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SUMMARY

Dispersal is the movement of organisms from one habitat to another that poten-
tially results in gene flow. It is often plastic, allowing organisms to adjust dispersal
movements depending on environmental conditions. A fundamental aim in ecol-
ogy is to understand the determinants underlying dispersal and its plasticity. We
utilized 22 strains of the ciliate Tetrahymena thermophila to determine if
different phenotypic dispersal strategies co-exist within a species and which
mechanisms underlie this variability. We quantified the cell morphologies impact-
ing cell motility and dispersal. Distinct differences in innate cellular morphology
and dispersal rates were detected, but no universally utilized combinations of
morphological parameters correlate with dispersal. Rather, multiple distinct
and plastic morphological changes impact cilia-dependent motility during
dispersal, especially in proficient dispersing strains facing challenging environ-
mental conditions. Combining ecology and cell biology experiments, we show
that dispersal can be promoted through plastic motility-associated changes to
cell morphology and motile cilia.

INTRODUCTION

Organismsmove within or between habitats in the search for food or partners, or to avoid unsuitable local con-

ditions (Clobert et al., 2012). Routine movements occur mostly within habitats, while a movement between

habitat patches influencing gene flow from one population to another is defined as dispersal (Ronce, 2007;

Van Dyck and Baguette, 2005). During dispersal, an organism leaves a local habitat patch (emigration), moves

through a matrix separating habitats (transit), and finally colonizes or settles in a new habitat (immigration).

Dispersal movements often depend upon both the environmental conditions encountered at each of its three

phases (e.g., density- or resource-dependent dispersal), and upon the phenotype of the individuals (Stevens

et al., 2013). Dispersing individuals can be phenotypically different from residents for a suite of correlated traits.

This correlation between the dispersal rate and phenotypic traits defines a dispersal syndrome (Clobert et al.,

2009; Stevens et al., 2013). Traits involved in dispersal syndromes can be diverse, linked to morphology,

behavior, physiology, and/or life history (Clobert et al., 2009). Moreover, dispersal syndromes have been

described in a variety of taxa includingplants, fish, rodents, and arthropods (Snell et al., 2019; Comte andOlden,

2018; Le Galliard et al., 2012; Bonte and Saastamoinen, 2012; Stevens et al., 2010, 2013).

The acquisition of a repertoire of dispersal strategies may enhance a species’ ability to cope with the

spatiotemporal heterogeneity of environmental conditions (Cheptou et al., 2008). However, in most organ-

isms, neither the extent of intra-specific variability in dispersal syndromes (Snell et al., 2019; Comte and

Olden, 2018), nor the underlying mechanisms behind this diversity (genetic variation or phenotypic plas-

ticity) are deeply understood (Ronce and Clobert, 2012). Depending on these underlying mechanisms,

the direction and speed of response to environmental changes diverges. Plastic strategies can facilitate

the rapid fine-tuning of dispersal-related traits of a single genotype to environmental conditions but corre-

spond with the costs of expressing such phenotypes (Murren et al., 2015). Plasticity (including that which is

linked to dispersal) can also limit local adaptation to new environmental conditions in cases where it buffers

the phenotypic variation of genetically-diversified populations because it hinders the diversity of existing

genotypes to the effects of natural selection (Fox et al., 2019). Conversely, genetically driven dispersal stra-

tegies may result from a long adaptive history of the species to its environmental landscape without paying

the cost of environment-dependent strategies. But genetic diversity might not be sufficient for a popula-

tion to face rapid and drastic environmental shifts. Evaluating the extent of phenotypic variation in

dispersal syndromes that rely on both genetic and plastic mechanisms is important to capture the
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consequences of dispersal strategies on ecological and evolutionary dynamics, especially in the face of cur-

rent global change (Clobert et al., 2012; Cote et al., 2017).

Understanding the morphological and behavioral changes during dispersal requires their quantitative observa-

tion at corresponding spatial and temporal scales. Microbes are tractable for dispersal behavior and

morphology studies because of their small sizes, short generation times, and morphologies and motilities

that can now be readily observed (Bayless et al., 2015). The ciliate, Tetrahymena thermophila, lives in freshwater

ecosystems and undergoes environmentally stimulated morphological and motility dynamics (Nanney et al.,

1978; Nanney, 1966; Doerder and Brunk, 2012). T. thermophila isolates exhibit context-dependent dispersal be-

haviors in response to crowding, nutrient availability, presence of kin, and temperature (Chaine et al., 2010;

Jacob et al., 2016, 2017, 2018; Fjerdingstad et al., 2007; Schtickzelle et al., 2009). T. thermophila cells swim by

the coordinated beating of hundreds of motile cilia that cover the approximately 203 40 mm rugby ball shaped

cell. Cell shape is dictated, in part, by the aspect ratio of length relative to width. Ciliary beating produces hy-

drodynamic flow along the cell shape and is essential for both directed cell swimming and tortuous navigation

through the cell’s environment (Pennekamp et al., 2019). Cilia are nucleated and positioned by basal bodies

(BBs). Importantly, changes to cilia length and their positioning directly influence both ciliary motility and cell

morphology (Galati et al., 2014; Jiang et al., 2019; Elgeti and Gompper, 2013; Omori et al., 2020; Bottier

et al., 2019). In the caseof cilia length, intraflagellar transport defects cause cilia to shorten, reducing cellmotility,

and eventually paralyzing cells (Nanney andMcCoy, 1976; Jiang et al., 2019;Wloga et al., 2006). In the case of BB

and cilia position, loss of BB stability factors reduces BB and cilia number in ciliary rows and also slows cellular

motility (Pearson et al., 2009; Bayless et al., 2012, 2016). Furthermore, disrupting BB anchoring structures causes

BBs to be mispositioned, which alters cell morphology and reduces the speed and linearity of cell swimming

(Galati et al., 2014; Junker et al., 2019; Soh et al., 2020). In contrast, starvation of T. thermophila results in highly

motile cells with behaviors (fast and directed swimming) suggested to be associated with dispersal. Upon star-

vation, cells halt the cell division cycle, narrow in cell shape, increase ciliary density, and increase their ciliary

beating rate (Nelsen, 1978; Nelsen and Debault, 1978; Fjerdingstad et al., 2007). These changes increase the

rate of cell motility. Thus, morphology changes to T. thermophila cells are likely associated with dispersal

behaviors.

In T. thermophila, dispersing cells generally take the form of smaller, more elongated, and fast-swimming

cells as a result of plastic mechanisms (Jacob et al., 2020), although themorphologies of dispersers can vary

among genotypes (e.g., large, round cells (Jacob et al., 2016), see also (Fjerdingstad et al., 2007)). This

variability in gross morphology associated with cell shape (aspect ratio) and ciliary spacing

influences the dynamics of spatially structured cell population but has not been studied in detail

(Jacob et al., 2016, 2019, 2020; Pennekamp et al., 2014; Fjerdingstad et al., 2007). We hypothesize that

the described dispersal syndromes and their variability result from mechanistic changes at BBs and cilia

that impact cell morphology and motility. Here, we define the link between fine-scale cellular processes

and dispersal using both innate (genetic and stable non-genetic factors) and plastic (non-genetic factors

sensitive to the environment) variation in behavior and cell morphology between strains of T. thermophila.

We used an experimental approach to relate the dispersal rates of 22 clonal strains of T. thermophila with both

innate and plastic cell morphologies impacting cell motility. Given the diversity of documented dispersal re-

sponses of this species when exposed to either standard or stressful conditions, we hypothesize that several

morphological, especially cilia-dependent, and behavioral dispersal strategies co-exist in T. thermophila (Fjer-

dingstad et al., 2007; Murren et al., 2015; Jacob et al., 2017, 2018). We first used two-patch systems commonly

used to study dispersal under non-challenging environmental conditions to decipher the basics of dispersal

phenotypic determinants (Pennekamp et al., 2014; Jacob et al., 2016, 2019, 2020). We then exposed the

most and least dispersive strains to starvation, a stressful environmental condition described as a driver of strong

dispersal response, and measured the same phenotypic metrics as in standard conditions (Fjerdingstad et al.,

2007; Nelsen, 1978). By bridging the usually unrelated evolutionary ecology and cell biology fields, we reveal an

unexpected repertoire of dispersal strategies that rely onboth innate and plastic phenotypes, opening newper-

spectives in the extent of intra-specific dispersal syndrome variability.
RESULTS

Tetrahymena thermophila isolates exhibit unique dispersal propensities

We first leveraged dispersal rate variation in 22 clonal T. thermophila strains under standard conditions (D1

to D22, Figure S1A). Using a system of two habitat patches connected by a corridor tube (Figure 1A), cells
2 iScience 24, 102915, August 20, 2021
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Figure 1. Differential dispersal propensities in T. thermophila strains

(A) Schematic of the two-patch dispersal system composed of 1.5 mL conical tubes connected by a narrow passageway. Cells in dispersal assays are seeded

in the left patch and allowed to disperse to the right patch over 4 hr.

(B) Dispersal propensity is different between the 22 T. thermophila isolates. Dispersal rate is measured as a ratio between number of dispersers and total

number of cells in 5 separate biological replicates. Graph shows the mean and standard deviation in dispersal rate for each strain. Red line and transparent

red band denote the inter-strain mean and inter-strain standard deviation for all strains.

(C) Fluorescence image of T. thermophila cell with labeled BBs (a-TtCen1; green) and cilia (a-a-tubulin; magenta) (scale bar, 10 mm). Schematic of cell

morphologies that were measured in the 22 T. thermophila isolates.

(D) Schematic for T. thermophila cell behavior measurements (scale bar, 10 mm).
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were seeded into one habitat patch and allowed to disperse to the second patch through the corridor over

4 hr (less than one asexual generation; time interval allows a representative estimate of a strain dispersal

rate, V. Thuillier and N. Schtickzelle, unpublished). This routinely used setup allows for discrimination be-

tween T. thermophila ‘‘resident’’ cells that remain in the original patch and ‘‘dispersing’’ cells that move to

the second patch (Altermatt et al., 2015). Cell movement might lead to a homogeneous distribution across

the system within a few minutes after inoculation (Laurent et al., 2020). However, this does not occur, mean-

ing that movements between patches clearly deviate from random cell diffusion and instead result from

dispersal decisions (Laurent et al., 2020). The proportion of dispersing cells was used to define the dispersal

rate. Most of the strains fell within one standard deviation of the mean dispersal fraction (Figure 1B). How-

ever, strains harboring both low and high dispersal propensities were observed. D4 is the lowest dispersing

strain with 29% of the cells dispersed to the secondary chamber. Conversely, D5 is the highest dispersing
iScience 24, 102915, August 20, 2021 3
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strain with 88% of the cells dispersed to the secondary chamber. This amounts to a threefold range in

dispersal rates across the 22 strains. Thus, T. thermophila show differing dispersal propensities, which

may inform the rates at which strains move between habitat patches in nature.

Diverse innate morphologies and motilities of Tetrahymena thermophila

To determine if innate cell morphologies associated with cell motility could underlie the variability in

dispersal propensity observed among strains, we quantified the distribution of cell and ciliary morphol-

ogies in the 22 strains under uniform growth conditions (Figures 1C, S1, and S2) and compared them

with the laboratory strain B2086. Mean G standard deviation measurements from 19.7 G 1.7 cells were

generated for each strain and compared with the cumulative inter-strain mean for each parameter. Each

strain was then plotted relative to the inter-strain average to describe their cell morphology. The length

of all 22 strains was 42.0 G 5.0 mm and the width was 20.0 G 2.9 mm. The aspect ratio (length/width) was

2.1 G 0.4. The BB, and therefore cilia density, was 7.1 G 0.4 BBs/10 mm. The number of ciliary rows was

20.0 G 1.9 rows. The cilia length was 5.5 G 0.4 mm. Finally, the swim speed was 244 G 96 mm/s. The lab-

oratory strain B2086 closely resembled the inter-strain means but exhibited 97% less variability compared

to the 22 strains (Figures S2B and S2C). Overall, the 22 isolates exhibited a broad spectrum of morpholog-

ical variation from the inter-strain mean.

Innate cell shape and cilia length inform swimming linearity in dispersers

Motility of organisms from one habitat to another is an essential component of dispersal, and the BB and

cilia parameters that promote cilia-dependent cell propulsion is important for cell motility (Galati et al.,

2014; Junker et al., 2019; Omori et al., 2020; Rode et al., 2021; Ito et al., 2019). First, we tried to identify

innate patterns of trait associations across the 22 strains that could be linked to dispersal propensity based

on the set of traits described in the previous section. Second, we added dispersers’ swimming behaviors

(swim speed and linearity of cell having moved to the second patch, Figure 1D) to the analysis in the

aim to find correlations between innate morphological traits and dispersers’ behavior. The morphological

analysis of the three most and three least proficient dispersing strains are shown as examples (Figure 2A).

Each measured parameter was ranked among the 22 strains and simple linear regression was used to

compare the parameters (Figure 2B).

Innate cell aspect ratio significantly correlated with cell length and width (R2 = 0.47, p = <0.01 and R2 = 0.28,

p = 0.01, respectively), as expected. Tetrahymena lab strains exhibit a countingmechanism that maintains a

constant number of BBs per cell (Nanney et al., 1978; Galati et al., 2015). Changes to BB density and the

number of ciliary rows were observed to impact cell length and width. Consistently, we showed in the 22

strains that BB density predicted cell length and the number of ciliary rows such that increased BBs density

correlated with increased cell length and reduced number of total rows (Figure 2B). However, the number

of ciliary rows did not correlate with cell width as previously observed with T. thermophila lab strains (Nan-

ney et al., 1978; Galati et al., 2015). This is because several strains exhibited unique morphologies when

comparing ciliary row number and cell width. D9 for instance had many ciliary rows (20.2) relative to its nar-

row width (18.9 mm) and D11 a low frequency of ciliary rows (18.6) but was very wide (22.0 mm). This suggests

that parameters beyond BB and ciliary placement control cell size and shape. In addition, cilia length in-

creases in cells with more ciliary rows (Figure 2B).

The linearity of swimming in cells that have moved to the second patch (dispersers) separately correlated

with innate cell aspect ratio and innate cilia length (Figure 2C; p < 0.04). Dispersers that swim more linearly

have longer cilia and/or have narrow cell shapes (high aspect ratio, Figure 2D). In contrast, dispersers that

swim less linearly have shorter cilia and/or have ‘fatter’ cell shapes (low aspect ratio). Cilia length and cell

shape do not independently correlate with each other (Figure 2B). Thus, strains with differing innate mor-

phologies employ differing behavioral strategies during dispersal.

Transient increase in BB density and cell shortening correspond with dispersal

In addition to innate factors as shown in the previous section, dispersal can be modulated by plastic mech-

anisms. We tested if dispersal propensity was impacted by intra-generational plasticity in cell morphology

during the dispersal process by comparing resident and disperser morphologies. Such cell morphology

differences after dispersal assays in isogenic strains can indeed be explained by cells plastically expressing

new morphologies when confronted with dispersal (increase in global phenotypic variance). However, it

can also be explained by morphological subpopulations in the starting population that sort into residents
4 iScience 24, 102915, August 20, 2021
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Figure 2. Increased linearity of swimming in high disperser cells correlates with narrow cell shape and longer cilia

(A) Fluorescence images of BBs (a-TtCen1; greyscale) and cell morphology from the three highest and three lowest dispersing strains among the 22

T. thermophila strains (scale bar, 10 mm) (n = 19.7 G 1.7 cells per strain). Graphs indicate the individual mean and standard deviation for each morphology

parameter relative to the mean morphology for all strains (red line).
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Figure 2. Continued

(B) Plot of correlations between the ranked morphologies and the dispersal rate of the 22 T. thermophila strains (n = 19.7 G 1.7 cells per strain).Correlation

was calculated using linear regression between morphologies. Correlation is defined as F-test non-zero slopes of p=<0.05 denoted by a boxed blue ‘‘+1’’

(positive correlation) or orange ‘‘-1’’ (negative correlation), and no correlation is defined as F-test non-zero slopes of p=>0.05 denoted by a black boxed by

‘‘0’’ (see STAR Methods).

(C) Plot of the ranked innate aspect ratio (cell length/width) and innate cilia length relative to ranked swimming linearity (displacement/total distance) in

disperser cells. Linear regression shows slopes are non-zero for aspect ratio (p = 0.04) and cilia length (p = 0.03). Higher ranked numbers (0–22) denote

increased ranked linearity, increased ranked aspect ratio, and longer ranked cilia.

(D) Model of T. thermophila cell morphology relative to swimming behavior during dispersal.
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and dispersers during dispersal (equal global phenotypic variances), or by selective mortality of morpho-

logical subpopulations during dispersal (decrease in global phenotypic variance). We thus additionally

compared trait distributions in starting populations to residents and dispersers to exclude these two last

scenarios.

We detailed changes in cell morphologies between dispersers and residents 0, 180, and 360 min after

dispersal induction in three strains. We leveraged the spectrum of low (D4), high (D5) and very high

(B2086) dispersing strains to ask how plastic changes to morphology is linked to dispersal propensity (Fig-

ures 3 and S3). Clear plastic changes between residents and dispersers were not observed for most

morphological parameters (Figures S3J and S3K). However, consistent with the relationship between

cell shape and BB spacing found above, we identified a relationship between cell length and BB density

in disperser cells. While there was a general decrease in cell length at 180 and 360 min amongst all cells

(Figure 3A), dispersers showed a more pronounced decrease compared to residents. Dispersers from

D4, a low dispersing strain, showed a 7% and 5% decrease in cell length, respectively after 180 and

360 min compared to residents. D4 BB density remained unchanged at each time point (Figure 3B). Dis-

persers from D5, a highly dispersing strain, had a more pronounced decrease in cell length at 180 (13%)

and 360 (14%) min compared to resident cells. B2086 disperser cell length was unchanged at 180 min

but shortened at 360 min (4%). Consistent with the shorter cells, BB density in disperser cells increased

at 180 (10% and 6% for D5 and B2086, respectively) and 360 (16% and 10%) min compared with residents.

The distribution of morphologies in cell length and BB density of residents and dispersers extend outside

the range of morphology displayed in the starting population (Figures 3A and 3B). The overlap of the start

morphologies to the respective means in the dispersal systems are lowest for cell length in the D5 (6% over-

lap) and B2086 (8% overlap) t360 dispersers, as compared with the D4 (19% overlap) t360 dispersers (Fig-

ures S3G and S3H). The overlap of the start conditions to the respective means in simulations are lowest for

BB density in the D5 (4% overlap) and B2086 (10% overlap) t360 residents, as compared with the D4 (21%

overlap) t360 residents. Thus, the innate morphologies do not appreciably contribute to the mean

morphology observed in resident and dispersal populations. Moreover, the standard deviation is increased

in residents and dispersers in higher dispersing cells compared to their respective start conditions (D5 and

B2086 cells (Figures S3E and S3F). This suggests morphological plasticity in residents and dispersers, rather

than sorting of innate starting population morphologies or selective mortality, best explains the decreased

in cell length and increased BB density in cells with higher dispersal. This highlights the importance of tran-

sient morphological changes to support motility during dispersal.
Starvation promotes plastic changes to cell swimming and shape that trigger dispersal

Starvation is predicted to enhance dispersal in some strains and triggers T. thermophila cells to become

narrower and swim 2-3-fold faster (Nelsen, 1978; Fjerdingstad et al., 2007). We next tested whether

dispersal promoting cell changes are induced by the environmental signal of starvation, and whether

this response depends on the innate dispersal propensity of each strain. To test for the effect of starvation

on plastic dispersal changes according to innate dispersal propensity, cells from D4 (low dispersal), D5

(high dispersal), and B2086 (very high dispersal) were starved by replacing growth media (1X SPP) with

10 mM Tris-HCl to induce ‘‘extreme disperser’’ phenotypes (Nelsen, 1978; Nelsen and Debault, 1978).

A peak of fast cell swimming was observed for D5 and B2086 240 min after starvation (Figure S4A). Analyses

were thus conducted to compare fed cultures with those that were starved for 240 min (Figure 4A). The rate

of swimming increased for each strain (Figure 4B). The maximum swim speed of D5 (944 mm/s) and B2086

(941 mm/s) increased more than D4 (332 mm/s). Moreover, the variation in swim speed between cells was

greater in D5 and B2086 compared with D4. The standard deviation and coefficient of variation (%CV)

for D4, D5 and B2086 was 60 mm/s (25 %CV), 199 mm/s (87 %CV) and 154 mm/s (49 %CV), respectively. In
6 iScience 24, 102915, August 20, 2021
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Figure 3. BB and cilia density and cell length increase in higher dispersing cells

(A) Cell length in D4 disperser cells relative to resident cells is reduced at 180 (p < 0.0001) and 360 (p = 0.02) min, cell

length decreases in D5 disperser cells at 180 and 360 (p < 0.0001) min. Cell length remains the same in B2086 cells at 180

(p = 0.09) min and decreases at 360 (p = 0.03) min. Cell length measurements were taken from 3 biological replicates with

n = 35.6 G 2.1 cells per condition and time point (total of 534 cells measured). Data are represented as strain mean (black

bar), the experimental means (hollow circles), and individual cell length (dots).

(B) BB density in D4 disperser cells relative to resident cells is unchanged at 180 min (p = 0.15) and 360 min (p = 0.33). BB

density is increased in D5 disperser cells at 180 and 360min (p < 0.0001). BB density is increased in B2086 disperser cells at

180 and 360min (p < 0.0001). Themeasurements for BB density were taken from 3 biological replicates n = 28.9G 1.1 cells

per condition and time point (total of 434 cells). Data are represented as strain mean (black bar), the experimental means

(hollow circles), and mean cell BB density (dots).

(C) Schematic for how a decrease in cell length can increase BB (and ciliary) density.
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summary, starvation caused all strains to increase their swimming speed, but D5 and B2086 exhibited a

greater maximum change (2.8-fold) and cell-to-cell variation in swim speed compared with D4 cells.

We next analyzed the cell size and shape differences between D4, D5, and B2086 cells (Figure 4A). Narrow

cell shape is associated with increased dispersal and motility (Fjerdingstad et al., 2007; Stevens et al., 2013;

Pennekamp et al., 2019; Ito et al., 2019; Omori et al., 2020). Consistently, in response to starvation, the three

strains increased their aspect ratio (8%, 19%, and 11%, respectively, for D4, D5 and B2086, Figure 4C). This

occurred in D4 cells by a dramatic reduction of both cell length (29%) and width (34%), in D5 cells by a small

reduction in cell length (5%) and a large reduction of cell width (23%), and in B2086 cells by a small reduction

in cell length (11%), and a greater reduction in cell width (20%) (Figures 4D and 4E). Thus, general cell

morphology changes in response to starvation are different between each strain.

Increased BB density and caudal cilia are associated with dispersal propensity

To determine the relationship between cell swim speed and cilia, we quantified differences in BBs and cilia

between the D4, D5, and B2086 cells after starvation for 240 min. No difference in the number of ciliary rows

between fed and starved cells was observed. Combined with the decreases in cell width (D4 = 34%, D5 =

23%, B2086 = 20%), the lateral spacing between rows of BBs and cilia correspondingly decreased resulting

in an increase in lateral BB density (Figures 4E and S4B). This is consistent with original starvation analyses

(Nelsen, 1978). The BB density within ciliary rows in each strain also uniquely responded to starvation (Fig-

ure S4C): D4 cells exhibited a 10% reduction in BB density, D5 cells had no change, and B2086 cells

increased BB density by 18%. This demonstrates that BB density in starvation increases as strain dispersal

propensity increases.

No differences in cilia length were detected between fed and starved cells (Figure S4D). This suggests that

cilia length is not responsive to starvation, exactly as cilia length does not change between residents and

dispersers (see above). Interestingly, a small fraction of starved D5 cells, but not D4 or B2086 cells, possess

a single caudal cilium (Figures 4F and 4G) that is 1.2–2.3-fold longer than the average medial cilium length

(Figure 4H). The subpopulation of starved D5 cells with a caudal cilium are longer (16%, Figure S4E) and

narrower (23%, Figures 4I, S4F, S4J, and S4K). These caudal cilia, only described once before in

T. thermophila, do not beat and may serve as a rudder for steering motility (Video S1 (Nelsen, 1978)).

The presence of a caudal cilium in a fraction of the starved D5 cells and their associated distinct

morphology further supports the importance of plasticity in the dispersal process.

DISCUSSION

We have used an experimental approach linking ecological and cell biology competencies to determine

how innate and plastic changes to fine-scale cellular activities can impact the dispersal process. Decipher-

ing the mechanisms underlying a repertoire of intra-specific dispersal strategies is a critical step to under-

stand dispersal evolution (e.g., how species modulate their dispersal response when facing environmental

changes, or how variability in dispersal syndromes impacts ecosystem function or metapopulation dy-

namics) (Jacob et al., 2019; Little et al., 2019).

Innate and plastic mechanisms underlie variation in dispersal propensity

T. thermophila have distinct intra-specific diversity in dispersal propensity andmotility associatedmorphol-

ogies. Cell aspect ratio and cilia length predict the linearity of dispersers’ motility. Because no innate cell or

cilia morphology directly correlates with the rate of dispersal, we suggest that different T. thermophila
8 iScience 24, 102915, August 20, 2021
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Figure 4. Starvation-induced dispersal increases BB density and formation of a caudal cilium

(A) BB localization (a-TtCen1; greyscale) and cell morphology in D4, D5, and B2086 cells from cycling (fed) and starved conditions (scale bar, 10 mm).

(B) Starved D4, D5, and B2086 cells swim faster than fed cells (p < 0.0001, 0.02, and 0.01, respectively). Maximum speeds of both B2086 and D5 are 2.8-fold

faster than the maximum speed of D4. The measurements for swim speeds were taken from 3 biological replicates n = 30.2G 2.4 cells per condition (total of

181 cells). Data are represented as strain mean (black bar), the experimental means (hollow circles), and individual cell speed (dots).

(C) Starved cells increase in cell aspect ratio after starvation for all strains (p < 0.0001 for D4, D5, and B2086). The measurements for aspect ratio were taken

from 3 biological replicates n = 36.6 G 4.7 cells per condition (total of 220 cells). Data are represented as strain mean (black bar), the experimental means

(hollow circles), and individual cell aspect ratio (dots).

(D) Cell length decreases in all strains after starvation (D4, p < 0.0001; D5, p = 0.01; B2086, p < 0.0001). The measurements for cell length were taken from 3

biological replicates n = 36.6 G 4.7 cells per condition (total of 220 cells). Data are represented as strain mean (black bar), the experimental means (hollow

circles), and individual cell length (dots).

(E) Cell width decreases after starvation (p < 0.0001 for D4, D5, and B2086). The measurements for cell width were taken from 3 biological replicates

n = 36.6G 4.7 cells per condition (total of 220 cells). Data are represented as strain mean (black bar), the experimental means (hollow circles), and individual

cell width (dots).

(F) Starved D4 and B2086 (D4 n = 604 cells, B2086 n = 555 cells) cells do not generate a caudal cilium while starved D5 cell (D5 n = 600 cells) exhibit a

subpopulation of cells with a caudal cilium (p < 0.0001). Data are represented as strain mean and standard deviation (black bars), and the experimental

means (hollow circles).
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Figure 4. Continued

(G) Model of D5 cell and cilia location (left). Fluorescence images of the caudal or cell posterior end in starved D5 cells. BBs are stained for BBs (a-TtCen1,

red) and cilia (a -glutamylated and a-a-tubulin; green) (scale bar, 5 mm).

(H) The caudal cilium is longer than the average cortical medial cilium (p < 0.0001) (n = 26 caudal cilia from 26 cells, n = 300 cilia from 30 cells). Data are

represented as a morphotype mean (black bar), the experimental means (hollow circles/squares), and mean cilia length of individual cells (dots).

(I) Starved D5 cells with a caudal cilium have an increased aspect ratio (narrow cell shape) compared with starved D5 cells without a caudal cilium (p < 0.0001)

(n = 26 cells with caudal cilia, n = 42 cells without caudal cilia). Data are represented as the morphotype mean (black bar), the experimental means (hollow

circles/squares), and the aspect ratio of individual cells (dots).
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isolates implement different strategies to disperse. This diversity of strategies might result from tradeoffs

between dispersal behaviors (e.g., linearity in motility) and efficiency in motility involving cell shape, cilia

length and BB density, and/or colonization ability (Jacob et al., 2016). Interestingly, innate swim speed

does not correlate with dispersal rate, nor with dispersers’ swimming characteristics. This absence of cor-

relation is expected when dispersers’ movement dynamics result from plastic variability during dispersal, as

was previously described in T. thermophila (Jacob et al., 2020; Pennekamp et al., 2019). Thus, we suggest

that dispersal rates as measured in two-patch systems are not a simple by-product of random movements

of each strain within a patch, but rather result at least in part from phenotypic characteristics specifically

expressed during the dispersal process. Accordingly, during the dispersal and starvation experiments, cells

develop new morphologies that are not present in the original population including in narrow cell shape,

increased BB and cilia density, and a caudal cilium. Both cell shape and increased BB and cilia density are

associated with increased phenotypic variance after the dispersal assays. For instance, when dispersal

associated behavior is triggered by starvation, higher dispersing strains in standard conditions display

fast but variable swim speeds, narrow cell shape, increased BB density, and/or a caudal cilium. Thus, our

study highlights that phenotypic plasticity plays a major role in the morphological determinants of

T. thermophila dispersal.

Dispersal is an inherently costly process involving movement through a matrix that separates habitats

(Bonte et al., 2012). A morphology that improves the dispersal propensity of an individual may be detri-

mental to other fundamental processes like nutrient acquisition. To manage these tradeoffs, one strategy

is to plastically activate a costly morphology in a context-dependent manner (Cote et al., 2017; Benard and

McCauley, 2008). Another strategy is to use existing morphological variation in a population, where only a

fraction of individuals exhibits potentially costly morphologies that are beneficial to dispersal. Both models

can produce populations of individuals with unique dispersal capacity, consistent with the observations in

this study. Moreover, this provides a morphological basis for dispersal propensity independent from a

generalized innate morphology. We have shown in T. thermophila that plasticity mainly explains the vari-

ability in dispersal strategies observed (cells in resident, dispersing, or starved populations have morphol-

ogies that are not present in the original starting population). However, variation could also be generated

through asymmetric cell division events that can produce unique cellular morphologies. In this study, we

minimize this source of variation by restricting the dispersal time to four hours (less than one generation),

six hours (less than two generations), or by pausing the cell cycle through starvation. While innate popula-

tion variationmay play a slight role in dispersal, our studies suggest that plastic changes of cell morphology

that are transiently activated before or during dispersal is the main promotor of dispersal morphologies.

Starvation is generally a strong environmental cue that activates dispersal behavior, especially in microor-

ganisms (McDougald et al., 2012). We observe that strains that proficiently disperse in fed conditions acti-

vate highly variable swimming behavior in response to starvation. Rather than an entire population synchro-

nizing its motility rate when exposed to starvation, a spectrum of individuals with high motility is produced

in strains with high dispersal propensity. The observed variation in swim speed could rely on multiple

changes including gross cell morphology, BB and cilia spacing, ciliary dynamics, or metabolic output.

We suspect that combinatorial effects, with differences in BB and ciliary morphology could explain the

high variation in swim speeds measured for strains D5 and B2086. These strains increased their phenotypic

heterogeneity in response to starvation stress through phenotypic plasticity. Such a diversifying pheno-

typic plasticity could be evolutionarily viewed as a risk spreading strategy in fluctuating and discontinuous

environments allowing for highly heterogeneous dispersal behaviors in cells with the same genotype.

Plasticity in cilia density and cell aspect ratio occurs during dispersal

Motility is an essential component of active dispersal. In most aquatic eukaryotic microorganisms,

including T. thermophila, motility is driven by cilia-dependent fluid flow (Mitchell, 2007). For multiple cilia
10 iScience 24, 102915, August 20, 2021
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to efficiently produce fluid flow, they are properly spaced relative to one another (Nanney, 1966; Elgeti and

Gompper, 2013; Omori et al., 2020; Wolff et al., 1992; Rode et al., 2021; Ito et al., 2019). In our dispersal

assays, decreases in cell length and increases in BB and cilia density in highly dispersive strains were

observed in cells that have successfully dispersed. This is consistent with T. thermophila’s BB counting

mechanism which ensures the number of BBs in each cell remains nearly constant (Nanney, 1966). Here,

a reduction in cell length will increase BB density. An increase in BB density is expected to increase cilia-

dependent fluid flow and motility (Omori et al., 2020; Elgeti and Gompper, 2013; Rode et al., 2021; Ito

et al., 2019). For comparison, T. thermophila genetic mutants that cause BB instability often display 15–

35% decreases in BB density and exhibit reduced cell swimming (Bayless et al., 2012, 2016; Pearson

et al., 2009). In this study, highly dispersive D5 and B2086 strains have increased BB density and we suggest

this to be what improves their cilia-dependent cell swimming during dispersal. We suggest that the plastic

increase in BB and cilia density in ciliated microorganisms that control BB frequency increases effective cell

motility during dispersal.

The cell’s global geometry is also likely to impact cell motility (Omori et al., 2020; Ito et al., 2019). Elevated

cell aspect ratio creates cells that are elongated relative to their width. The increased aspect ratio that is

triggered by nutrient removal is consistent with strain dispersal rates and the general finding of associa-

tions between dispersal and narrow cell shape. However, passive plastic changes in cell volume could

also occur because of changes to osmotic pressure during starvation. We suspect that combinatorial ef-

fects, with differences in BB and ciliary morphology could explain the high variation in swim speeds

measured for the efficient dispersing strains D5 and B2086. It is plausible that narrow cell shape is an envi-

ronment-dependent change that either directly impacts motility through effects on ciliary motility or re-

flects a metabolic state of the cell that promotes dispersal behaviors.

The caudal cilium is a determinant of rapid cell motility

The caudal cilium is a transient structure that we observed in this study upon exposure to starvation. It is

present only in a sub-population of starved D5 cells and is not found in fed cells. Moreover, the caudal

cilium is associated with variable fast motility of cells. This is a distinct example of a transiently emerging

morphology that is not present before dispersal behavior is initiated. Caudal cilia do not appear to beat

and may serve as a rudder for steering rapid cell motility (Video S1 (Nelsen, 1978)). Caudal cilia have

also been detected on other Tetrahymena species and ciliates including Ichthyophthirius, Uronema, Par-

amecium, and Coleps/Levicoleps (Corliss, 1957; Foissner et al., 2008; Holz and Corliss, 1956; Lu et al.,

2016; Nelsen and Debault, 1978; Tamm, 1978; Kozel, 1986). Ichthyophthirius, a parasitic ciliate closely

related to T. thermophila, has distinct morphologies during its life cycle and possesses a caudal cilium

only during its free-swimming dispersal stage prior to host invasion (Kozel, 1986). The transient develop-

ment of a caudal cilium further supports the importance of morphological plasticity and variation in

dispersal. We posit that plasticity and variation in morphology is critical for managing the costs and risks

surrounding the dispersal process.

Conclusion

By decrypting the morphological determinants of dispersal at a previously unseen cellular level, we show

that the dispersal process does not rely on innate phenotypic stereotypes. T. thermophila rather employs

differential transient cell and ciliary morphologies to promote motility for dispersal, which could be impor-

tant in managing energy cost trade-offs between morphologies that promote feeding and the transition to

morphologies employed for efficient dispersal (Omori et al., 2020; Gilpin et al., 2017; Bonte et al., 2012; Ito

et al., 2019). To determine if this link between cilia-dependent motility and dispersal is ubiquitous, future

studies should now be developed in other taxa inhabiting ponds and lakes, but also river, ocean, and

terrestrial biotas. Future studies should also elaborate on the molecular determinants, costs, and benefits

of this panel of dispersal strategies, as well as their ecological and evolutionary consequences in real land-

scapes both when individuals colonize new patch (as in our study) and settle in an already occupied patch.

Limitations of the study

We studied dispersal within highly simplified microcosms. The limitations of artificial systems, especially

the generalization of the corresponding observations to nature, is a long-standing matter of concern in sci-

entific research, but their obvious advantages lead to their massive use (Bestion et al., 2019; Benton et al.,

2007). In the context of dispersal, behaviors appear to be similar in nature and in artificial systems for some

species (Legrand et al., 2012, 2015; Benton et al., 2007; Le Galliard et al., 2005). In Tetrahymena, prior
iScience 24, 102915, August 20, 2021 11
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studies from our groups and others have shown that dispersal behavior studied in the simple two-patch

systems are congruent with what is known for other species in natura. For instance, cells adjust dispersal

decisions relative to kinship, population density, resources, and temperature within these simplified micro-

cosms (Chaine et al., 2010; Jacob et al., 2016, 2017, 2018, 2019; Pennekamp et al., 2014). However, tech-

niques are not available to study the T. thermophila dispersal behaviors in natura, as for most microorgan-

isms. Yet, our system is extremely simplified (axenic media, only two patches, absence of sex, only

clonemates with a likely unreasonable cell density) and therefore far from natural conditions. The severity

of some of these limitations could be easily evaluated, e.g., feeding T. thermophila with a single or a diver-

sity of bacteria, introducing top predators and/or competing species, working on a heterogeneous pop-

ulations of T. thermophila, or having multiple patches of different sizes and in physical different conditions.

This would test whether dispersal and its related morphologies are dependent on specific environmental

conditions. Nonetheless, in the long run, studies in natura will be necessary.

The morphological analysis of Tetrahymena cells, BBs and cilia requires cell fixation and preparation for

light microscopy. This can impact natural morphologies and subtle changes to BB and cilia morphology

are to be expected. Moreover, this study measured a limited number of morphological parameters that

can be expanded upon to further explore the diversity in changes with dispersal. These include, but are

not limited to, cortical rigidity, oral apparatus positioning, ciliary beat frequency, waveform and metachro-

nicity, mechanical coupling between BBs, and number and volume of vacuoles. In addition, our studies

highlight a subset of the population and examples like the caudal cilium suggest that wemay not accurately

estimate the variance of morphological diversity in these systems. The low frequency and high variation of

caudal cilia appearance in starved D5 cells make it challenging to study the functional role of this transient

cilium. To image live cells with a caudal cilium, cells were slowed using viscous media and imaged when

cells swam just above the cover glass. While the caudal cilium appears to be immotile compared with

neighboring cilia, subtle beating may be difficult to visualize. Future quantitative studies will use auto-

mated approaches analyzing cell morphologies, and cilia dynamics to describe morphological and behav-

ioral variance.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a-TtCen1 (Stemm-Wolf et al., 2005) NA

a-glutamylation GT335 Adipogen Cat# AG-20B-0020-C100

a-a-tubulin 12G10 DSHB Cat# AB_1157911

Alexa Fluor 488 goat a–rabbit IgG Invitrogen Cat# A11034

Alexa Fluor 594 goat a–rabbit IgG Invitrogen Cat# A32740

Alexa Fluor 647 goat a–rabbit IgG Invitrogen Cat# A21244

Alexa Fluor 488 goat a–mouse IgG Invitrogen Cat# A11029

Alexa Fluor 594 goat a–mouse IgG Invitrogen Cat# A32742

Alexa Fluor 647 goat a–mouse IgG Invitrogen Cat# A21236

Chemicals, peptides, and recombinant proteins

Polyethelene oxide ACROS Organics�www.fishersci.com Cat # AC183220050

Citifluor� Mountant solution AF1 Ted Pella Inc. Cat # 17,970-25

Experimental models: organisms/strains

T. thermophila: Doerder strains 1-22 tetrahymena.vet.cornell.edu Figure S1

T. thermophila: B2086 tetrahymena.vet.cornell.edu Cat # SD01625

Software and algorithms

Prism8 GraphPad Software San Diego, California USA, www.graphpad.

com
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents used in this study should be directed to and

will be fulfilled by the lead contact, Chad Pearson (chad.pearson@cuanschutz.edu).
Materials availability

This study did not generate any new unique reagents.
Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This study does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.
EXPERIMENTAL MODEL AND SUBJECTS DETAILS

Tetrahymena thermophilaD1-D22 strains (wild type natural isolates) and wild type B2086 (laboratory strain)

were used in experiments for this study. Each strain is verified as T. thermophila through successful conju-

gation/mating events with known T. thermophila strains and genome sequencing (Arslanyolu and Doerder,

2000). The sex of each Tetrahymena thermophila strain were not accounted for because T. thermophila has

7 mating types (sexes) and the exact mating types were unknown for most strains. All experiments were

performed in accordance with governmental and institutional guidelines.
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METHOD DETAILS

Tetrahymena cell culture

Tetrahymena thermophila D1-D22 strains were kindly provided by Paul Doerder (Cleveland State Univer-

sity, see Figure S1H) and B2086 was obtained from the Tetrahymena Stock Center (tetrahymena.vet.cornel-

l.edu/index). Cultures for D1-D22 were maintained in 24-well culture plates by passaging approximately

every 10 days, with two periods of cryopreservation. Each strain was grown independently and cultured

in 0.6% SPP media (0.6% protease peptone, 0.03% yeast extract, 0.06% glucose, and 0.0009% Fe-EDTA)

at 23�C. Cells collected for analysis were grown to mid-log phase (approximately 33105 cells/mL). Cell

counts were determined using a Coulter Counter Z1 (Beckman Coulter), except for the quantification of

dispersal rates (see below).
Quantitative analyses of tetrahymena cell swimming and morphology

Swim speed was calculated from 5 s videos acquired at 20 frames per sec, individual cell swim paths were

followed (for 4–10 frames) to determine average speed in mm/second (Figure S1B). The swim speed of cells

is defined as the total distance traveled by cells divided by the duration of the trajectory, and linearity is the

ratio between the net distance traveled (Euclidian distance between start and end positions), and the total

distance traveled, such that higher values indicate straighter trajectories (Figure S1B). Cell length was

measured as the distance from the anterior tip to the posterior end of the cell (Figure S1C). Cell width

was measured as the distance across the cell’s dorsal-ventral axis perpendicular to the anterior-posterior

cell axis, 1 mm posterior to the cell’s oral apparatus (Figure S1D). Aspect ratio was calculated as the length/

width of the cell (Figure S1E). BB density wasmeasured as the number of BBs (a-TtCen1) in a 10 mmdistance

of a ciliary row within the medial region of the cell (middle 50% of anterior-posterior axis) (Figure S1F).

Ciliary rows per cell were counted through full cell z-stacks as the total number of individual rows of BBs

around the cell’s lateral circumference (Figure S1G). Cilia length was measured using a segmented line

as the distance from the distal end of the BB (a-TtCen1) to the tip of the cilium (a-–a-tubulin and a-gluta-

mylated tubulin) (Figure S1H). Each of these measure parameters were used to generate an average

morphology for all strains analyzed (Figure S1I).
Dispersal

We performed dispersal assays to characterize the 22 T. thermophila strains using two-patch dispersal sys-

tems consisting of 1.5 mL tubes connected by a corridor made of a 2.5 cm long silicone tube with a 4 mm

internal diameter (Chaine et al., 2010; Jacob et al., 2015, 2016). In T. thermophila, cells adjust dispersal de-

cisions relative to kinship, population density, resources, and temperature within these simplified micro-

cosms (Chaine et al., 2010; Pennekamp et al., 2014; Jacob et al., 2016, 2017, 2018, 2019). Such results

can be observed because two-patch systems accurately mimic simplified metapopulations, i.e., suitable

patches separated by a corridor (over 1000 times the size of a T. thermophila cell), with each patch being

of sufficient size to host very large population sizes (up to �500,000 cells per patch (Jacob et al., 2019)).

Importantly, dispersal movements in these experimental microcosms influence T. thermophila local adap-

tation by generating gene flow among patches and affecting population differentiation (Jacob et al., 2017).

The movements we quantify in these microcosms therefore match the classical definition of dispersal

movements: movements between populations than can lead to gene flow (Clobert et al., 2012; Ronce,

2007). The dispersal system was filled with 4 mL of 0.6% SPP media and the central corridor was clamped.

100,000 cells were added to the resident patch. After 30 min of acclimatization, the corridor clamp was

removed, and cells were allowed to disperse to the disperser patch for 4 hr at 23�C. After the 4 hr, the

corridor was clamped again and cells from each patch were collected, counted, and/or analyzed for swim-

ming parameters described above. Dispersal rate was measured as the fraction of dispersers/total number

of cells, as measured from 2 x 10 mL pipetted from each tube into chambers of a multichambered counting

slide (Kima precision cell 301890). We immediately acquired 20 s live cell movies from each chamber under

dark-field microscopy to count cells and quantify movement characteristics using BEMOVI R-package (Pen-

nekamp et al., 2015).

To quantify swimming and morphology changes associated with dispersal in D4, D5 and B2086, large two-

patch systems with more cells were required to perform immunofluorescence experiments. Dispersal as-

says were conducted using a two-patch system consisting of 5 mL habitat microtubes connected by an

8 cm long silicone tube corridor with a 4 mm internal diameter. This dispersal system was optimized for

the increase in habitat size and corridor length (Figures S3A–S3D). This dispersal system was filled with
16 iScience 24, 102915, August 20, 2021
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11 mL of 0.6% SPP media and the central corridor was clamped. 400,000 cells were added to the resident

patch. As above, after acclimatization, the corridor clamp was removed, and cells were allowed to disperse

to the disperser patch for 6 hr at 30�C.
Starvation

Starvation experiments were conducted by growing cells in 5 mL cultures with 2% SPP growth media at

30�C to mid log (approximately 33105 cells/mL). Cells were centrifuged in 10 mM Tris HCl pH 7.4, then

washed in 10 mM Tris HCl pH 7.4 again before resuspending cells (33105 cells/mL) in 5 mL of 10 mM

Tris HCl pH 7.4. Cells were incubated 240 min at 30�C before collection and analysis. Analysis of swim

speed was conducted as described above, standard deviation and percent coefficient of variation (%

CV) was calculated in Graphpad Prism on the mean speeds of individual cells.

Visualization of the caudal cilium in live D5 cells was performed by pelleting cells at 0.6 xg in a microfuge

and resuspending them in 2% polyethylene oxide (PEO, molecular weight 900,000, Acros Organics) dis-

solved in 10 mM Tris pH 7.4 (Galati et al., 2014). The PEO solution increases viscosity and slows mobility

for visualization. DIC movies were acquired at 100 frames per sec (10 ms exposure).
Sample preparation for immunofluorescence

Immunofluorescence imaging procedures were modified from prior studies to maximize the quality of BB,

cilia staining and retention of cell shape (Junker et al., 2019). For BB and cilia visualization, cells were

washed in 10 mM Tris HCl pH 7.4, followed by PHEM buffer (60 mM 1,4-piperazinediethanesulfonic acid,

25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 10 mM EGTA, and 2 mM MgCl2, pH 6.9), and

then fixed in a Triton X-100/paraformaldehyde solution (0.25% Triton X-100 and 3.2% paraformaldehyde

in PHEM buffer) for 5 min. Cells were then incubated in Triton X-100 solution (0.25% Triton X-100 in

PHEM buffer) for 10 min on ice. They were washed three times in 0.5% BSA in PBS (BSA-PBS) before a

24 hr incubation in primary antibody diluted in 0.5% BSA-PBS at 4�C. They were then washed three times

in 0.5% BSA-PBS before incubation in secondary antibody diluted in 0.5% BSA-PBS at 23�C for 2 hr. They

were again washed three times in 0.5% BSA-PBS and pelleted. 2 mL of cells from the pellet were added to a

coverslip andmounted in 6.5 mL Citifluor mountingmedia (Ted Pella). Samples were then sealed using clear

nail polish.

The primary antibodies used in this study were a-TtCen1 (1:1000 dilution (Stemm-Wolf et al., 2005)), a-glu-

tamylation (1:1000 dilution, GT335, Adipogen AG-20B-0020-C100 (Wolff et al., 1992)), and a-a-tubulin

(1:200 dilution, 12G10, DSHB AB_1157911 (Thazhath et al., 2002)). Secondary antibodies (Alexa Fluor 488

(Invitrogen A11034), Alexa Fluor 594 (Invitrogen A32740), or Alexa Fluor 647 (Invitrogen A21244) goat

a–rabbit IgG, and Alexa Fluor 488 (Invitrogen A11029), Alexa Fluor 594 (Invitrogen A32742), or Alexa Fluor

647 (Invitrogen A21236) goat a–mouse IgG) were used at 1:1000 dilution.
Microscopy

Fluorescence imaging was performed using either a Nikon wide-field TiE fluorescence microscope stand

equipped with a 100x NA 1.4 Plan Apo objective and an Andor Xyla 4.2 CMOS camera or a Nikon X1

confocal TiE fluorescence microscope stand equipped with a 100x NA 1.4 Plan Apo objective and an Andor

iXon EMCCD camera were used depending upon the experiment. Images were acquired using NIS Ele-

ments software. All fluorescence imaging was conducted at approximately 25�C and exposure times

were between 50 and 500 msec, depending on the experiment. Only T. thermophila cells in Stage 1 (G1)

of cell cycle and cells that were not visibly damaged by the fixation and staining process were imaged

and included in the analyses.
Data representation

Each data point (representing a single cell) is indicated as a single dot on the figure plots. Replicates for

morphological data are denoted by different shades (light gray, dark gray and black), the mean of each

replicate is denoted by hollow colored circles. Lines denote the mean for the entire experimental condi-

tion. All lines indicate the mean, and all error bars indicate standard deviation.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All experimental datasets represent a minimum of three biological replicates. For morphological analysis,

each replicate has approximately 10 cells (at least 30 cells per experimental condition) unless otherwise

indicated in the Figure Legends. Statistical p values are included in each dataset in the corresponding Fig-

ure Legend. Statistical tests were run in Prism8 (GraphPad Software). Normally distributed continuous data-

sets were analyzed using unpaired, two-tailed Student’s t-test. Non-normally distributed continuous data-

sets were analyzed using unpaired, two-tailed Mann-Whitney test. Data sets with multiple comparisons

were analyzed using one-way ANOVA. All p values are numerically presented to two decimal places. Lines

and bars on all plots indicate the mean and standard deviation, respectively. For correlations between

traits, each measured parameter was ranked among the isolates and simple linear regression was used

to compare the parameters (Figure 2B). Parameters that correlated had an F-test p value for a non-zero

slope of <0.05 and were assigned a value of 1. Parameters that did not correlate had p value for a non-

zero slope of >0.05 and were assigned a value of 0. Standard deviation of residents and dispersers from

the start populations was calculated as the standard deviation of each strain’s resident or disperser mea-

surements to their start population’s mean (Figures S3E and S3F). One-way ANOVA for each strain with

Dunett’s multiple comparisons to the start condition mean was conducted and reported in the figure

legend. The fraction of start overlap to simulationmeans was calculated using the fraction of start condition

measurements that fell within the range of their corresponding resident or disperser 95% confidence inter-

vals (Figures S3G and S3H). This is used as an approximation of morphological contribution of innate start

population morphology to the mean morphology observed in corresponding residents and dispersers.
18 iScience 24, 102915, August 20, 2021
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