved, with very few medium-sized colonies. This suggests that aggregation of single cells
into larger colonies is negligible under this intense shear flow condition, and the main effect of the
shear flow on the size distribution is the decrease in size of the large colonies concomitant with an
increase in the fraction of small colonies. After a few hours of shear, about 80 % of the total
biovolume was composed of small colonies (Fig. 2D (@). This time scale was much shorter than the

cell division time, such that changes in the colony size distribution by division could be neglected
within the experimental time [20].

Direct measurement of the fragment distribution function g(Ll) (i.e., the frequency of fragments
with size [ arising from the fragmentation of a colony of size ') is an experimental challenge [49-

inside the field of view is too short. Instead, a suitable model can be identified from the rate of
change in the biovolume distribution (Fig. 2E (@). A negative rate was observed for large colonies
in the range [ =; 25, indicating a loss in that size range by fragmentation. In contrast, the newly
created fragments appeared as positive peaks, with a distinct peak close to the single-cell size. This
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Fig. 1. Methodology used to observe effects of fluid flow on Microcystis colonies.

(A) Experimental setup consisting of a (cone-and-plate) controlled flow setup combined with inverted microscopy. The conical
upper surface was rotated by a rheometer head, while the stationary glass slide below the sample allowed optical access for
the microscope. (B) Examples of microscopy images. Colony size distributions were calculated after image processing of the
captured frames. (C) Changes in size distributions (and other complementary measurements) over time were used to identify
aggregation and fragmentation of cyanobacterial colonies. (D) The majority of the measurements were conducted using a
laboratory culture of Microcystis strain V163. Colonies collected from Lake Gaasperplas (Netherlands), dominated by the

morphospecies M. aeruginosa were also used.
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Fig. 2. Kinetics of fragmentation of Microcystis strain V163 colonies under cone-and-plate shear flow.

The laboratory culture was filtered to select mainly large colonies, and the total biovolume fraction was adjusted to @ = 10_4.
Suspensions were subjected to an intense dissipation rate (¢ = 5.8m?/s?) in panels A-E. (A) The initial size distribution of
colonies, expressed as biovolume fraction of the relative colony diameter (normalized by single cell diameter). The size
distribution had a bimodal shape, with large colonies (/> 5, in yellow) and small colonies (/ < 5, in green, composed mostly of
single cells, dimers, and some trimers, as depicted by the inset). (B) Median diameter of small and large colonies as a
function of time. Symbols indicate the experimental data, while the lines indicate the predictions from the population model
given by Eq. (1) with an erosion (dashed) or equal fragments (dot-dash) hypothesis for large division-formed colonies.
Small aggregates colonies follow the equal fragments hypothesis. Bars and shaded region indicate limits of 25th and 75th
percentiles. (C) Most large colonies have been fragmented after 1 hour of shear flow, but the bimodal shape of the colony
size distribution remained. (D) Biovolume fraction of small colonies (i.e., biovolume of small colonies over the total
biovolume) as a function of time. A shift is observed from large to small colonies, captured well by the erosion model, but not
by the equal fragments model. (E) The rate of change in biovolume distribution at t = Oh. Negative values indicate loss of
colonies by fragmentation, while positive values indicate newly created fragments. The distribution suggests an erosion
mechanism, as depicted by the cartoon inside the plot. (F) Fragmentation frequency as a function of the relative diameter of
colonies for three values of dissipation rate. The inset shows details for moderate dissipation rates. Error bars indicate the
standard deviation and the lines indicate the predictions by Eq. (5)C2 . Best fit parameters: a; = 0.023, S, = 0.034, g, =4.5;
erosion: S, =31, g, =4. 1, equal fragments: 5, =33, g, =6.3.

Sinzato et al., 2025 eLife 14:RP103503. https://doi.org/10.7554/eLife.103503.3 50f 39


https://doi.org/10.7554/eLife.103503.3
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/physics-living-systems

Y o Physics of Living Systems
weLife

result is compatible with an erosion mechanism, in which small fragments with one or a few cells
are detached from the outer layer of the colony. For an ideal binary erosion, a fragmentation event
of a colony with i cells results in one cell being eroded from the surface of the colony with a
complementary fragment of i — 1 cells remaining. Small deviations from an ideal binary erosion
are observed in Figure 2E (3, with most eroded fragments lying in the range 1 < [ < 2. Nevertheless,
ideal erosion provides a good approximation for the results. Accurate identification of
complementary fragments from the rate of change in the biovolume distribution was more
difficult, because the broad initial distribution of our suspension led to a broad distribution of
complementary fragments. In this case, the rate of change in the biovolume distribution shifted
from a net loss of eroded colonies at larger sizes (I = 25) to a net gain of complementary fragments
at intermediate sizes (5 s I < 20).

Assuming an ideal binary erosion mechanism, the fragmentation frequency « () was computed
from the temporal dependence of the biovolume distribution (Materials and Methods). Here, k(1) is
defined as the average number of fragmentation events (loss of a single cell) that one colony of
size [ suffers per unit of time. The fragmentation frequency of Microcystis strain V163 was
calculated as a function of colony size for three values of dissipation rate (Fig. 2F (2). The results
show that the fragmentation frequency increases with colony size. Furthermore, an increase in
dissipation rate sharply intensifies the erosion of colonies, with a two order of magnitude increase
in (1) when ¢ varies from 1.1 to 9.6 m%/s3. The intensified fragmentation frequency also reduces
the time required for the biovolume distribution to reach a steady-state (SI Appendix %, Fig. S3(%).
It is also noticeable that some of the large colonies (5 to 10 % of the total biovolume) do not
fragment to single cells but remain as large colonies of 10-20 cells even after 5 hours of very high
dissipation rate (¢ = 9.6m?/s®), indicating variability in the mechanical strength of colonies, with
a subset presenting an exceptional resistance in comparison to the average behavior (SI

Appendix (2, Fig. S3E and F(2)

Aggregation-Formed Colonies are Less Resistant than
Division-Formed Colonies

In addition to inducing fragmentation, a turbulent flow may also increase the collision frequency
of colonies. If the collisions are adhesive and the suspension is concentrated enough, then new
colonies will be formed by aggregation. We subjected a single-cell suspension to the cone-and-plate
shear flow to investigate whether aggregation can be a dominant colony-forming mechanism
compared to cell division. Cultures of the Microcystis strain V163 were filtered to obtain a single-
cell suspension, and the total biovolume fraction was adjusted with fresh BG-11 medium

suspension due to imperfect filtering and/or aggregation during the pre-stirring. The size
distribution was unimodal (single peak, Fig. 3A @), in contrast with the bimodal distribution

moderate dissipation rate (¢ = 0.019/m2/s°) and a total biovolume fraction of ® = 1074, the single-
cell suspension showed aggregation of cells into small colonies, with a steady-state median
diameter of [ = 1.8 (Figs. 3B and 3C(%). Note that cell division can be neglected as the measurement
time was much shorter than the division time. An increase in the collision rates due to a denser
single-cell suspension led to an increase in the median diameter, although the increase was minor.
At a high total biovolume fraction (@ = 5.10%), a steady-state median diameter of [ = 2.4 was
reached, with a negligible fraction of colonies above [ = 5 (SI Appendix(@, Fig. S4C2). Therefore,
the aggregation of single cells is likely limited by weak bonds between cells. At the steady-state
regime of median diameter, the newly-formed aggregates with a large diameter would be quickly
fragmented back into smaller parts.

A suspension of division-formed colonies under the same moderate dissipation rate (¢

quiescent medium, without shaking, thus the colonies are assumed to have formed solely by cell
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Fig. 3. Kinetics of aggregation for a single-cell suspension of Microcystis strain V163 at a moderate
dissipation rate of ¢ = 0.019 m%s and a total biovolume fraction of @ = 104,

(A) Initial size distribution of the suspension as a function of the relative diameter, composed mostly of single cells. (B)
Median diameter of colonies formed by aggregation of single cells as a function of time. Symbols indicate the experimental
data, while the lines indicate the predictions from the population model given by Eq. (1)('_’.' with an equal fragment
hypothesis for small aggregates colonies. Bars and shaded region indicate limits of 25th and 75th percentiles. (C) After 1 hour
of shear flow, the size distribution has shifted towards slightly larger diameters. (D) Time behavior of a suspension of large
division-formed colonies under the same moderate dissipation rate and total biovolume fraction. The bimodal size
distribution is separated into large (yellow) and small (green) colonies. Dashed lines and shaded regions indicate predictions

from the population model given by Eq. (
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division. The erosion of division-formed colonies was negligible, as the fraction of small colonies
remained below 20% (SI Appendix (@, Fig. S2B 3). Furthermore, the nearly constant median
diameter of the large colonies (observed also for other total biovolume fraction values, SI

Appendix (2, Fig. S2 23) shows that the division-formed colonies did not aggregate at this moderate
dissipation rate.

The results above indicate that bonds formed during flow-induced aggregation (whether between
two single cells or two division-formed colonies) are weak and cannot withstand intense
dissipation rates. In contrast, the bonds between cells within a single division-formed colony are
significantly more resistant. This difference in mechanical strength of the cellular binding in
aggregation-formed versus division-formed colonies can be attributed to the structure of the EPS
layer that surrounds the colonies. Aggregated colonies would have intercellular gaps (smaller that
the cell size) that are not filled with EPS. In contrast, cell division allows enough time for the gaps
to be filled with secreted EPS, effectively increasing the bond strength between cells (Figs. 3B and

strain V163 is too thin (< 1 um) for a clear identification using optical microscopy.

Dynamical Changes in Colony Size Modeled by a Two-
Category Distribution

Our experimental results for colonies of Microcystis strain V163 (Fig. 3 @) suggest the presence of

two categories of colonies: single cells and small aggregates (denoted as C;) and large colonies

formed by cell division (C,). The total biovolume distribution n(l) is given by the sum of both
00

distributions ny (1) + ny(l), normalized such that / n (1) dl = 1. Within times shorter than the cell
0
division time, the biovolume distribution of each colony category is described by a population

model [29]:

a'fli
ot

where A;(l, t) and F;(l, t) describe the aggregation and fragmentation rates as a function of colony
size for each of the two categories (i € [1, 2]), and T;(?) is a transfer rate of biovolume between the
two categories. The turbulent shear-induced collisions between colonies shift the distribution
towards larger aggregates, and the aggregation rate is given by

- ! , 2f-1
A;i (I,t) = %[%A B, ) (pr) " i (1, t)ni (Lo, t) dlf
@

o0
—mito) [ B0 B par]

where [, = & —1h /f. The collision frequency is described by the kernel (I, I') and for a turbulent
The ratio of aggregative collisions over total collisions is given by the stickiness parameter a;. For
the category C ¢ (single cells and small aggregates), the stickiness is positive, a; > 0. In contrast, we
neglect the aggregation of C, colonies (collisions between C,-C, and Cy -C,), since the bonds
formed by aggregation would be weaker and quickly rupture again, such that a, = 0. This
assumption is corroborated by the absence of aggregation between large colonies in our
experiments (Fig. 3D @).

The colony formation will be limited by fragmentation if the colony exceeds a critical size [}, given

by
& —ai/f
F=—= 3
; (52) , 3)
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where S; and g; are constitutive parameters that depend on the aggregate structure and bond
strength, with a lower bound at [; > 1 [53, 54]. We assume that aggregation-formed colonies have
a small critical size, as the overlap between the EPS layer of each cell is narrow, leading to weak
bonds. Meanwhile, division-formed colonies produce sufficient EPS to {fill the space between cells,
thus increasing the resistance to hydrodynamic stress. The fragmentation rate is given by a first-

order kinetic equation [53]:

F;(I,t) = —k; () n; (1, ) + / g (L) ki (1) mg (U, t) dl’, 4)
1

where k; () is the fragmentation frequency, which is a function of the probability distribution
function of the hydrodynamic stress. Assuming a Gaussian distribution, the fragmentation

frequency is [53]:
[ 2¢ exp(—M?)
(1) = L 5
~i (1) 15mv  erf (M;) ©

where M; = \/15/2(1/13) ' /2% Due to the scarcity of experimental data in the literature,
simplified models are usually assumed for the fragment distribution function g;(1,l), such as

two fragments per fragmentation event), the fragment size distribution can be written in the form
gi(L1) =6(1—1,) + 8(1— 1), where [, and [, are the sizes of fragments. Based on the results from

division-formed colonies under intense dissipation rate (Fig. 2E (%), an ideal erosion mechanism is
adopted for category C2 colonies, such that g2 ([,I") =6 (I —1) +¢ (l — \//l’f — 1). In contrast, the

experimental results for the small colonies (Fig. 3C @) show a wider size distribution of eroded
fragments which can not be captured by an ideal erosion mechanism, so an equal fragments
mechanism is adopted for category C; colonies, i.e., go (I,1') = 2 (l - l//\f/i). The size
distributions of C; and C, colonies are coupled through a transfer rate of biovolume T; (I, t). We

propose that the cells eroded from C, colonies are transferred to category C; , such that:
o0
Th(,t)=—-To(l,t) =6 (l— 1)/ ko (1) ma (', t) dl’, (6)
l

while the complementary fragments of C, colonies remain in that category.

We solved the balance equation (1) using a zero-order discrete population balance, or sectional
method, in which the size distribution is described by uniformly sized bins where the size
distribution is evaluated at a representative size centered on the bin [55, 56]. The simulations were
initialized with the size distributions at ¢t = 0 obtained in our experiments. The two pairs of
parameters for critical size ({q; ,S1} and {g,,S,}) and the stickiness parameter (a;) were used to fit

the model to the experimental data (Materials and Methods).

For an initial suspension composed mainly of large colonies at an intense dissipation rate (¢
= 5.8m?/s%), the model prediction of a decrease in the median size of C, colonies up to a steady-
state diameter is in good agreement with the experimental findings (Fig. 2B (%). Moreover, the

fragments remain within the large colony size category (I > 5) during the first 5 hours of
experiments, hence the equal fragments model does not capture the observed transfer from large
to small colonies (Fig. 2D 3 and Fig. S9 of SI Appendix (2).The use of the erosion mechanism for
the fragment distribution function is further corroborated by previous studies simulating bacterial

median diameter remains near I = 1 (i.e., single cells). However, the experimental results show a
slightly wider size distribution of both the small and large colonies than predicted by an ideal
erosion mechanism (Fig. 2C2). Nevertheless, the global behavior of the size distribution is well
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described by the two-category model. Furthermore, a very good agreement is also observed
between the measured fragmentation frequency and the model predictions given by Eq. (5) & (Fig.

To complement the mathematical model and to further investigate the mechanical origins of the
resistance of division-formed colonies to intense shear, we performed rheology tests on the
cyanobacterial colonies (Materials and Methods). Simple and oscillatory shear measurements
revealed elasto-viscoplastic mechanics [58, 59] of the concentrated aggregate with a yield stress of
7y = 4.3 + 0.3 Pa. The low volume fraction of cells in aggregate (~ 12 %) indicates that the
mechanical properties are mainly dictated by the EPS layer. Equating the average hydrodynamic
shear stress to the yield stress in Eq. (11) &2 and subsequently substituting the critical dissipation

*

rate in Eq. (3) @ results in a critical colony size of /5 = 2.8. The eroded fragments observed in the

large colonies will suffer erosion when the local hydrodynamic stress exceeds the yield stress of
the EPS layer. Although the fracture behavior of colonies in suspension is expected to be different
from a concentrated aggregate under shear rheology, the latter provides a reasonable and
convenient estimate of the material properties of the colonies. Related to the critical size of the

deformation, in which the stress concentration grows quickly with aggregate size. In contrast,
cyanobacterial colonies have a soft plastic behavior that is less sensitive to large cracks, thus
justifying the large value of q.

We further tested the model with the aggregation experiments. A suspension of C; colonies with
fragments hypothesis. The model agrees well with the experimental results for the median colony
size, accurately predicting a steady-state value when there is a balance between collisions and

suspension to reach the steady-state size faster. However, the steady-state size has low sensitivity
to these parameters (a; and @), as the fragmentation frequency has a higher-order dependence
with colony size (Fig. 2F ). The equal fragments hypothesis leads to a single-peaked size
distribution, whose steady-state median increases with the total biovolume fraction. If an ideal
erosion mechanism was assumed for the C; colonies, the peak would be fixed around the single-
cell size (SI Appendix @, Fig. S6 %). The experimental results for the C; colonies are in better

agreement with the equal fragments hypothesis (Fig. 3C®).

Note that the ideal erosion and equal fragments mechanisms are idealized scenarios, and the real
distribution is expected to be more dispersed. Furthermore, a fractal description of small colonies
is limited, as a continuum function between biovolume and diameter of colonies may not hold.
Moreover, the turbulence model used for fragmentation (Eq. 5 ) poses two limitations: (i) the

theory was developed for homogeneous Gaussian turbulence [53], which differs considerably
from the boundary-layer turbulence generated in a cone-and-plate shear [60], and (ii) the colonies

colony size is comparable to the smallest eddies in the flow. Despite these limitations, the proposed
two-category model provides a good approximation of the fragmentation process observed in our
experiments. Simulations that take into account spatially inhomogeneous and non-Gaussian
turbulence are demanding and lack an explicit analytic expression for « (I) that can be applied to a
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Field Samples of Microcystis are more Resistant to
Fragmentation Due to Thicker EPS Layer

Samples of Microcystis spp. were collected from Lake Gaasperplas - the Netherlands (Materials and
Methods). A major difference in fragmentation behavior is observed between the laboratory
cultures of Microcystis strain V163 and the field samples of Microcystis spp. While the laboratory
cultures suffered intense fragmentation at a dissipation rate of ¢ = 5.8m?/s3, the colonies

A®). The
size distribution of field colonies also had a bimodal shape both initially and after 1 hour of flow
(Figures 4C and E@). The small colonies displayed an increase in size due to aggregation up to 2.5
times the initial median size (Fig. 4D (%), although the fraction of small colonies remained below

in size due to aggregation and quickly reached a steady-state size.

The higher resistance of field colonies to shear can be attributed to the thick EPS layer that
surrounds the colony, which could be seen under brightfield microscopy using a negative staining
laboratory cultures of Microcystis strain V163. Nevertheless, the limited amount of aggregation
observed for large field colonies indicates that aggregation-formed colonies have a smaller
resistance to shear than division-formed colonies, similar to the results observed for laboratory
colonies (Fig. 3 ). Differences in the morphology of colonies from field samples and laboratory

cultures are frequently observed in the literature, with the latter often presenting only single cells
or small colonies [62]. Colony formation may be influenced by various factors [17], where

especially high calcium and low nitrogen concentrations are identified as factors promoting high
EPS production [35, 63, 64]. This is consistent with the calcium and nitrogen concentrations

measured in Lake Gaasperplas (71 mg/L Ca®* and 0.04 mg/L N) versus BG-11 medium (9.8 mg/L
Ca®" and 246 mg/L N) (Materials and Methods).

Aggregation, Fragmentation, or Cell Division? A
Guideline

Under which conditions are aggregation, fragmentation or cell division the dominant processes in
colony formation? In a quiescent fluid, cyanobacterial colonies are expected to grow solely due to
cell division with a specific growth rate 4 = N, 'dN,/dt, which is a function of various
environmental factors such as light intensity and nutrient availability [17, 20]. Let [

attached after division, the rate of increase in the average colony size will be
1dl
1d_r @)
rdtf
The increase in colony size will progress until a maximum size l,,, is reached. The upper limit in
colony size is still a subject of intense discussion, with species variability, reduced division rate at
large sizes, and dissolution of the EPS layer being important factors [17, 38]. If the suspension is
concentrated enough, collisions between colonies will also increase the average colony size due to
aggregation. Let us consider initially a monodisperse suspension with a single size I. At short

1dl " caap | €
Z— =2 — =, 8
=t 2.49 (2 1) gol — ®)
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Fig. 4. Kinetics of the fragmentation of colonies in field samples of Microcystis spp. at an intense dissipation
rate (¢ = 5.8m?/s%) and total biovolume fraction of @ = 10_,.

(A) Comparison of the fragmentation frequency as a function of colony size for the laboratory culture (Microcystis strain V163)
and the field samples (Microcystis spp.). Error bars indicate the standard deviation. (B) Brightfield microscopy images of
colonies in a Nigrosin-dyed medium (dark region) show evidence of a thick EPS layer (bright region) surrounding a field
colony. (C) Initial size distribution of colonies in field samples as a function of the relative diameter. The size distribution had
a bimodal shape, with small colonies (green) and large colonies (yellow). (D) The median diameter of the colonies in each
subpopulation as a function of time. Bars indicate 25th and 75th percentiles. (E) After 1 hour of shear flow, the small colonies
have aggregated slightly, while the large colonies keept their size distribution. (F) The biovolume fraction of small colonies
remained nearly constant during the experiment.
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Assuming f'= 2 for simplicity (which is similar to the measured value for Microcystis strain V163),

between the rates of increase in the average colony size due to aggregation and cell division, given

by
Ag=20622/% ©
uw Vo

The dimensionless ratio A, reveals the dominant mechanism for colony formation (cell division is
dominant for Ay < 1, while aggregation is dominant for A; > 1) and depends on the total

5m2s! and a stickiness of a~ 0.02, we estimate a ratio Ag~ 1073, Under these conditions, the colony
size increases due to cell division while the role of aggregation is negligible (region I in Fig. 5@).
In contrast, during a dense bloom event, the scum layer can reach a very high biovolume fraction
(@~ 102 [67, 68]) in the top layer (depth of ~ 10 2 m), where concomitantly the dissipation rate is

in our cone-and-plate experiments, recent mesocosm experiments found clear evidence for the
aggregation of Microcystis colonies in surface scums, with rapid increase in colony size at rates
exceeding cell division rates [70]. Specifically, for a bulk biovolume fraction of @~ 10%and a
dissipation rate of ¢ ~ 10~*m?2/s?, that study measured a rate of increase in the average colony
size of [ ~1dl /dt ~ 0.2h~!, corresponding to a ratio of A,~ 101, These results lie well inside region II
of Fig. 5. These mesocosm experiments confirm our model prediction that aggregation is the

dominant mechanism for colony formation in region II.

Fragmentation limits the maximum colony size to a critical value I". our experimental results (Fig.

the same turbulence intensity. Conversely, a higher critical dissipation rate is needed for division-
formed colonies (¢4i») than for aggregated colonies (£44¢) to achieve the same critical size I'= L.
This creates an interesting regime at high biovolume fractions and dissipation rates in the range
€agg < € < E4iv , in Which only division-formed colonies can survive the turbulent flow, even
dissipation rate for our experiments are é,,, = 2.1 - 10 *m?/s% and ¢4, = 3.7m?/s?, assuming a
maximum colony size of [, = 50. Under natural turbulent conditions (e.g., surface wind-mixing),

This value was sufficient to prevent aggregation of large colonies in our experiments but was not
high enough to induce fragmentation of division-formed colonies. Moreover, colonies remain only
a short time (~ 1 min) in the bubble plume core, after which they are dispersed to weaker
turbulent regions (dissipation rates of ¢ ~ 10~7 — 10~*m2/s3 just a few meters away from the
bubble plume core). Nevertheless, bubble plumes can prevent the formation of a scum layer not
only by fragmentation of newly formed weak aggregates, but also by providing sufficient
turbulent mixing to disperse the buoyant colonies, thereby reducing the local biovolume fraction

the cone-and-plate setup used in our experiments (¢ ~ 10~2 — 10*m?/s3) or propellers used in
stirred tanks (¢ ~ 10° — 10*m?/s%) [48, 71]. These mixing devices can provide intense dissipation
rates in small fluid volumes, but their implementation across entire lakes would be excessively
energy-consuming.
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Fig. 5. Phase diagram indicating the dominant colony formation mechanism as a function of the
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dissipation rate ¢ and the cyanobacterial abundance (expressed by the total biovolume fraction @).

(I) Colonies grow only by cell division at low dissipation rates and total biovolume fractions. (II) As the biovolume fraction
increases, aggregation enhances colony growth. (III) For moderate dissipation rates, aggregated colonies are fragmented,
and only cell division can increase colony size. (IV) Fragmentation of colonies dominates at intense dissipation rates,
irrespective of whether these colonies were formed by aggregation or cell division. Bars on the right side indicate typical
values of dissipation rate observed for natural wind-mixing, bubble plumes in artificially mixed lakes and laboratory-scale
setups such as cone-and-plate systems and stirred tanks. The dashed arrowed line indicates the transition from an early
bloom (left bullet - WHO alert level 1 [65]) to a dense surface scum (right bullet - typical scum biovolume fraction [67]) under

typical wind mixing.

Sinzato et al., 2025 eLife 14:RP103503. https://doi.org/10.7554/eLife.103503.3

14 of 39


https://doi.org/10.7554/eLife.103503.3
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/physics-living-systems

Y o Physics of Living Systems
weLife

Conclusions

Despite the widespread presence of bacterial colonies across species and environmental habitats,
the influence of fluid flows on colony formation remains a fertile ground for continued
exploration. A significant challenge is the lack of a generic framework in which the aggregation
and fragmentation of colonies can be studied under various hydrodynamic stresses. We take a
major step towards overcoming this challenge by presenting a combination of experiments and
theory to elucidate the underlying mechanisms that determine the size distribution of
cyanobacterial colonies over a wide range of flow intensities. Our experiments show that division-
formed Microcystis colonies can be fragmented under intense dissipation rates ¢ ~ 3 — 10m? /s,
following an erosion mechanism. Previous studies [39, 46] have observed significant
fragmentation of Microcystis colonies in field samples at dissipation rates as low as ¢

~ 10~*m?/s®. However, such studies primarily report volume averages of the dissipation rate,
overlooking the likelihood of fragmentation occurring near fast-moving solid surfaces (grid stirrer
[46] and propeller [39]), where the local hydrodynamic stresses are orders of magnitude higher.

Instead, our results indicate that fragmentation of division-formed colonies can not be achieved
with wind mixing or aeration systems.

We have demonstrated that flow-induced aggregated colonies of Microcystis form weaker
structures than division-formed colonies, likely due to the weak EPS bonds between cells. A
previous study on colony aggregation at high Ca®* levels observed similar morphological
differences in colony formation [35]. There, an initial fast cell aggregation produced a sparse
colony structure, followed by a more compact structure of the colonies associated with cell
division. Furthermore, we showed that colony aggregation is unlikely in lakes under early bloom
conditions, as the collision frequency of colonies is too low. Our results, based on the mechanical
properties of colonies, are corroborated by previous studies based on the sequencing of individual
Microcystis colonies [25,72]. These studies have identified that the genetic diversity within
Microcystis colonies is much smaller than the diversity between Microcystis colonies, thus
supporting the hypothesis that colony formation is dominated by cell division rather than by
aggregation of colonies. Nonetheless, our model supports recent studies which demonstrated that,
during scum formation in very dense blooms or phytoplankton patches, flow-induced aggregation
likely plays a role and may quickly increase colony size [67, 68]. A summary of these outcomes is
presented in the phase map illustrated in Figure 5Z.

From a broader perspective, the technological advance of combining microscopic imaging with
rheometry has relevance beyond predicting and mitigating cyanobacterial blooms. Since fluid
flow affects the colonies and aggregates of many species [6-8, 73-76], the experimental methods
and theoretical framework presented here, along with the identified mechanisms, could serve as a
foundation to better understand the relationship between fluid mechanics and biological
aggregates, while keeping a keen eye on the wide variation of biological functions and
morphodynamics present in biological aggregates exposed to hydrodynamic stresses. An
interesting example is a recent study on the fragmentation of marine snow consisting of diatoms
and microplastics, which used similar methods as in our study [76, 77]. In contrast to the high
mechanical resistance of Microcystis colonies, these marine snow aggregates displayed a low
critical dissipation rate. Furthermore, their fragmentation was not mediated by an erosion
mechanism, but by neck formation (i.e., deformation is higher in a small cross-sectional area in the
middle of the aggregate). Other examples include non-natural settings, such as algae or
cyanobacteria cultured in bioreactors, where dense cell aggregates experience intense mixing [78-

applications.
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Materials and Methods

A. Sample preparation

Microcystis strain V163 cultured under laboratory conditions, as well as samples collected at Lake
Gaasperplas - The Netherlands containing Microcystis spp. colonies were used for the experiments
(2). Microcystis strain V163 was originally isolated from Lake Volkerak - The Netherlands
grows in colonies and was obtained from the algal collection of the Institute for Biodiversity
and Ecosystem Dynamics, University of Amsterdam. The Microcystis strain V163 was batch-
cultured in Erlenmeyer flasks with standard BG-11 medium. The cultures were kept in an
incubation chamber at a temperature of 20 °C. The light intensity was kept at 12 ymol photon m~
Twith a light:dark cycle of 14h:10h. The cultures were diluted with new BG-11 medium every
week and kept at a maximum total biovolume fraction of @ = 5 - 104, The cultures were not shaken
except after the addition of medium and before filtration. The Microcystis strain V163 has a single-
cell diameter of d; = 6.8 + 1.4 um (SD, N = 189). We categorize partially divided cells also as single
cells, as these also behave as single units in a fragmentation/aggregation process. When
considering only spherical cells not undergoing division, a diameter of 5.1 + 0.8 um (SD, N = 328)
was obtained. Colonies of up to 500 um were present in the culture under the incubation
conditions as described before.

ZS-

Samples of Microcystis spp. were collected from Lake Gaasperplas - the Netherlands (SI

ix 2 for water monitoring data and location of sampling point) on 14th August 2022. Water
from the surface layer was filtered over a plankton net with a 100 ym mesh size. Samples were
kept refrigerated at 4 °C, and the experiments were conducted over the next three days. The
plankton composition was dominated by Microcystis spp. (89 + 7%, SD, N = 231), with Microcystis
aeruginosa being the main morphospecies, with an average single-cell diameter of d; = 7.0+ 1.4 um
(SD, N =100). Colonies of Dolichospermum spp. were present in lower numbers. However, no
differentiation of colony species was made during image processing, as it was not feasible to
isolate them.

Negative staining was used to verify for the presence of an EPS layer surrounding the colonies of
Microcystis strain V163 and of Microcystis spp. in field samples. Nigrosin was added to the
surrounding medium, causing the EPS layer to appear bright under brightfield microscopy.

Upon appropriate filtering of the culture, we obtained a suspension with a specific size range.
Filter paper with a 25 um pore size was used to obtain a suspension primarily consisting of single
cells (colonies with 2 or 3 cells also present in small numbers). For a suspension mainly
comprising large colonies, we filtered the culture with 53 yum nylon mesh. The colonies collected in
the mesh were then redispersed in a new BG-11 medium. To estimate the total biovolume fraction
of the suspension, 1 ml of the sample underwent a heat treatment to disaggregate colonies [82]. At
least 1000 cells were counted in a Neubauer hemocytometer assisted by the image processing
software Image]. The total biovolume fraction of the suspension was calculated as @ = cv; , where
cis the cell concentration and v, is the average single-cell volume. Prior to each experiment, the
desired biovolume fraction was adjusted using new BG-11 medium for the Microcystis strain V163
culture and with filtered (0.8um) water from Lake Gaasperplas for field samples of Microcystis

spp.--
B. Cone-and-plate shear

A cone-and-plate shear flow was selected for our experiments (Fig. 1B(Z and Fig. S7A ). This
geometry is commonly used for standard rheological measurements because it provides a
homogeneous shear rate under a laminar flow regime. Although less common in inertial regimes,
it has been recommended by previous studies to investigate the effects of hydrodynamic stress in
tissues [60, 83, 84]. Furthermore, the mixing provided by turbulence helps maintain a
homogeneous concentration throughout the suspension.
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Our setup consists of an upper conical probe made from transparent acrylic, with an outer
diameter of 42 mm and a cone complementary angle of 6 = 5.44° (Fig. STA(2). The conical probe is
attached to a steel shaft, and it is driven by a rheometer head Anton Paar DSR 502. The lower
surface consists of a Imm thick glass slide. A cylindrical acrylic ring confines the fluid, preventing
spillage of the sample due to strong centrifugal forces. The inner diameter of the ring is 46 mm,
which ensures that the nominal shear rate between the upper probe’s outer surface and the ring is
the same as between the conical and lower surfaces. A clearance gap of 10 um was set between the

tip of the cone and the lower surface to avoid solid-solid friction.

At low rotational speeds, the flow is laminar with a homogeneous shear rate ,, = w/6, where w is
the angular velocity of the conical probe. The flow transitions to a turbulent regime at faster
rotations, as the inertial forces become dominant. Since the shear rate is not uniform at the non-
linear regime, the nominal shear rate ~,, is no longer an appropriate measure for shear intensity.
Instead, the average intensity is given by the energy dissipation rate ¢ which measures the rate of
energy loss by viscous dissipation per unit fluid mass. Under steady-state conditions, this
dissipation rate balances the power injected into the fluid, therefore:

Tw

€= i (10)

where p and V are, respectively, the density and volume of the fluid sample, and T is the torque on
the conical probe, measured by the rheometer head. The flow regime can be identified from the
energy dissipation rate curve against the angular velocity, with a ~ w? dependence in the laminar
regime and a ~ w2 dependence in the turbulent regime (SI Appendix @, Fig. S7B(). All shear
experiments conducted in this work were in the latter regime. The average hydrodynamic shear
stress can be calculated from the dissipation rate by

T, = pVveé. 11)

Our cone-and-plate setup covers energy dissipation rates over three orders of magnitude, from 10
2 to 10 m%/s3. At the lower end, the dissipation rate is limited by the sedimentation of colonies near
the stagnation point at the conical tip. Due to the small gap, this stagnation point is not accessible
to the colonies. A large colony of I ~ 50 does not fit within the surfaces up to a radial distance from
the tip of 4 mm. For the lowest dissipation rate (¢ = 0.019m?/s%), a minimum secondary flow
speed of ~ 100um/s is present [85]. This value is above the sedimentation speed of colonies of
Microcystis strain V163, which are either buoyant or slightly sinking due to the presence of gas
vesicles. Furthermore, the region near the conical tip accounts for a small fraction of sample
volume, while the velocity fluctuations in the bulk region of the cone-and-plate setup ensure that
the colonies remain in suspension and are homogeneously distributed. The upper limit for the
operating dissipation rate is set by the spillage of fluid out of the cylindrical confinement.
Regarding the optimal range of biovolume fraction, this is limited at @ = 0.0005, above which the
optical overlap between nearby colonies influences the colony count. The kinematic viscosity of
the liquid v can be taken equal to water for the biovolume fraction explored here.

The experimental setup provides a configuration where the dissipation rate can be controlled over
a large range, while stress values can be measured with high precision. This, combined with
optical access and simultaneous microscopy, presents a well-suited tool to study the response of
biological samples under fluid flow. Our setup configuration was optimized to cover the
dissipation rates observed for deep artificial mixing systems. However, the conical probe diameter
could be increased and the rotation speed reduced simultaneously to cover a lower range of
dissipation rate typical of wind mixing. Furthermore, the gap between the surfaces can be easily
adjusted to fit other organisms.
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C. Fragmentation and aggregation experiments

The fragmentation and aggregation experiments involved subjecting a suspension of Microcystis
colonies to the cone-and-plate shear and using brightfield microscopy to image the colonies under
shear. The lower surface was positioned on top of an inverted microscope Nikon TS100 with a 4x
objective lens. The center of the field of view was located 15 mm from the rotation axis and with
the focal plane set 0.5 mm above the lower surface. Illumination was provided by a Schott KL 1500
HAL light source equipped with a cyan filter (low pass with a cut-off wavelength of 555 nm) to
minimize the photosynthetic activity of the sample. Images were captured with a Prime BSI
Express sSCMOS camera with a resolution of 1.63 um per pixel. Prior to each experiment, a
reference background image was created using distilled water, which was then discarded. A
volume of 3.5 ml of the suspension of Microcystis colonies was pipetted in between the shear
surfaces. The shear protocol was as follows: pre-shear at ¢ = 1.1m?/s* for 1 minute to mix the
suspension; 12 shear cycles of 5 minutes each followed by 12 cycles of 20 minutes each at the
target dissipation rate (imaging cycles, at moderate dissipation rate of 0.019 m%/s® for 1 min, were
intercalated with each shear cycle). During the imaging cycles, 200 frames were captured at a rate
of 10 fps, ensuring that each frame was sampled over a different set of colonies. Examples of the
captured frames are shown in Figure 12.

D. Image analysis

The frames underwent pre-processing with background subtraction and thresholding (SI

Colony size was determined by their Feret diameter d, which represents the maximum distance
between two boundary points of the colony. The number of cells in a colony was estimated from
the diameter using the formula N, = (d/dl)f, where f'is the average fractal dimension of the
colonies. Since not all colonies were within the depth-of-focus, a correction function for the colony
count was estimated using a suspension with a known size distribution. The image magnification
was optimized for intermediate and large colonies, given the wide range of colonies (from single
cells = 7um to large colonies ~ 500um). Colonies smaller than 25um were measured with lower
precision, necessitating a second correction function for accurate counting (SI Appendix 7, Eq.

i .The

, and also higher

uncertainty is higher for small colonies due to the uncertainty in image resolut
for very large colonies due to the low counts.

To estimate the colony fractal dimension f, a reference sample of colonies had its size distribution
characterized in a cylindrical counting chamber, followed by the disaggregation into single cells
and the measurement of cell concentration in a haemocytometer. The fractal dimension was
computed by fitting the equation, cV = ZK 1/, where c is the cell concentration, and Iy is the
relative diameter of each colony in the measured volume V. For Microcystis strain V163, a value of
f=2.09 was obtained, while for the field samples of Microcystis spp. it was 1.64. At least 3000
colonies were counted for each sample, giving a maximum uncertainty of §f < 0.04

For the direct computation of the fragmentation frequency, we assume a pure fragmentation with
an ideal binary erosion, such that the time derivative of the colony size distribution is

d KNG wli+ 1N+ 1] ()
a0 =T P e

(12)

where N [i](¢), k [i], and  [i] refer to the concentration distribution (number of counted colonies
per volume per bin width), fragmentation frequency, and relative diameter at the center of bin i.
This formula is only valid for the bins larger than the single cell, as the latter does not suffer
fragmentation. The concentration distribution N [{] is initialized with the experimental value for ¢
=0, and an initial guess for the fragmentation frequency «[i] is made for all bins larger than a
single cell. The values of N[i](t) are evolved in time using an implicit Radau scheme. For each bin,
the cumulative squared error between the experimental and numerical values of N[il(t) are
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computed and the error is minimized using the values of k[i] as the optimization parameters. The
uncertainty of k[i] is propagated from the uncertainty of the concentration distribution. The script
for image analysis is available here. Detected features for all datasets and raw images for the
dataset in Fig. 2A-E @ are available here.

E. Yield stress of cyanobacterial colonies

The mechanical resistance of Microcystis colonies can be estimated by separating the colonies
from the medium and measuring the yield stress of the concentrated aggregate. A suspension of
Microcystis strain V163 was filtered through a 53 um mesh, and the large colonies were
resuspended in fresh BG-11 medium. The sample was centrifuged for 30 min at 1000 g, and the
pellet was separated. A dense gelatinous phase composed of cells and EPS was obtained, with cells
accounting for 12% of the total biovolume fraction. The yield stress of the concentrated aggregate
was measured with an Anton Paar MCR 301 rheometer. The upper probe was a sand-blasted 50
mm cone with 1 ° angle, while the lower surface was covered with sandpaper to avoid wall slip.
Each sample was pre-sheared at 10 s for 2 minutes. Steady-shear and large amplitude oscillatory
shear tests were performed (SI Appendix 2, Fig. S52). From a Herschel-Bulkley fit over the steady
shear data, 7 = 7, + k7, the dynamical yield stress 7, = 4.3 0.3 Pa (SD from best fit) was
estimated. Due to the limited volume of samples available, only one repetition was possible for
steady shear and oscillatory shear tests each.

F. Simulations

The balance equation (1) for the total normalized biovolume distribution was solved

numerically using a zeroorder discrete population balance, or sectional method, in which the size
distribution is described by uniformly sized bins of width A [ = 0.5, and the biovolume distribution
is evaluated at a representative size centered on the bin[55]. The integrals for the aggregation (Eq.

2@), fragmentation (Eq. 4 @), and transfer (Eq. 6 (%) rates were discretized with the approach by

written in Fortran. The simulation results were fitted with the experimental data by minimizing
the absolute error of each category’s 25th, 50th, and 75th percentiles of the biovolume distribution,
S;1 and g4 for the critical size of small colonies (category C;) were obtained by fitting the model to
the dataset of a single-cell suspension under ¢ = 0.019m> / s3 and @ = 0.01. The pair of constitutive
parameters S, and g, for the critical size of large colonies (category C,) were obtained by fitting
the model to the dataset of a large colony suspension under ¢ = 5.8m?/s* and @ = 0.01. These
datasets were chosen as their aggregation/fragmentation times were similar to the measurement
time, while for the other datasets, the variations were either too fast or slow to be captured in
detail. In our simulations, the stickiness parameter a; controls the rate at which an initial single
cell suspension achieves an aggregated steady state. The parameters S; are the dissipation rates for
which all colonies in category i are broken, and a higher §; shifts the steady state colony size
upward. Finally, the exponents g; controls the sensitive of the fragmentation frequency to colony
size. A high value of g;, as observed in our experiments, implies a low sensitivity to size and leads
to a broader steady state size distribution. The script for the simulation is available here.

Supporting Information Text

Field sample collection

Samples of Microcystis spp. were collected from Lake Gaasperplas - the Netherlands - at the
sampling point 52°18°31.0”N 4°59°59.2”E on 14th August 2022, at 14:00. This is an artificial lake
used for recreational purposes. No visible surface scums were present at the time of sampling.
Water quality measurements of Lake Gaasperplas were obtained from the Dutch Water Authority
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Fig. S1. (A-D) Micrographic images of phytoplankton field samples collected from the surface layer of Lake
Gaasperplas.

Microcystis spp. are dominant in the sample.
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Image analysis

This section describes the routine used to analyze raw images of the aggregation and
fragmentation process of Microcystis colonies under a cone-and-plate shear setup. Each frame has
dimensions of 2048x2048 pixels. Prior to each experiment, 3.5 ml of distilled water was pipette in
the setup, and 200 frames were captured at ¢ = 0.019m?/s® and 10 fps. A background image was
generated by averaging over the frames and applying a Gaussian blur filter (radius = 5 px). After
that, the distilled water was discarded, and 3.5 ml of cyanobacteria suspension was pipetted into
the setup. Each time point in the data sets corresponds to a stack of 200 frames. The features in
each frame were detected and measured using two separate routines according to the size range:

¢ Small colonies (/ < 5): The frame is cropped into a smaller section (400x400 pixels), to speed
the processing. The background is subtracted using the reference image. The image
intensity is renormalized and then thresholded. Small features (0.5 </ < 5) are segmented,
measured, and counted.

* Large colonies (/> 5): A Gaussian blur (radius = 5 px) is applied to filter out small features.
The background is subtracted using the reference image. The image intensity is
renormalized and then thresholded. Large features (/ > 5) are segmented, measured, and
counted.

For each time point, the counted features of the 200 frames were distributed in bins of width Al =
0.5. Since not all colonies are within the depth-of-focus, a correction function for the featured
count was estimated using a suspension with a known size distribution, given by:

(A3 + A1 (A2 — A3)) Ny [1] L[] <2
o u M e = X)) @— [ /2) N, [i] Lif2 <[] <4
N =3 s, [i] Jfd<ifi] <5 D
AN, [i] L] > 5

Here, Np[i] and N[i] are the concentration distributions before and after correction respectively,
i.e., the number of colonies per volume per bin width in a bin centered at I[i]. After that, the
concentration distribution is converted to biovolume distribution, n'[il = NTi] 1[i] f, Finally, the
biovolume distribution is normalized, n [i] = n* [i] / Zj n* [4]-

To obtain the calibration parameters A;, a sample of filtered colonies of Microcystis strain V163
was subjected to the cone-and-plate shear setup for 2 min at ¢ = 0.019m?/s® and the concentration
distribution before correction was measured (Fig. S8A-B(%). Next, the upper conical surface was
removed and the colonies were allowed to sediment in the lower plate. The reference
concentration distribution was measured with an inverted microscope (Fig. S8C-D(%). The
parameters A, = 2.79 and A4 = 1.24 were estimated from the ratio between the reference and
original concentration distributions (Fig. S8E-F(2) for small (I < 5) and large (I > 5) colonies,
respectively. The parameter A3 = 0.52 ensures that the correction function is continuous between
the two size ranges. Figure S8G-H(% displays the normalized biovolume distribution measured in
the cone-and-plate shear setup after correction function. The colony counts for I < 4 have low
precision due to the pixel resolution, therefore the parameter A1 was introduced to ensure
biovolume conservation. The value of A; = 1 was used for ¢ = 0, and it was estimated for each

subsequent time point so that the total biovolume remained constant through time.

The relative uncertainty of the concentration distribution (error bars in Fig S8A and B™@) is

computed from the bin counting uncertainty and the size measurement uncertainty, dV [¢] /N [i]

= \/ (6wum [i}2) + (681-26 [z']2> The bin counting uncertainty is estimated as 8., [i]

=1/ \/ #colonies in bin 4 and the size measurement uncertainty is computed as, d;. []
= (AN [i] /N [i] Al) é1/1[i], where A N[i] is the absolute difference between neighboring bins. The
script for image analysis is available here.
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Fragmentation measurements with Microcystis strain V163

Additional measurements of fragmentation of large colonies of Microcystis strain V163 were
performed. Colonies grown by cell division were filtered through a mesh of 53 um, and the
collected colonies were redispersed in BG-11 medium. Under moderate dissipation rate of ¢

= 0.019m?/s3 the fragmentation was negligible (Fig. S22), with the median size and fraction of
large colonies remaining stable over 5 hours of flow. The behavior is independent of the total
biovolume fraction, showing that aggregation rates are negligible for large colonies. In contrast,
the steady median size for small colonies increases with the total biovolume fraction, although still
an order of magnitude smaller than division-formed colonies. Significant fragmentation can be
small colonies become the largest fraction in below 5 min (the smallest time resolution in our
setup).

Aggregation measurements with Microcystis strain V163

Additional measurements of aggregation of single cells of Microcystis strain V163 were performed.
The suspension was filtered through a 25 ym filter paper to select mostly single cells. Under
moderate dissipation rate of ¢ = 0.019m?/s?, the aggregation increased with the total biovolume
fraction @ (Fig. S4 ). Under an intense dissipation rate of ¢ = 5. 8m?/s%, no aggregation was

observed, and the median size of colonies remained equal to the initial value (near the single-cell
size).

Rate of increase in the average colony size due to pure
aggregation

Consider a suspension of colonies subjected only to aggregation, neglecting cell division and
fragmentation. In this case, the time derivative of the normalized biovolume distribution n(l, t) is
given by [11:

2t = /,B(l 1) (7)) n
(82)

_n(l,t)/o BUL) Lnw | |

where [, = " —1HV/, and the collision frequency kernel is S(LI'). The average colony size is defined

asl = / In (1,t) dl. Applying this definition to Eq. (52) (2, we obtain that the time derivate of
0

1 (t) follows:

Yo

() = 6“%[%/w/l,@(z’,zo)z(%)gf_ln(z/,t)n(zo,t) dr'dl

/ / ll)l—n(l t)dldl]

If we assume that the size distribution remains monodisperse for short times, we can write that
ni,)=4¢ (l —1 (t)). Substituting this hypothesis into Eq. (S3) & results that

27 / /ﬁl 1) ” )Qfla(z’i)a(zoi) dr'di
_/0 /0 6(Z—Z)ﬂ(l,l’)ll/if5(l’—T)dl’dl]

Applying a variable change, the integral can be rewritten as:

(83)

(89
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Fig. S2. Kinetics of the fragmentation of Microcystis strain V163 colonies under a moderate dissipation rate (
¢ = 0.019m?/s%) and various values of total biovolume fraction.

The laboratory culture was filtered to select mainly large colonies, and total biovolume fraction was adjusted. Plots in the left
column depict the median diameter of each size population as a function of time, where bars and shaded regions indicate
limits of 25th and 75th percentiles. Plots in the right column depict the biovolume fraction of small colonies as a function of
time. The total biovolume fraction is (A-B) @ = 104, (C-D) ® =2 - 10", (E-D) ® = 5 - 10", Best fit parameters: a; = 0.023, §; =
0.034,q,=45,5,=31,9,=4.1
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Fig. S3. Kinetics of the fragmentation of strain V163 colonies under a moderate total biovolume fraction (@
= 10_4) and various values of dissipation rate.

The laboratory culture was filtered to select mainly large colonies, and total biovolume fraction was adjusted. Plots in the left
column depict the median diameter of each size population as a function of time, where bars and shaded regions indicate
limits of 25th and 75th percentiles for the experimental data and model predictions, respectively. Plots in the right column

depict the biovolume fraction of small colonies as a function of time. The dissipation rate is (A-B) ¢ = 1.1m?2/s3, (C-D) &
= 5.8m?/s3, (E-D) ¢ = 9.6m?/s3. Best fit parameters: a; = 0.023, 5, =0.034, ¢, =4.5,5,=31,9,=4. 1.
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Fig. S4. Influence of varying dissipation rate and total biovolume fraction on the median diameter of
colonies formed by aggregation of single cells of Microcystis strain V163.

The laboratory culture was filtered to select mostly single cells, and the total biovolume fraction was adjusted before the
experiment. (A) @ = 104 and ¢ = 0.019m?/s3, (B) @ =2- 104 and &é = 0.019m?/s3, (C) ®=5- 104 and ¢ = 0.019m?/s*, (D) @ =
104 and é = 5.8m?/s3. Best fit parameters: a; = 0.023, S; = 0.034, g1 =4.5,5, =31, g, = 4.1.
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Solving the integral and applying the model for the collision kernel in a turbulent shear flow [2],
B =0.163(1 + l’)3 v/ €/v, results that the rate of increase in the average colony size is:

1dl ; caap ] €
24, _ £ S6
= 2.49 (V2 —1) gad ~ (S6)

In the limit of fractal dimension f= 2, the growth rate reduces to;

1dl é
—— = 1.03¢a\/ — (87)
7 dt p v’

which is independent of I.

Rheological characterization of concentrated colonies of
Microcystis strain V163

A steady-shear (Fig. SSA%) and a large-amplitude-oscillatory-shear (Fig. S5B (3) tests were
performed in a sample of concentrated colonies of Microcystis strain V163. Due to the limited
volume of samples available after separation, only one repetition was possible for each test. Before
each test, the sample was subject to a preshear at 5 = 10s ™! for 200s, followed by 100s of rest. For
the steady-shear test, the minimum transient time was determined in a separate test (40s for ~

= 100" to 200s for 4 = 0.001 s~ ). For the oscillatory shear, the minimum transient time was
determined by the rheometer software. A Herschel-Bulkley fit was applied to the steady shear
data, 7 = 7y + k¥, from which a dynamical yield stress 7y, = 4.3 + 0.3 Pa (SD from best fit) was
estimated.

Comparison of hypothesis for the fragment distribution function

Assuming a binary fragmentation (i.e., two fragments per fragmentation event), the fragment size
distribution can be written in the form gi(} I') = 6(1—[;) + (I — ), where [, and [, are the size of
fragments. Two ideal models for binary fragmentation are erosion and equal fragments, described
by the following functions:

W (6(1 —1)+94 (l -V - 1) (Erosion) ,

g(Ll) = { (S8)
(20 (l — l//\f/§> (Equal fragments) .

Due to a lack of experimental observations of single colony fragmentation events, both models

were tested for the colonies of categories C; and C, . The experimental results for division-formed

colonies of Microcystis strain V163 were better captured by the erosion hypothesis on category C,

(Fig. S93). Although the equal fragment hypothesis recovered the decrease in the median colony

diameter, only the erosion hypothesis recovered also the biovolume transfer from large to small
colonies. In contrast, the experimental results for aggregated colonies was better captured by the
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Fig. S5. Rheology of concentrated colonies of Microcystis strain V163.
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(A) Shear stress as a function of the shear rate obtained for a steady shear test. Solid line indicates a Herschel—Bulkley fit, 7
=7, + K7, where 7,=4.3+ 0.3Pa (SD from best fit) is the dynamical yield stress. Other fit parameters are k = 0.55 + 0.13 and
n =0.85 = 0.05 (B) Storage G’ and loss G" moduli as a function of the deformation strain amplitude y for a oscillatory shear

with angular frequency of 1 rad/s.
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Fig. S6. Comparison of hypothesis for the fragment distribution of category C, colonies.

Bars show the experimental results for normalized biovolume distribution of filtered single cells of Microcystis strain V163
after 1 hour under a moderate dissipation rate (¢ = 0.019m?/s3) and a total biovolume fraction of @ = 10_4. Lines depict the

model predictions using an equal fragment hypothesis (dashed) and an erosion hypothesis (solid).
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Cone-and-plate shear setup

The turbulent shear was generated by a cone-and-plate shear, with the dimensions depicted in Fig.

the smallest eddies in a turbulent flow, can be calculated from the relation 5 = %% ~'/%, The
Kolmogorov scale in our results range from n~ 85 ym for the lowest dissipation rate (¢
=0.019m?/s%) to n~ 18 um for the highest dissipation rate (¢ = 9.6m?/s%).

1
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Fig. S7.Cone-and-plate setup used to generate a turbulent shear in a suspension of Microcystis colonies. (A)
Schematics of the components with the main dimensions indicated in millimeters. (B) Average energy dissipation
rate as a function of the angular velocity of the conical probe. Bullets indicate the measured data, and the solid
lines indicate the best fit of the laminar regime (~ w?) and the inertial regime (~ wS/Z).
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Step 1: The colony size distribution is measured in the cone-and-plate shear setup
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Step 2: The suspension is allowed to sediment inside the cylindrical confinement and
the colony size distribution is measured with an inverted microscope
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Step 3: The correction function is calculated from the ratio between the reference size
distribution and the cone-and-plate size distribution
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Step 4: The correction function is apghed to the colony size distribution measured in the
cone-and-plate shear setup, which is then converted to biovolume and normalized
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Fig. S8. Calibration steps for computing the correction function for the biovolume distribution. (A-B)
Uncorrected concentration distribution of colonies measured in the cone-and-plate shear setup. Number of
colonies counted during sampling: N = 10776. (C-D) Reference concentration distribution measured in the inverted
microscope after sedimentation of the colonies. Number of colonies counted during sampling, in panels C and D:
N = 3066 and 1455, respectively. (E-F) Ratio between the reference and uncorrected concentration distributions
Dashed lines indicate the fitted calibration parameters. (G-H) Normalized biovolume distribution measured in the
cone-and-plate shear setup after the correction function. Error bars indicate the root mean squared of counting
uncertainty and the size measurement uncertainty. Panels A,C,E,G display the distributions for small colonies (/ <
5), while panels B,D,F,H display the distributions for large colonies (/> 5).
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Fig. S9. Comparison between the erosion and equal fragments hypothesis for the fragmentation
distribution of a suspension of large division-formed colonies. Small aggregates colonies follow the equal
fragments hypothesis. (A) Median diameter of small and large colonies as a function of time. Symbols indicate the
experimental data, while the lines indicate the predictions from the population model given by Eq. (1) 2. Both the
erosion (dashed) and the equal fragments (dot-dash) hypothesis recover well the time behavior of the median
diameter. Bars and shaded region indicate limits of 25th and 75th percentiles. (B) Biovolume fraction of small
colonies (i.e., biovolume of small colonies over the total biovolume) as a function of time. Only the erosion model
recovers the transfer from large to small colonies. (C) Initial size distribution of colonies expressed as biovolume
fraction as a function of the relative colony diameter (normalized by single cell diameter). Bars indicate the
experimental data (large colonies in yellow and small colonies in green), while the lines indicate the model
predictions for large colonies. Both experiments and model have a bin width of A/= 0.5 The model is initialized
with the experimental distribution and advanced in time using two fragment distribution functions for the large
colonies: (D) erosion, in the left column and (E) equal fragments, in the right column. Time progresses from top to
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bottom. Insets in panels D and E display the median diameter of each category, following the symbol notation of
panel A. The total biovolume fraction is @ = 10_4 and the energy dissipation rate is ¢ = 5.8m?/s>. Best fit
parameters for both models: a; = 0.023, §; = 0.034, g4 = 4.5; only the erosion model: S, =31, g, =4.1; only the
equal fragments model: §, =33, q,=6.3.

Data availability

The code for image analysis presented in this paper is openly available at
https://github.com/FluidLab/CyanoB_Agg Frag . Detected features for all datasets and source data

https://doi.org/10.5281/zenodo.11098426 4.
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In this work, the authors investigate the role of fluid flow in shaping the colony size of a
freshwater cyanobacterium Microcystis. To do so, they have created a novel assay by
combining a rheometer with a bright field microscope. This allows them to exert precise
shear forces on cyanobacterial cultures and field samples, and then quantify the effect of
these shear forces on the colony size distribution. Shear force can affect the colony size in two
ways: reducing size by fragmentation and increasing size by aggregation. They find limited
aggregation at low shear rates, but high shear forces can create erosion-type fragmentation:
colonies do not break in large pieces, but many small colonies are sheared off the large
colonies. Overall, bacterial colonies from field samples seem to be more inert to shear than
laboratory cultures, which the authors explain in terms of enhanced intercellular adhesion
mediated by secreted polysaccharides.

Strengths:

-This study is timely, as cyanobacterial blooms are an increasing problem in freshwater lakes.
They are expected to increase in frequency and severeness because of rising temperatures,
and it is worthwhile learning how these blooms are formed. More generally, how physical
aspects such as flow and shear influence colony formation is often overlooked, at least in part
because of experimental challenges. Therefore, the method developed by the authors is
useful and innovative, and I expect applications beyond the presented system here.

-A strong feature of this paper is the highly quantitative approach, combining theory with
experiments, and the combination of laboratory experiments and field samples.

Weaknesses:

This study has no major weaknesses. Although the initial part of the introduction seems to
imply that fluid flow is the predominant factor in shaping cyanobacterial colony
(de)formation, the ensuing discussion is sufficiently nuanced for the reader to understand
that the multicellular lifestyle of cyanobacterium Microcystis is shaped by multiple effects,
that include bacterial behavior (e.g. which and how much EPS is produced), environmental
variables that control cellular aggregation or adhesion and, indeed, fluid flow.

https://doi.org/10.7554/eLife.103503.3.sa1

Author response:

The following is the authors’ response to the previous reviews
Public Reviews:

Reviewer #1 (Public review):

Taken altogether, the experimental evidence favors an erosion-dominated process.
However, a few minor questions remain regarding the models. Why does the
equalfragmentation model predict no biomass transfer between size classes? To what
extent, quantitatively, does the erosion model outperform the equal fragments model at
capturing the biomass size distributions? Finally, why does the idealized erosion fail to
capture the size distribution at late stages in Supplemental Figure S9 - would this
discrepancy be resolved if the authors considered individual colony variances in cell
adhesion (for instance, as hypothesized by the authors in lines 133-137)? I do not believe
these questions curb the other results of the paper.

Our analysis in Figure 2 considers two size classes: small colonies (I < 5) and large colonies (I
> 5). The equal-fragment model predicts that the fracture of a large colony gives rise to two
daughter fragments with half the biovolume. For an average colony of I = 25 in diameter, this
corresponds to two daughter fragments with a diameter of [ = 18, which is still in the large
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colony class. Sequential fragmentation events would be required to set a biomass transfer to
the small size range (I < 5). However, the nearly exponential behavior of the fragmentation
frequency function (Eq. 5) implies that subsequent fragmentation events are greatly slowed
down. Therefore, the equal-fragments model predicts that the biomass transfer from large to
small colonies during the first five hours of the experiment is negligible. This is in a sharp
contrast with the erosion model, which transfers biomass to the small size class at every
fragmentation event. The difference between the two fragmentation models is quantified in
Figure 2D, with a negligible change in biomass size distribution for the equal-fragment model
(horizontal dash-dotted line) and a strong increase of small colonies for the erosion model
(curved dashed line). Hence, it is clear from Figure 2D that the erosion model outperforms
the equal-fragment model by capturing the observed shift from large to small colonies. We
have now described this more clearly in lines 231-233.

Nevertheless, the performance of the idealized erosion model is limited at late stages (Fig.
S9D). We agree with the reviewer that this limitation could potentially be overcome with the
introduction of variance in cell adhesion among colonies (as we hypothesized in lines
140142). However, this is not a trivial thing to do, as it would require additional free
parameters and reduce the simplicity of the model. Therefore, we chose to restrain our model
to the common assumptions of idealized fragmentation models widely used in literature (e.g.
references 53-55).

Reviewer #2 (Public review):

Especially the introduction seems to imply that shear force is a very important parameter
controlling colony formation. However, if one looks at the results this effect is overall
rather modest, especially considering the shear forces that these bacterial colonies may
experience in lakes. The main conclusion seems that not shear but bacterial adhesion is
the most important factor in determining colony size. The writing could have done more
justice to the fact that the importance of adhesion had been described elsewhere. This
being said, the same method can be used to investigate systems where shear forces are
biologically more relevant.

In this work we aimed to investigate the effects of shear forces over a wide range of values,
extending beyond the regime of natural lakes into the strong mixing created by technological
applications such as the bubble plumes that are applied in several lakes to suppress
cyanobacterial blooms. The adhesion force between cells via, e.g., extracellular
polysaccharides (EPS) play an essential role by controlling the resistance to shear-driven
erosion, which has been quantified in our model by the fitting parameters S; and g;.

We agree with the reviewer that we have missed some literature on Microcystis colony
formation via cell aggregation (i.e., cell adhesion), for which we apologize. In our new
revision, we have now included several new references [30-34,36] and we now describe the
findings of these earlier studies. Specifically, in the Introduction we now pay more attention
to the role of cell adhesion by writing (lines 53-60):

“In contrast, cell aggregation (sometimes also called cell adhesion) can promote a rapid
increase in colony size beyond the limit set by division rates, and may explain sudden rises in
colony size in late bloom periods [26, 30, 31]. Aggregation rates depend on the stickiness of
the colonies, which in turn is controlled by the EPS composition, pH, and ionic composition of
water [27-29]. In particular, divalent cations such as Ca2+ can bridge negatively charged
functional groups in EPS and therefore increase stickiness [32-34]. It has been shown that
high levels of Ca2+ enhance cell aggregation in Microcystis cultures [35]. Moreover, cell
aggregation can provide a fast defense against grazing [36]. Fluid flow plays an important
role in cell aggregation by regulating the collision frequency between cells or colonies [6]. In
addition, fluid flow ....”
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Furthermore, in the Conclusions we added (lines 374-376):

“A previous study on colony aggregation at high Ca2+ levels observed similar morphological
differences in colony formation [35]. There, an initial fast cell aggregation produced a sparse
colony structure, followed by a more compact structure of the colonies associated with cell
division”

Finally, we would like to clarify a difference in terminology between the reviewer’s comment
and our work. The term cell adhesion is commonly used in microbiology to refer to adhesion
of cells with a solid substrate. In our work, the adhesion mediated by EPS occurs between
free-floating cells and colonies. To avoid any confusion, we chose to refer to this process as
cell aggregation, in line with other literature on suspended particles.

Reviewer #2 (Recommendations for the authors):

The authors have expanded on the image analysis process but now report substantially
different correction factors (A2 =2.79 compared to 73.13 in the previous submission; A3
=0.52 compared to 13.71 in the previous submission). Could the authors comment on
how the analysis changed? These correction factors for N<5 appear particularly relevant
for the aggregation experiments presented in Figure 3. For measurements involving only
small colonies, as in Figure 3, are these correction factors still valid? In addition, does the
timing of image acquisition, i.e. when the colonies are imaged, influence the correction
factors applied in this study?

The description of the calibration process was improved in our earlier revision of the
manuscript to improve clarity and remove unclear definitions. In the first version, the
supplementary equation (S1) for the input variable N,/[i was defined as the number of
features per frame. This variable is dependent on the frame dimension (2048x2048 px for
large colonies, 1>5, and 400x400 px for small colonies). We believe that a more suitable input
is the concentration distribution, which is normalized by frame area, and therefore invariant
to frame dimensions and less prone to misinterpretations. For this reason, we adjusted this
definition of Np[i] in the revised version of the manuscript, so that it expresses the number of
features per frame area (instead of per frame). These changes required the calibration
constants, A, and A3, to be updated in the manuscript by a factor of (400 px/2048 px)z. This
explains why these two calibration constants changed by a factor 0.038. This rescaling of the
input variable Np[i] and the calibration constants did not affect the final results of our
calculations (Figures 2 and 3).

The authors use a moderate dissipation rate to stir the colonies, after which they allow
them to sediment. How long were the particles allowed to sediment before
measurements were taken? Intuitively, one might expect a greater number of colonies to
be detected following sedimentation, yet the authors report only about one third of the
colonies in the sedimented state. What accounts for this reduction? Furthermore, if
higher shear rates are applied, do the results differ, for instance if particles are lifted
further by the shear flow? Some more clarity would help other researchers to perform
similar work.

The sedimentation of particles following an initial stir was applied only for creating a
reference size distribution, displayed in the supplementary Figures S8-C and D. As one
intuitively would expect, a higher concentration of colonies was detected after sedimentation
(Fig. S8-C and D) than during the shear flow (Fig. S8-A and B). During all other experiments in
our work, the applied dissipation rate was sufficient to ensure a uniform distribution of
colonies in suspension throughout the parameter range, as described in lines 461-473.

In the caption of Figure S8 we have reported the number of colonies counted in small
subsamples. These numbers are just small subsets of the total number of colonies contained
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in the entire volume of the cone-and-plate setup. A sub-sample with larger volume was
measured during the shear flow in comparison to the sub-sample measured for the
sedimented sample, leading to a larger number of counted colonies in panels A and B (N =
10776, combined) compared to panels C and D (N = 3066 and 1455, respectively).

However, when normalized for the volume of the sub-samples, the calculated concentration
of colonies is higher for panels C and D (as shown in the graphs). We understand that the
earlier caption description of Figure S8 was misleading, for which we apologize. In the
revised version, we have adjusted the caption to better describe the quantity:

“Number of colonies counted during sampling ...”
| Line 797 contains an unfinished edit ("Figure ADD") that should be corrected.

The unfinished edit has been corrected in the newly revised manuscript. Thanks!

https://doi.org/10.7554/eLife.103503.3.sa0
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