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SUMMARY

Facultative multicellular behaviors expand the metabolic capacity and physiological resilience
of bacteria. Despite their ubiquity in nature, we lack an understanding of how these behaviors
emerge from cellular-scale phenomena. Here, we show how the coupling between growth and
resource gradient formation leads to the emergence of multicellular lifecycles in a marine
bacterium. Under otherwise carbon-limited growth conditions, Vibrio splendidus 12B01 forms
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clonal multicellular groups to collectively harvest carbon from soluble polymers of the brown-
algal polysaccharide alginate. As they grow, groups phenotypically differentiate into two spatially
distinct subpopulations: a static ‘shell” surrounding a motile, carbon storing “‘core’. Differentiation
of these two subpopulations coincides with the formation of a gradient in nitrogen-source
availability within clusters. Additionally, we find that populations of cells containing a high
proportion of carbon storing individuals propagate and form new clusters more readily on alginate
than do populations with few carbon-storing cells. Together, these results suggest that local
metabolic activity and differential partitioning of resources leads to the emergence of reproductive
cycles in a facultatively multicellular bacterium.

eTOC Blurb

Schwartzman et a/. demonstrate how phenotypic heterogeneity helps a marine bacterium break
down organic matter by forming multicellular clusters. The heterogeneity that emerges within
clonal clusters of the marine bacterium Vibrio splendidus 12B01 spatially allocates resources and
promotes ‘lifecycles’ of growth and dispersal.

Keywords

morphogenesis; cooperation; division of labor; self-organization; marine microbes; alginate;
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INTRODUCTION

Clonal groups of microbes often form transient multicellular structures such as biofilms and
fruiting bodies:2. The emergent behaviors of these structures underly ecologically important
functions such as antimicrobial resistance3, immune evasion®, and the mobilization of
complex nutrients® 6. In addition to these benefits, life at high cell density is also an
inevitable source of cellular conflict. Even when cells cooperate, competition for access

to other growth-essential nutrients is inevitable. Thus, cells in transient multicellular states
must balance cooperation and conflict for the population to derive an ecological benefit.
One possible mechanism through which this is achieved within clonal populations is

the emergence of phenotypic heterogeneity, which is a ubiquitous attribute of microbial
populations’-®. However, we have little understanding of when heterogeneity provides an
ecological benefit?. Here, we explore how the emergence of phenotypic heterogeneity

in transient multicellular structures formed by a marine bacterium enhances resource
partitioning and gives rise to complex reproductive cycles.

The focus of our study is the transient multicellularity that emerges during bacterial
decomposition. Decomposers have an ecological advantage in resource-poor environments
because they can access otherwise recalcitrant nutrients10. Because decomposition takes
place outside of cells, the ability to pool enzymes accelerates the rate of decomposition, and
in turn, enhances the recovery of breakdown products. It is common for this behavior to be
positively dependent on cell density; strong positive-density dependence results in critical
population thresholds below which cells die off°. In this context, the ecological benefit

of locally increasing cell density can exert strong evolutionary selection for multicellular
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behaviorll, suggesting that multicellular behaviors are likely widespread among bacterial
degraders in naturel2,

Here, we demonstrate how phenotypic heterogeneity within multicellular groups shapes
resource allocation, growth, and reproduction in a marine polysaccharide decomposer. The
Gammaproteobacterium Vibrio splendidus 12B01 grows on the soluble brown-algae derived
polysaccharide alginate through the formation of cooperative multicellular clusters. In
previous work, we and others have shown that growth of 12B01 on alginate polysaccharide
is strongly dependent on local population density!3.14, Here, we show, using a combination
of transcriptomics, quantitative light microscopy, and single cell stable isotope probing, that
cells in clusters exist in a mix of phenotypic states that form reproducible multicellular
structures up to 40 um in radius. We show that phenotypic differentiation promotes sharing
of polysaccharide-derived carbon and mitigates competition for other growth-essential
nutrients. Our results highlight the role of phenotypic differentiation in the context of
polysaccharide decomposition, a common microbial group behavior.

Multicellular growth on alginate is initiated by clonal groups and involves formation of
phenotypically distinct sub-populations.

Alginate decomposition is a common trait among marine Vibrio'3, and the molecular
mechanisms by which 12B01 decomposes alginate are well characterized15-18, A striking
feature of 12B01 growth on dissolved alginate is the emergence of motility within cell
clusters!# (Video S1). To better understand the process leading to the emergence of
motility, we monitored the formation of clusters during growth of 12B01 on alginate in
shaking flasks. The population was initially composed of solitary cells, but when growth
was detected, it was accompanied by the emergence of tightly packed clusters of cells.
Clusters underwent three distinct stages as they grew larger: i) initial formation clusters
containing only a few cells (Figure 1A), ii) self-organization of larger multicellular clusters
into layered structures composed of an outer sub-population with clear cell-cell adhesion
and an inner motile sub-population (Figure 1B, Video S1), and iii) rupture of layered
structures accompanied by the release of motile internal contents (Figure 1C). This behavior
is reminiscent of the hollowing and seeding dispersal observed in diverse biofilm-forming
bacterial®.

Both physical interactions with soluble strands of alginate polysaccharide and physiological
changes resulting from the availability of alginate-derived carbon could contribute to the
self-organization of 12B01. We tested these ideas by comparing the growth of cells

on alginate polysaccharide, the oligosaccharides released from enzymatic digestion of
alginate, or a mix of polysaccharide and oligosaccharides. Although the presence of alginate
polysaccharide was sufficient to induce cellular aggregation, aggregates that formed in the
presence of oligosaccharides differed greatly in their morphology compared to the compact
clusters formed when only polysaccharide was available (Figure S1A). Staining with a
cell-impermeant fluorescent dye specific for DNA revealed that these loose biofilm-like
aggregates contained dead cells and extracellular DNA, in contrast to the tightly packed
clusters that formed during growth on polysaccharides alone (Figure S1B). We infer from
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these results that while cellular interactions with alginate polysaccharide are likely to take
place in many growth environments, alginate polysaccharide must be the only available
carbon source for 12B01 to form into tightly packed structures with internal mixing and an
external shell.

Formation of clusters coincides with a positive dependence of growth on cell density.

Cultures of 12B01 grown on alginate as the sole carbon source underwent a long lag phase
before growth was detectable (Figure 2A). The maximum growth rate of individual clusters
was 0.2 h™1 (Figure 2A) compared to the 0.6 h™1 maximum growth rate of cells on alginate
oligosaccharides (Figure S2A). Quantification of cluster size distributions at the beginning
and end of growth revealed an overall increase in mean size, and a broadening of the
distribution of cluster sizes (Figure 2B). The increase in mean cluster size corresponded
with a shift in cluster morphology, from a majority in stage ii to a majority in stage iii.
Collectively, these results indicate that population-level growth is tied to the growth and
morphogenesis of individual aggregates.

Biofilms, swarms, and other bacterial social structures often form by the coalescence of
many individual cells. Unlike clonal structures, conflict can emerge within aggregative
social structures due to the presence of multiple independent genotypes29-23, This led

us to investigate whether 12B01 clusters were aggregative or clonal. We mixed isogenic
populations of 12B01 each expressing a fluorescent protein and monitored the proportion
of clusters that formed with each fluorescent protein, or with a mix of both (Figure 2C,
Figure S2B). Clusters were found to express only one fluorescent protein rather both
(Figure 2D, Figure S2C), demonstrating that the emergent cooperation of 12B01 clusters
on alginate polymer is achieved by division of a progenitor cell into a clonal collective.
One consequence of this clonality is that cooperative resource sharing and phenotypic
heterogeneity emerge from interactions among individuals with high genetic relatedness.

Cluster stages and sub-populations are transcriptionally distinct.

To define physiological differences between sub-populations, we profiled global
transcription at different stages of 12B01 growth. The timing of cluster formation in

our experimental setup enabled collection of RNA from populations of clusters such that
the majority were in a similar stage of morphogenesis. We sampled early stage ii, cells
remaining in the shells of late-stage iii clusters, and cells released from late-stage iii
clusters (Figure 2B). These samples were chosen to maximize the homogeneity within the
sampled population while capturing distinct stages of growth. Free-living stage iii samples
were collected no more than 30 minutes after the first signs of rupture as assessed by
microscopy and hence likely reflected some aspects of the transcriptional state of the ‘core
subpopulation directly prior to rupture. We also profiled the transcription of cells grown on
alginate oligosaccharides to exponential phase to provide a comparison with a well-mixed
planktonic growth state. The full analysis of pair-wise differential gene expression for all
conditions is provided in Table S1. Globally, the transcriptional signatures of 12B01 cells
differed between samples representing different morphogenic stages and sub-populations
(Figure 3A). Transcriptomes of stage ii and stage iii shell samples were most like samples
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of 12B01 during planktonic growth on alginate oligosaccharides, while the transcription of
stage iii free-living cells was more divergent (Figure 3A).

Each sample type was characterized by distinct profiles of gene expression. To understand
the specific transcriptional differences between cluster stages and sub-populations, we
defined sets of genes differentially expressed in a particular sample type relative to all

other conditions sampled (Table S2). We further binned these ‘sample-type specific’ genes
into categories defined by cellular process using the COG ontology (Figure S3A, Table S2),
revealing functional categories that were highly represented in each sample type (Figure
S3A). Within each functional category, highly represented functions often reflected the
transcription of groups of genes co-localized on the 12B01 chromosome. Examples of these
sample-type defining gene groups included a putative type IV fad/flp pilus, which was more
highly expressed by stage iii shell samples than in any other sample type (Figure 3B). Stage
iii free-living samples transcribed a group of genes related to the biosynthesis of lipid-rich
storage compounds known as polyhydroxyalkanoates (PHAS) (Figure 3C). PHA-associated
genes were grouped on the chromosome, with the exception of a phaB homolog, which was
located near a previously characterized!® alginate catabolism gene cluster. Together, these
genes encode machinery to synthesize PHA storage organelles called carbonosomes?4:25,
Stage ii samples highly expressed F1F0 ATP synthase genes (Figure 3D). In Escherichia
coli, ATP synthase genes are subject to growth-rate dependent transcriptional regulationZ®,
consistent with the observation that stage ii clusters are a state where rapid growth occurs.
Together, these transcriptional signatures suggest that metabolic activity may change during
cluster morphogenesis, and that sub-populations differentiate by expressing genes related to
adhesion and carbon storage.

The formation of 12B01 clusters requires cellular adhesion, but it was unclear whether
additional biofilm-associated genes participate in cluster formation was unclear. To

better address this, we investigated the transcription of Vibrio biofilm formation gene
homologs27=29, including genes encoding Syp-like biofilm matrix polysaccharide, an MSH-
type pilus, a Lap-like adhesin, and two separate loci encoding type IV Tad/Flp pili (Table
S3). The syp-like cluster and one fad/flp-like cluster were transcribed at a very low or
undetectable level in our RNASeq profiles (Table S3). Transcription from the ms/h genes
showed no consistent trend across experimental conditions, and the /ap gene cluster was
elevated in stage ii and stage iii samples (Figure S3A). Only genes belonging to the
second fad/fip loci were significantly more expressed in stage iii shell samples relative

to other sample types (Figure S3A). Collectively, these results suggest that formation of
clusters during 12B01 growth on alginate is unlikely to involve excretion of extracellular
polysaccharide matrix but could involve a Lap-like adhesin and a specific role for type 1V
Tad/Flp pili during the emergence of the shell subpopulation.

To validate the stage iii shell-specific transcription of fad/flp genes, we developed a
fluorescent transcriptional reporter (Figure S3C). We found that fad/fip pilus promoter
activity was elevated in clusters sampled in later stages of formation (Figure 3E). To
understand the growth conditions under which elevated transcription of fad/fip occurs, we
characterized transcriptional activity as a function of growth for planktonic cultures. The
activity of the Pflp promoter decreased in exponential phase during growth on alginate
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oligosaccharides (Figure 3F). This decrease in reporter activity was not shared by a
constitutively expressed synthetic promoter (Figure 3F), supporting the interpretation that
the decrease in tad/flp reporter activity reflects lower transcription during exponential
growth. We additionally observed that P reporter activity continued to increase as cells
were maintained in stationary phase (Figure 3G). Together, these data suggest that cellular
growth state is a regulatory cue for transcription of the zad/flp genes. In the context of cluster
formation, the increase in transcription of the fad/flp locus during formation of 12B01
clusters may be linked to slower growth in the stage iii shell sub-population.

Growth of clusters is accompanied by accumulation of carbon storage granules.

The elevated transcription of PHA biosynthesis genes in stage iii free-living samples led us
to predict that cells in this subpopulation stored carbon. We experimentally validated this
prediction by staining clusters with the lipophilic fluorescent dye Nile Red (Figure 4A). We
found that cells stained brightly with Nile Red, a presumptive PHA-storing sub-population,
were indeed localized within the cluster core. The total intensity of Nile Red staining

was positively correlated with cluster size (Figure 4B), indicating that the amount of PHA
stored by clusters increases as they grow. However, no increase in Nile Red intensity was
noted when the signal intensity was normalized by cluster area (Figure 4C), suggesting that
accumulation of PHA per cell does not increase greatly as clusters grow. An investigation of
the radial intensity profiles of individual clusters supported this idea: although PHA intensity
was elevated towards the center of larger stage ii clusters, the magnitude of the difference
was modest (Figure 4D). Together, these observations suggest that the microenvironment in
the core of stage ii clusters induces accumulation of PHA during growth in this multicellular
state.

Inner sub-populations within stage ii clusters become nitrogen limited.

The elevated transcription of genes related to amino acid transport, metabolism and
biosynthesis in stage iii free-living samples (Table S2) led us to hypothesize, by analogy

to studies of nitrogen limitation in £. co/f?, that this sub-population may be nitrogen
limited. We further reasoned that nitrogen limitation was most likely to arise while cells
were inside clusters. To determine whether limitation in aggregates could be caused by
cellular consumption, we made a numerical estimate of ammonium depletion in clusters.
Importantly, our estimate assumed that cells in clusters were phenotypically undifferentiated
and did not move, a simplification that allowed us to approximate the length scale over
which cellular consumption could deplete ammonium supplied by diffusion from outside of
a cell cluster (Figure 5A). For clusters growing at the maximum observed rate of 0.2 h™1 or
faster, our estimate predicted that clusters could reach 15-20 um in radius before cells in the
center would be completely starved for ammonium (Figure 5A).

We found that increasing the rotation speed with which flasks were shaken slowed down

the growth of clusters (Figure 5B). This observation allowed us to test a prediction of our
estimate: that a decrease in cellular growth rate would decrease cellular demand for nitrogen
and flatten the formation of a nitrogen gradient due to cellular consumption (Figure 5A). We
used Nanoscale secondary ion mass spectrometry (NanoSIMS) to measure the assimilation
of 1°N into biomass. 1°N was introduced as ammonium, and clusters were incubated with
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the heavy isotope for 4 hours, which is equivalent to slightly more than one doubling of

cluster biomass. We measured 1°N assimilation into biomass in both slow-growing clusters
(Figure S4) and fast-growing clusters (Figure S5). Profiles of 1°N assimilation revealed

a pronounced gradient in assimilation from the outer shell to inner core in fast-growing
clusters (Figure 5C). In contrast, we observed a decrease in overall cellular assimilation of
15N as well as a flattening of the assimilation profile across the radius of slow-growing
clusters (Figure 5C). Quantification of the nanoSIMS measurements revealed that the outer
layers of cells assimilated more than twice the amount of ammonium than cells in the

core of clusters (Figure 5D). Together, these measurements point towards the local density-
dependent depletion of ammonia as a cue that can emerge in fast-growing clusters. This
suggests that growth of clusters is mediated by cooperation for carbon-containing alginate
and competition for nitrogen-containing ammonium.

Carbon storage enhances propagation of 12B01 on alginate polysaccharide.

To determine conditions under which PHA accumulated in cells, we monitored PHA storage
in populations of 12B01 during growth on alginate oligosaccharides (Figure 6A). We

found that PHA storage was most favored under conditions where cells underwent more
rounds of replication from their initial founding population: in medium containing alginate
oligosaccharides as a carbon source and ammonium as a hitrogen source, a population

in which cells underwent on average at least 12 doublings contained a higher proportion

of cells that stained brightly with Nile Red (high-PHA) than a population that underwent
only four doublings (Figure 6B). Importantly, cells sampled for RNASeq were inoculated
into medium containing a concentration of alginate oligosaccharide that would support on
average 6 divisions before sampling took place. While we do not yet understand the precise
cues that induce carbon storage in 12B01, the relationship between the number of cellular
divisions and PHA storage allowed us to reproducibly derive populations with a high or low
fraction of cells storing PHA, as measured by Nile Red staining.

A question that arises from the observation of PHA-storing cells in the center of clusters
is whether carbon storage increases the ability of individual cells to form new clusters. We
addressed this question by comparing the growth of high-PHA and low-PHA populations
on alginate polysaccharide (Figure 6C). We found that, in contrast to the high-PHA
population the low-PHA population was unable to grow on alginate after 50 hours of
incubation (Figure 6C). We also assessed the growth of mixed populations (Figure 6C),
by deriving high-PHA and low-PHA populations expressing different fluorescent markers
(Figure 6D). Our competition experiments revealed that high-PHA populations retained a
competitive advantage even when mixed with low-PHA populations (Figure 6D). Together,
these results suggest that carbon storage supports the reproductive lifecycles of 12B01
during multicellular growth on alginate polysaccharide.

DISCUSSION

Phenotypic heterogeneity is a property of most clonal populations of bacteria823:31, Where
this heterogeneity allows cells to perform specific and synergistic tasks, it can give rise to
a phenomenon called division of labor. However, it remains challenging to demonstrate
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that heterogenous cell sub-populations interact synergistically. Outside of experiments

that have engineered such interactions in the lab32, biofilms®3334 and infection3®, few
natural examples of bacterial division of labor are known. We propose that the phenotypic
differentiation of 12B01 cells during cooperative growth on alginate falls into the framework
of a division of labor (Figure 6E). We demonstrate that the functions expressed by these
two sub-populations cannot co-occur: Populations grown on alginate oligosaccharides do
not highly transcribe type IV tad/flp pili and do not stick together: it is only when cells
enter stationary phase during carbon-limited growth in batch culture that pili genes are
highly transcribed. In our system, growth on alginate requires cellular cooperation as it is
the combined enzymatic activity of cells and their proximity that supports growth on this
polymeric carbon source. The differentiation of ‘shell’ and ‘core’ subpopulations provides
the local density required for cooperative growth by preventing dispersal. This mechanism
is unlike the oscillatory growth observed in Bacillus subtilis colony biofilms, where cellular
demand for nitrogen fluctuates to support growth of different sub-populations34. While
further work will be needed to capture the dynamics of cluster formation with higher
temporal and spatial resolution, our data point to both the mechanical and physiological
properties of clusters as critical aspects of division of labor in 12B01 clusters.

The ability to form large, self-organized clusters and undergo reproductive cycles with
coordinated bursts of dispersal may shape the ecological dynamics of 12B01. We do not
know whether this strain can form similar structures in coastal seawater, however, the
concentrations of alginate and ammonium chloride used in our experimental model fall
within what can accumulate during algal blooms36. Blooms are also characterized by waves
of bacteriophage infection. Biofilms and other bacterial structures have been proposed as
barriers to phage infection37-39. Thus, the highly structured clusters formed by 12B01

may provide a barrier to bacteriophage infection, particularly of the cells in the interior of
clusters. Blooms are also accompanied by increases in bacterivores such as protists. The
grazing efficiency of protists has been shown to depend on the size and structural integrity of
their prey, thus, the formation of dense 40 um groups may enhance resistance to predation“©.
Future work will be needed to determine whether, in addition to accelerating cycles of
reproduction, formation of phenotypically differentiated multicellular groups also enhances
resistance to bacteriophage or protist predators.

The formation and rupture of the multicellular clusters described in this work are
reminiscent of the formation and dispersal of surface-attached biofilms37:41-46 |t is well
known that bacteria integrate environmental cues and gradients into the regulation of biofilm
formation4’~49. Indeed, our work suggests that cellular adhesins associated with biofilm
formation are also important for the formation of 12B01 clusters. Importantly, our data
suggest that type IV pili are a structural component of 12B01 clusters, especially in the
shell subpopulation. Type IV pili are known contribute to biofilm formation and DNA
uptake in Vibrio cholerae®®, and are often capable of dynamic extension and retraction

in many bacteria®l. The specific type IV pilus described in this work, Tad/Flp, has a
previously characterized role in adhesion to cells and surfaces by diverse bacteria®2-56,
but has no known role in DNA exchange. Further work will be needed to determine the
molecular mechanisms through which Tad/Flp and other cellular adhesins mediate cluster
morphogenesis in 12B01.
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The emergence of a motile core in 12B01 clonal groups recalls a well-known dispersal
phenotype of proteobacterial biofilms sometimes called hollowing3”. We show that the
emergence of the hollowing-like phenotype in stage ii 12B01 clusters coincides with the
formation of carbon-storage granules by this sub-population. Stored carbon can enhance the
quality of each propagule by fueling biosynthesis or even transiently increasing the size

of the propagule population, as has been observed in PHA-storing rhizobia isolates®’-%8,
PHA-fueled growth may kick start the degradation of difficult to access carbon sources or
allow for increased propagule survival or prolong the search-time for a population to find a
suitable habitat patch to colonize. Our findings and other recent work®® suggest phenotypic
differentiation and asymmetric resource allocation among cells is a strategy employed in
natural bacterial populations. More work is needed to establish how well conserved this
strategy is among bacteria in nature, and to understand how the integration of motility and
carbon storage phenotypes are regulated.

The division of labor, and emergence of complex self-organized structures that characterize
12B01 growth on alginate are attributes shared by simple multicellular organisms®®. In this
context, the ability of 12B01 to grow in resource-limited environments as clonal structures
is particularly intriguing: simulations have suggested that microbial decomposition is
constrained both by resource availability and by the evolution of cheats®0. We speculate
that 12B01’s ability to form clonal, rather than aggregative, structures that phenotypically
specialize in response to resource limitation stabilizes this strain’s strong cooperation, much
like clonality stabilizes the evolution of multicellular complexity by minimizing cheating
and evolutionary conflict?1:22, Thus, the ‘lifecycles’ of 12B01 on alginate polysaccharide are
likely to prove a useful model through which to understand the ecological and evolutionary
consequences of phenotypic heterogeneity during growth in transient multicellular states.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—Direct inquiries for further information, resources, and reagents to lead
contact Otto X. Cordero (ottox@mit.edu), who will fulfill these requests.

Materials availability—Plasmids and strains generated in this study are available upon
request from the lead contact.

Data and code availability—Transcriptomic data (raw trimmed reads, count tables) have
been deposited in the NCBI GEO repository GSE190325 and are publicly available as of
the date of publication. Accession numbers are listed in the key resources table. Raw data
reported in this paper will be shared by the lead contact upon request.

All original code has been deposited and is publicly available as of the date of publication.
DOls are listed in the key resources table.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.
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EXPERIMENTAL MODEL

Vibrio splendidus strain 12B01 was grown at 25 °C. Liquid cultures were established

in Marine Broth from colonies grown on MB medium solidified with 1.5% agarose.

For experimental measurements, cultures were grown following a previously established
protocol®3. Briefly, precultures were established in a defined minimal medium®4, from

MB liquid cultures that had been growing for 4-6 h from a single colony inoculum. The
preculture medium contained 10 mM ammonium as sole source of nitrogen and 10 mM
glucose unless otherwise noted. Cultures were grown to an optical density of 0.4-0.6, as
measured at 600 nm with a 1 cm path cuvette on a Genesys 20 spectrophotometer (Thermo
Fisher, Waltham, MA, USA), rinsed by pelleting cells at 5000 rcf for 1 min in a tabletop
microcentrifuge (Eppendorf, Hamburg, Germany), and resuspended in carbon-free defined
minimal medium such that the final OD was 1.0. To make alginate minimal medium, low
viscosity alginate was added to defined minimal medium at a concentration of 700 mg/L
(0.07% wiv). The medium was stirred in a sterile glass flask to dissolve the polysaccharide
strands, then passed through a 5 um syringe filter (Pall Corporation, Port Washington, N,
USA) to remove any alginate that was not dissolved. Experimental cultures were initiated by
inoculating cells to an initial OD of 0.01 in 250 mL borosilicate glass Erelenmeyer flasks
containing 70 mL of alginate minimal medium. “Fast” shaking was established by rotation of
flasks at setting 4 on an orbital shaker (0.75” rotational orbit, Model 3500, VWR, Radnor,
PA, USA), which corresponds to ~200 rpm, ‘slow’ shaking was established at a setting of

2, corresponding to ~100 rpm. To pre-digest alginate polysaccharide and produce alginate
oligosaccharide defined minimal medium, 0.01 pg/mL commercial alginate lyase was added
to alginate defined minimal medium and incubated overnight with stirring at 37°C. Alginate
lyase was removed prior to assay by filtering the medium through 3 kDa Amicon Ultra
molecular weight cutoff filters (MilliPore Sigma, Burlington, MA, USA). To maintain
plasmids in 12B01, chloramphenicol was added to growth media at final concentration of
12.5 ug/mL.

METHOD DETAILS

Constructs and validation of replicative plasmids—Multicopy plasmids expressing
eGFP or mKate2 from the synthetic ac promoter were constructed in previous work®.
These constructs encoded P,-eGFP/mKate, the chloramphenicol resistance gene catand

a segment of plasmid pVVSV208 released by restriction digest by Spel and Sphl. This
segment of pV/SV208 contained an origin of transfer for RP4 conjugation®®, the R6K origin
of replication for maintenance of the plasmid in certain £. colistrains, as well as an

origin of replication from a Vibrio fischeri plasmid that is stably maintained in multiple
species of Vibric®’. The resultant plasmids, pLL103 and pLL104, were transferred into V/
splendidus 12B01 by conjugation using a previously described protocol®8. Briefly, ‘donor’
cultures of Escherichia coliPIR1 carrying pLL103 or pLL104 were grown overnight in LB
with 25 pg/mL chloramphenicol. A conjugative helper strain, £. co/i DH5-alpha lambda
pir carrying plasmid pEVS104, was cultivated overnight in LB with 50 pg/mL kanamycin
sulfate. 12B01 ‘recipient’ cultures were grown overnight on MB. Equal parts donor, helper,
and recipient cultures were collected, pelleted, and resuspended in MB medium to remove
any residual antibiotic. The washed cells were combined and centrifuged once more to
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concentrate the cells. The pellet was resuspended in ~30 pul MB and plated on an MB

agar plate to create a dense colony and promote conjugation. After 24 h of incubation

at room temperature (21-25 °C), about half of the conjugation mix was resuspended in

250 pl fresh MB, and 100 pl aliquots of this resuspended cell mixture were plated onto

MB agar plates containing 12.5 ug/mL chloramphenicol to select for plasmid-carrying
transconjugates. Plates were incubated at room temperature for up to 72 h, or until colonies
became visible. Colonies were screened for the expression of eGFP or mKate using a blue
LED light box with an orange plexiglass filter. The putative transconjugates were struck onto
fresh MB chloramphenicol agar plates to derive isolated pure cultures, and stocks were made
of single colonies. The presence of pLL103 and pLL104 was confirmed by amplification

of a plasmid specific locus using primer pairs pLL103_confirm_F/pLL10X_confirm_R or
pLL104_confirm_F/pLL10X_confirm_R. The taxonomic identity of the transconjugates was
confirmed by Sanger sequencing of the 16S rRNA gene using primers 8F/1492R. Constructs
were maintained in Escherichia coli PIR1 due to their R6K origin of replication.

To build a transcriptional reporter for the faa/flp locus, we mapped mRNA-Seq reads onto
the region of the 12B01 chromosome encoding this locus to define the transcriptional

start site upstream of the first gene in the locus. We further mapped the ribosome binding
site associated with this gene, the putative pilin ORF V12B01 22511, and used a 142

bp segment of DNA falling upstream of this site to promote transcription in our reporter
construct. Primers Pflp_Sphl_F and Pflp_Kpnl_R were designed to amplify this segment
of DNA from 12B01 genomic DNA, and to introduce restriction sites. To construct the
transcriptional reporter, we digested plasmid pLL103 and the PCR product of Pflp_SphIF/
Pflp_Kpnl_R with Kpnl and Sphl restriction enzymes. We ligated the cut insert and vector
together with T4 DNA ligase and transformed ligation mixtures into chemically competent
PIR1 E. coli. Insertion of the fad/flp promoter region upstream of the mKate gene was
confirmed by Sanger sequencing across the junction of mKate into the tad/flp promoter
using primer mKate_R_seq. The reporter plasmid was conjugated into V/ sp/endidus 12B01
as described above. The resulting construct was named pJS2020.1 and was maintained in £.
coli PIR1 with 25 pg/mL chloramphenicol.

We confirmed the stability of pLL103, pLL104, and pJAS2020.1 by monitoring growth
and fluorescence using a Spark plate reader with Te-cool element (Tecan, Mannedorf,
Switzerland). Specifically, we performed titration experiments to ensure that the amount of
chloramphenicol used to maintain positive selection (12.5 pg/mL) was sufficient to prevent
plasmid loss and did not alter growth kinetics relative to a no-antibiotic control (Figure
S3B). For these experiments, strains were grown in defined minimal medium with 10 mM
glucose and continuous 2 mm amplitude 150 rpm double orbital shaking at 25°C. 150 pl
of each culture was cultivated in black walled 96-well plates with flat transparent bottoms
(Grenier, Kremsmuenster, Austria). Readings were acquired every 15 minutes for optical
density (absorbance at 600 nm), eGFP fluorescence from pLL104, and mKate fluorescence
from pLL103 or pJAS2020.1. Settings to detect eGFP fluorescence: excitation, 485/20 nm;
emission 535/20 nm; dichroic 510 nm. Settings to detect mKate fluorescence: excitation,
588/20 nm; emission, 635/20 nm; dichroic 625 nm. Gain and Z position were set by
measuring a sample of each strain a density of OD 1.0.
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Light microscopy and staining conditions—Cluster formation by 12B01 during
growth on alginate polysaccharide was visualized using a ImageXpress Confocal high
content microscope (Molecular Devices, San Jose, CA, USA) using with Metamorph
Software, operating in widefield mode. Images were acquired with a 40x Ph2 ELWD
objective (0.6 NA, Nikon), and filter sets: Ex 482/35 nm, Em: 536/40 nm, dichroic 506
nm to detect eGFP; Ex: 562/40 nm, Em:624/40 nm, dichroic 593 nm to detect mKate,
Nile Red, and Priopidium lodide; Ex:377/50 nm Em: 447/60 nm dichroic 409 nm to
detect TOTO-3. The excitation light source was LED lines from a Spectra X light engine
(Lumencore, Beaverton, OR, USA) set to 100% maximum intensity. Images were acquired
with a 2048x2048 pixel Andor Xyla 4.2 sCMOS detector. Unless otherwise noted, images
were acquired with exposure times of 100 ms.

Visualization of clusters using spinning disk confocal microscopy was performed at

the Keck Imaging Facility at MIT’s Whitehead Institute on a AxioVert 200M inverted
microscope (Carl Zeiss Instruments, Oberkochen, Germany), with a CSU-22 spinning disk
(‘YYokogawa, Musashino, Tokyo, Japan). Images were acquired using Metamorph software,
with 63x or 100x 1.4 NA Plan Apochromat oil objectives and illumination from a 488 nm
150 mM OPSL excitation laser with a 525/50 nm bandpass emission filter and 488 nm
dichroic. Unless otherwise noted, images were collected with exposure times of 200 ms, and
processed with ImageJ.

To visualize DNA in live cells, culture samples were stained with 5 pM of the DNA-binding
dye SYTO9, which emits green fluorescence when bound to DNA. Extracellular DNA was
stained as described previously®, except that 1 uM TOTO-3 iodide was used in place

of TOTO-1 iodide (fluorescent molecules are both cell-impermeant DNA stains, but with
different excitation/emission properties). Dead cells were detected by staining with 20 uM
Propidium iodide. PHA accumulation within cells was stained with 0.5 pg/mL lipophilic
fluorescent dye Nile Red’0. Nile Red dye was resuspended in DMSO at 1 mg/mL, and a
fresh 10 pg/mL working solution was created for each experiment to enhance solubility in
experimental medium.

RNA isolation and RNA-Seq—Cultures were grown to an indicated stage of
morphogenesis, as defined by microscopy. To separate stage iii samples (ruptured clusters)
into ‘shell’ and “free-living’ fractions, samples were allowed to settle. The top fraction (free-
living) and bottom fraction (shell) were collected using a transfer pipette and separated.
Note that samples of core and shell in this study were not paired. To collect samples of
12B01 grown on alginate oligosaccharides, glucose-grown precultures were inoculated into
5 mL alginate oligosaccharide defined minimal medium in a 14 mm plastic test tube with

a vented cap at an initial optical density of 0.01 and grown with 250 rpm shaking at 25 °C
to an optical density of 0.37 prior to harvesting. 30 mL RNA Protect Bacterial Reagent was
added to 15 mL cultures of clusters, or 10 mL RNA protect was added to 5 mL or alginate
oligosaccharide cultures. Samples were incubated at 4 °C overnight. Cells were collected
by centrifugation at 5000 rcf and 4°C in a Sorvall Legend XIR centrifuge, equipped with

a Fiberlite F15-6x100g rotor for 30 min. Supernatant was decanted, leaving pelleted cell
material which was frozen at —20°C.
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To isolate total RNA we used a Qiagen RNeasy kit, following manufacturer’s protocol
except for the following modifications related to lysis: Cells were resuspended in 15 mg/mL
lysozyme in TE buffer and incubated for room temperature for 30 min prior to addition of
buffer RLT. Samples were lysed by mechanical disruption using lysing matrix B. Samples in
lysing matrix were shaken in a Fastprep-24 Classic homogenizer (MP Bio, Santa Ana, CA,
USA) for 10x30 second intervals, taking care to keep samples from heating up. Samples
were then treated with DNase digestion using a Turbo RNA free DNAse kit, following
manufacturer’s instructions. The integrity and purity of total RNA was assessed running

a sample on an Agilent 4200 Tapestation (Agilent, Santa Clara, CA, USA) in a HS RNA
screen tape.

To derive mRNA from total RNA, we performed rRNA depletion with the Ribominus Yeast
and Bacteria transcriptome isolation kit. We included an optional step in the manufacturer’s
protocol to concentration the remaining mMRNA by ethanol precipitation with glycogen.
Ethanol precipitated samples were resuspended in FPF sample buffer from the TruSeq
stranded mMRNA-Seq kit reagents. mMRNA abundance was quantified using a Quant-iT RNA
Assay kit on the Spark plate reader, following manufacturer’s instructions. The quality of
the mRNA was further assessed using an Agilent HS tape on a Bioanalyzer to confirm
rRNA depletion and quality: samples were screened for quality by requiring an RNA
integrity number (RIN) or more than 8. mRNA remaining from rRNA depletion of 2-10

ug total RNA was used as template to create sequencing libraries. Sequencing libraries were
prepared using an lllumina TruSeq Stranded mRNA library preparation kit following the
manufacturer’s protocol. Libraries were assessed for quality using Agilent HS screen tapes
and fluorescence-based plate Qbit assay prior to pooling. Libraries were sequenced at the
Whitehead sequencing core (Whitehead Institute, MIT) on an Illumina HiSeq 2500 in 60x60
in paired-end mode.

Stable isotope amendment experiments and nanoSIMS analysis—To trace the
assimilation of ammonium into cellular biomass, 1°N-labeled ammonium was added at a
final concentration of 10 mM to cultures of 12B01 growing on 0.07% alginate. 15N labeling
experiments were performed on 12B01 alginate cultures grown with varying shaking speeds-
because the growth of these cultures occurs at different rates (Figure 5B), the addition of
the heavy labeled isotope was timed such that clusters were of similar size. The cultures
initially contained 10 mM of unlabeled ammonium as the sole nitrogen source, and at the
time of 15N addition, some of this unlabeled ammonium likely remained in the culture
medium. After a 4 h incubation, including a 1 h step in which aggregates settle out,

samples were collected and processed following previously established protocols’ with
minor modifications as follows: After removal of supernatant, an equal volume of 4%
paraformaldehyde marine PBS (mPBS, 50 mM sodium phosphate pH 7.4, 0.4 M NaCl) was
added to the concentrated aggregate mixture for 45 min. 30 min of this time was static,

to allow aggregates to settle out. Three 1-hour rinses with 1xmPBS were performed, in
which aggregates were incubated with rotation, then allowed to settle for 30 min. Following
the final wash step, concentrated aggregates were combined with 1 part molten 9% noble
agar in phosphate buffered saline. The agar-aggregate mixture was allowed to solidify in

a 1.5 mL centrifuge tube. Samples were stored at 4°C prior to processing. Immobilized
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samples were dehydrated in ethanol and stored at —20 °C prior to embedding in Technovit
8100 resin and continuing with the manufacturer’s standard protocol. Embedded samples
were sectioned into 1 um thick slices with a glass knife using a microtome (Leica, Wetzlar,
Germany), mounted onto poly-I-lysine-coated glass slides, and sputter coated with 40nm of
gold using a Cressington sputter coater. Samples were analyzed on a CAMECA nanoSIMS
50L in the Center for Microanalysis at Caltech. Data acquisition began with a pre-sputtering
step using a 90-pA primary Cs+ ion beam with aperture diaphragm setting of D1 = 1 until
the 14N12C- jon counts stabilized. 4N12C- and 15N12C- ions were imaged along with
secondary electron images. Data were collected using a 0.5-pA primary Cs+ beam with
aperture diaphragm setting of D1 = 3 and the entrance slit set at (ES)=2. Dwell times ranged
from 1-10ms/pixel with acquisition area between 10 and 40 microns.

Oligoalginate growth curves and determination of growth yield.—To measure
the maximum rate at which 12B01 grows on alginate oligosaccharides, we inoculated
alginate oligosaccharide defined minimal medium with 12B01 cells precultured on the
same medium. Cultures were inoculated with an initial optical density of 0.01. Cultures
were established in the same growth environment used to study 12B01 cluster formation
(described above): 70 mL of medium in Erelenmeyer flasks with slow shaking. Growth was
monitored by measuring the 600 nm absorbance of 0.6 mL samples in semi-micro cuvettes
on a Genesys 20 spectrophotometer. A range of alginate oligosaccharide concentrations
were used to ensure that the measured growth rate reflected growth under conditions where
carbon limited growth yield but not growth rate (Figure S2A).

Our calculations of cellular demand required measurement of 12B01 yield with respect

to ammonium. To measure growth yield with respect to ammonium, growth yield

was measured by cultivating 12B01 on 0.07% wi/vol alginate oligosaccharides with

varying concentrations of ammonium chloride. As 0.07% alginate oligosaccharides and

10 mM ammonium results in carbon-limited growth (Figure S2A), we titrated ammonium
concentrations down from this point. We also used these experiments to determine the
number of cells per mL at OD 1.0 by diluting cultures and plating on MB agar. Direct
colony counts were converted to cells/fOD my multiplying by dilution factor and dividing by
the measured OD of the cultures. This number was measured to be 5*10"8 cells/OD.

Experimental manipulation of PHA expression in 12B01 populations.—To
prepare high-PHA or low-PHA populations of cells for inoculation into alginate medium,
seed cultures of 12B01 carrying plasmids pLL103 or pLL104 were established in MB
chloramphenicol medium from single colonies on MB chloramphenicol agar plates. Seed-
cultures were diluted 1:100 into precultures containing 10 mM glucose defined minimal
medium with chloramphenicol. Cultures between OD 0.2-0.6 were used to inoculate
cultures of 12B01 on 0.07% alginate oligosaccharide defined minimal medium with
chloramphenicol. Three serial 1:100 dilutions were established from a starting cell density
of 0.01, so that the starting cell densities were 5*105, 5*104, and 5*102 cells/mL. Growth of
the dilutions was monitored by plate reader, using a protocol described above for validation
of pLL103 and pLL104 replicative plasmids with the following modifications: readings were
taken at 30 min intervals, and the settings to detect eGFP and mKate were adjusted slightly
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to minimize autofluorescence from the defined minimal medium. Settings to detect eGFP
were: excitation 486/15 nm, emission 525/15 nm, dichroic 510 nm. Settings to detect mKate
fluorescence were: excitation 588/20 nm, emission 640/20 nm, dichroic 625 nm. Several
technical replicates of each strain and dilution were established to allow for sufficient culture
volume for measurement of carbonosomes and inoculation of cultures. The first serial
dilution was harvested for low PHA populations, and the third serial dilution was harvested
for high PHA populations.

To prepare cells for inoculation, the fraction of cell populations expressing PHA was
measured for each dilution. PHA storage was visualized by Nile Red staining of eGFP-
labeled cells using the epifluorescent light path of the ImageXpress Micro confocal
microscope with the 40X ELWD objective, as described in more detail above. At least

five fields of view were obtained for each dilution, and 16-bit images of eGFP intensity

and Nile Red intensity were acquired. The intensity of Nile Red staining for each cell was
quantified using custom analysis scripts described below. Cultures not stained with Nile red
were collected from micraotiter plate wells and centrifuged for 1 min at 5000 rcf in a tabletop
microcentrifuge to pellet cells. The growth media was removed, and cells were resuspended
at an optical density of 0.01 in alginate defined minimal medium. These suspensions were
used to inoculate competition experiments.

To measure the contribution of PHA storage to the growth of 12B01 populations on
alginate polysaccharide, we monitored growth and fluorescence of high-PHA and low-PHA
populations through an additional plate reader experiment. We established growth on 0.07%
alginate defined minimal medium with chloramphenicol in 150 pul volume of a 96-well plate.
We measured fluorescence and absorbance at 600 nm in the Spark plate reader, using the
same settings as for the transcriptional reporter assays. We inoculated individual strains into
alginate minimal medium, as well as the following mixes: eGFP-expressing high-PHA and
mKate expressing low PHA, eGFP-expressing low PHA and mKate-expressing high-PHA,
eGFP and mKate expressing low-PHA populations, or eGFP and mKate expressing high-
PHA populations. The cell density and initial ratio of eGFP and mKate-expressing cells in
each condition was obtained from direct plate counts. Fluorescence intensity measurements
were converted into approximations of cell density using the ratio of fluorescence/OD of
the individual cultures. The ratios of mKate and eGFP-labeled cells in mixed cultures were
calculated using these estimated cell densities. Relative competitive fitness was calculated
by dividing the final ratio of initial eGFP/mKate expressing cells by the initial ratio of
eGFP/mKate expressing cells in the inoculum.

QUANTIFICATION AND STATISTICAL ANALYSIS

Plotting data and statistical analysis—Unless otherwise noted, graphs and statistical
analysis were generated in Prism.

Estimation of cellular ammonium consumption and depletion length-scale—
To understand the conditions under which cells growing in close proximity start to compete
for essential nutrients, we made an estimate based on a simplified scenario: a spherical
clump of cells made up of individuals in homogenous physiological states. We estimated the
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length scale at which cells growing on alginate and ammonia would start to deplete their
local environment of ammonia. In this scenario, ammonium diffuses into cell clusters from
the bulk medium, and the concentration outside of the clusters is held constant at 10 mM.
We derived a steady state approximation as in®L. In this approximation, the key variables are
the diffusion coefficient of ammonia, D, the concentration of ammonia outside the cluster
(C0), and the cellular consumption rate, m. CO is a constant, and 10 mM=1.8*10-3 fg/um3.
The length scale at which no ammonia reaches the center of the cell cluster, X0, is then
equal to the square root of 2*D*C0/m. We considered the possibility that the diffusion
coefficient of ammonium might vary in clusters and accounted for this by adjusting D by

a linear factor such that it was 0.8 or 0.2 the diffusion coefficient in water. This coefficient
Dag=1860 um2/s. The key parameter of this estimate is cellular consumption, m, which is
in units of femtograms ammonia consumed per cell volume per second. We calculated m
by multiplying growth rate pu by approximations of cellular volume (0.2 um3). Exponential
growth rates are measured on alginate oligosaccharides (0.6 h-1, Figure S2A), and alginate
(0.2 h-1, Figure 2A). We estimated mass for 12B01 as 500 fg from previously published
range for stationary phase and exponentially growing 1001000 fg V. splendidus 1380172,
a strain very closely related to 12B01. The yield of 12B01 with respect to ammonium was
found to be 2.5 mM ammonium per OD during growth on alginate oligosaccharides (Figure
S6). To build a 500 fg cell with this yield would require the cell to consume, 1/14 of its
biomass, or 36 fg of ammonia.

Analysis of light microscopy images—Analysis scripts were written in Matlab,
installed with the Image Analysis package.

Cluster growth was measured by segmenting images of aggregates obtained by brightfield
microscopy. The images were obtained by focusing on the middle of the clusters so that the
2D area corresponded to a cross-section through mid-plane. Pixel size of the 16-bit images
was 0.17 um. A threshold was used to define the 2-dimensional area of aggregates, and

this area was quantified. This threshold was established by segmenting the image by first
smoothing the image using a gaussian filter, then segmenting based on pixel intensity. The
resulting image was binarized. The remaining objects were filtered by their size (removing
objects with a minor axis length smaller than 50 and a circularity less than 0.1). Objects
close to the margins of the images were filtered out to exclude clusters not fully in the

field of view. After these steps, the remaining objects represented clusters, and we derived a
radius for each object from the 2D area, converted this length from pixels to um, calculated
a spherical volume, and converted this volume into a number of cells, using 0.2 um?, as a
conversion factor for volume per cell.

The composition of fluorescently labeled cells in aggregates was measured by segmenting
images of eGFP and mKate expressing cells. 16-bit grayscale images of eGFP and mKate
signal intensity were thresholded by first taking a gradient, then thresholding the resultant
image by taking only pixels that were brighter than 4 times the mean intensity. Any pixels
missing within objects were filled in to make a mask, and objects with an area smaller than
10 pixels? were removed. At this point, masks for eGFP and mKate images were combined
to create a mask for all clusters. The eGFP and mKate signal intensity was quantified within
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each cluster area, and the ratio of eGFP/mKate signal was also calculated, generating the
data analyzed in this paper.

The mean radial intensity profile of PHA accumulation was quantified from separate 16-bit
grayscale images of Nile red signal intensity (10 ms exposure) and eGFP signal intensity
(300 ms exposure) taken with 40x magnification. The eGFP channel image was used to
create a mask for clusters. Small objects were removed from the image by eroding with a
sphere-shaped structural element of size 5. The ‘imfindcircles’ function was used to find the
centers and radii of clusters. These coordinates were used to calculate the radial intensity
profiles of clusters by walking out in concentric rings from the middle of a cluster, and

for each ring, measuring the mean intensity of pixels. These mean radial profiles were
calculated for eGFP and Nile red intensity to generate data used for downstream analysis.

The Nile red staining intensity of individual cells was acquired from images of eGFP-
labeled 12B01 (200 ms) also stained with Nile Red. 16-bit grayscale images were acquired
at 40x magnification. The image of eGFP signal intensity was used to create a mask defining
cells. This mask was created by taking the gradient of the image, and then thresholding the
gradient to retain pixels greater than 2.5 times the mean intensity. Any empty pixels within
segmented cells were filled, and objects smaller than a cell were removed. The resulting
mask was used to quantify eGFP and Nile Red signal intensity for each cell. The ratio of
Nile Red to eGFP fluorescence was calculated as a relative measure of PHA per cell.

RNASeq data analysis

Paired-end Illumina reads were trimmed using Trimmomatic to remove sequencing adapters
and low-quality reads (Phred >30) using parameters leading:30, trailing:30, sliding window
10:20, and minlen 36. PhiX reads were additionally removed using bbduk. The remaining
paired reads were checked for quality using FastQC and mapped to the predicted coding
regions of the V/ splendidus 12B01 genome using Bowtie2, outputting SAM files. The
overall alignment rate for reads was 93.06%. SAM files were sorted by position using
SAMTools, and mapping was parsed using HTSeq to obtain count tables. HTSeq parameters
were: -r name -a 0 -s yes -t CDS -i gene_id -f sam. Differential gene expression was
assessed from count tables DeSeq?2 (run in RStudio). Briefly, tables were processed using

a variance stabilizing transformation to assess clustering of replicates, after which the
statistical significance of log fold change between pairs of samples was assessed using a
Wald test. P values were adjusted using the Benjamin-Hochberg method, to account for
multiple tests. Normalized transcript abundance was also calculated from count tables with
custom analysis scripts to implement the transcripts per kilobase million (TPM) method

as described previously 4. Predicted 12B01 coding regions were further annotated using
Eggnogg mapper to make functional inferences, including annotation of gene products using
the COG ontology .

NanoSIMS data analysis

Raw images were processed with Look@nanosims analysis scripts, to convert secondary
ion count data output from the CAMECA into a format readable by MATLAB. Converted
14N12C and 15N212C secondary ion count data were further processed with custom analysis
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scripts to calculate the 15N fractional abundance and to calculate the average radial 15N
fractional abundance. Where aggregates were imaged with multiple fields of view, images
were stitched together in ImageJ using the Grid collection/stitching plugin.

The radial intensity profiles of stitched images were measured for the stitched 15N fractional
abundance images. The intensity of the stitched image was first normalized by dividing pixel
intensities by the maximum intensity in the image. The normalized image was used to create
a mask, by thresholding the pixels to retain only those brighter than 0.5 times the mean
intensity. Individual cells were removed from the image by a size threshold. Because the
clusters were not circular at this magnification, the radial intensity profiles of the resulting
segmented clusters were measured by defining bands through eroding the edges of the mask
with a sphere structure factor of size 8. The eroded image defined an ‘inner’ portion of the
cluster, which could be subtracted from the mask to allow for quantification of a band of
pixels. By sequentially eroding the mask, we were able to measure the mean intensity in
concentric rings. These positional data were used for downstream analysis of radial intensity
profiles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

V/ splendidus 12B01 forms clonal multicellular clusters to break down alginate.
Phenotypic differentiation within clusters partitions limiting resources. Cluster sub-
populations form a static shell and motile carbon-storing core. ‘Lifecycles’ of growth
and rupture emerge during growth on alginate.
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Figure 1. 12B01 growth on alginate involves formation of multicellular clusters with
phenotypically distinct sub-populations.

A-C) Stages of 12B01 growth on alginate. Scale bars are 5 um. A) In stage i, single cells
slowly form undifferentiated groups. Panels show three examples of stage i groups. B)

In stage ii, groups grow and differentiate into layered structures, with a solid shell and a
mobile core. Panels show mixing in the center of groups. AV, average intensity projection
of time-lapse, showing populations of cells that are motile and not motile (Video S1); STD,
standard deviation projection, showing differences in pixel intensity between frames. C)
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Rupture of clusters leads to hollowing in stage iii. Left: optical section through a cluster,
showing absence of cells in center; right: 3D projection, showing structure of hollowed
cluster. Additional imaging of 12B01 clusters is presented in Figure S1.
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Figure 2. Population-level growth of 12B01 on alginate occurs through formation of clonal

clusters.
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A) Growth of 12B01 in groups, expressed as cells per group. Grey shaded regions delineate
growth stages. Exponential growth rate of cells in stage ii (fit line): pmax=0.19 +/- 0.03
h=1. Dashed line indicates size at which growth of clusters ceased due to rupture. Maximum
growth rate on alginate oligosaccharides is shown in Figure S2A. B) Histograms showing
the change in the distribution of cluster radii at different timepoints of 12B01 growth
on alginate. ‘Stage ii’ represents a timepoint when most clusters are growing and have a
motile core, and ‘Stage iii’ represents a timepoint when most clusters are ruptured. Clusters
measured per timepoint: Stage ii=1085, Stage iii=6105. C) Formation of 12B01 groups
tracked using isogenic strains that express fluorescent proteins (Figure S2A). Representative
images show distribution of fluorescent protein among eGFP (cyan) or mKate (magenta)-
labeled groups at stage ii. Scale bar= 20 um. D) Quantification of fluorescence intensity
within 12B01 groups. Each point represents the total intensity per group, normalized by
the mean intensity of groups in each channel. Black diagonal line=equal proportion of both
strains. Figure S2B,C provide additional information about cluster formation by the eGFP

and mKate-expressing strains.
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Figure 3. Transcriptional differences define cluster sub-populations.
A) Principal component analysis of normalized gene expression among samples. B-D

Transcription of gene clusters specifically transcribed by cluster sample types. TPM,
transcripts per million. Lines link the same gene across conditions. See Figure S3A for an
analysis of all differentially expressed genes between pairs of samples. B) Transcription

of type 1V pili genes across sample types (V12B01 22456- V12B01 22516). C)
Transcription of polhydroxybutyrate biosynthesis genes (V12B01_15106-V12B01_15126
and V12B01_24289) across sample types. D) Transcription of ATP synthase genes
(VF12B01_01867-01907) across sample types. E) Transcriptional activity of fad/fip pili
within clusters at timepoints during growth of 12B01 on alginate. Each data point represents
the mean activity measured within an individual cluster. Timepoints were taken in the
transition from stage ii to stage iii, as noted on the X axis. F) Activity of the fad/flp
promoter or synthetic Zac promoter during growth on alginate oligosaccharides. Growth

of the reporter-containing strains is shown on the left, and fluorescent signal from the
transcriptional reporters normalized by cell density (OD 600 nm) is shown on the right.
Three replicates are plotted. G) Activity of the fad/flp promoter during growth and stationary
phase of 12B01 in glucose defined minimal medium. As in F, cell density (right) and
reporter activity (left) are plotted. Two replicates are shown. Figure S3B provides detailed
information about the transcription of other biofilm-associated genes, and Figure S3C shows
additional controls necessary for the development of the transcriptional reporter construct.
See also Tables S1-S3.
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Figure 4. Accumulation of polyhydroxyalkanoate (PHA) within 12B01 clusters.
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A) Composite image showing localization of PHA (C. storage) in eGFP-labeled 12B01
clusters (cells). Three patterns of PHA storage corresponding to different stages of cluster

morphogenesis are shown inset, below. Image obtained from a timepoint between those

quantified in panel 2A. Scale bar main image= 50 pm, inset=20 pm. B-C) Measurement of
total PHA per cluster, as a function of cluster size (B) and PHA density per cluster (total

PHA per cluster divided by the cluster area (C). Colors indicate different cluster size bins.

Total PHA is measured by the intensity of Nile Red staining, in arbitrary fluorescence units.

D) Radial profiles of carbon storage intensity, normalized by cellular expression of GFP.
Each trace represents a measurement from individual clusters. Measurements are made from

the cluster center (zero) to the periphery. Vertical dashed line notes 17 um radial distance.
Traces are grouped by their size: numbers indicate the patterns represented by inset images
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in panel 4A. First panel, n=22, second panel n=13, third panel n=7. Colors are consistent
with panels B and C.
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Figure 5. Carbon-storing inner sub-populations are nitrogen limited.
A) Estimates of gradients emerging within clusters due to cellular consumption of

ammonium as it diffuses in from the bulk medium. Steady state approximation derived

as inbL. X;= distance from outer surface to point where no ammonium remains, Dy~
diffusion coefficient of ammonium in water, D /D 5= ratiometric difference between
diffusion coefficient in water and in the extracellular space of cell clusters estimated from®2,
Cg=concentration of ammonium ion in medium, /m=per cell consumption of ammonium, p=
cellular growth rate. Pink dot indicates cluster size where PHA storage is evident. Vertical

Curr Biol. Author manuscript; available in PMC 2023 July 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schwartzman et al.

Page 31

pink dashed line indicates the growth rate of clusters with slow shaking (pink). See methods
for explanation of cellular consumption rate. B) Growth of 12B01 clusters over a 24 h
interval during culture with low or high shaking. Low shaking indicates the speed normally
used to cultivate clusters. C) 15N-ammonium assimilation within stage ii clusters formed
under low shaking (left- faster growth), or high shaking (right- slower growth) measured

by nanoSIMS. Images show spatial patterns of 1°N enrichment in an aggregate (fractional
abundance 1°N), where warmer colors represent higher levels of enrichment (see Figures
S4 and S5 for all data). Cellular N assimilation=1°N12C /(14N12C+15N12C). All Scale bars=
20 um. D) Radial profiles of 1°N-ammonium enrichment within 12B01 clusters grown
under slow (left, n=6) or fast (right, n=7) shaking. Bars indicate standard deviation of pixel
intensity. Black traces indicate profiles for images shown in Figure 5C.
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Figure 6. Carbon storage enhances propagation of 12B01 on alginate polysaccharide.
A) Growth curves of high-PHA and low-PHA 12B01 populations on alginate

oligosaccharides. Black, high-PHA population; grey, low-PHA population. Bars indicate
standard error, n=3. B) Fraction of total cell population from A, binned by the mean
intensity of Nile Red staining per cell in arbitrary fluorescence units. Nile Red staining is
taken as a measurement of PHA storage within cells. C) Growth of high-PHA and low-PHA
populations on alginate polysaccharide. Populations were grown alone, or as admixtures.
H+H, a 1:1 mixture of mKate and eGFP-expressing high-PHA populations; L+L a 1:1
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mixture of low-PHA expressing populations; H+L mixtures of high-PHA and low-PHA
populations. All cultures were inoculated with 1.3*106 cells/mL +/- 0.7*10° cells/mL. D)
Composition of cultures containing eGFP and mKate admixtures. RCI, relative competitive
index, or the initial ratio of eGFP/mKate cells divided by the final ratio or eGFP/mKate
cells. H, high PHA; L, low PHA,; pink, mKate; green, eGFP. E) Proposed ‘reproductive
cycles’ supporting cooperative growth of 12B01 growth on alginate. Cells form clonal
clusters. Local density promotes growth on alginate polysaccharide in a carbon-limited
environment. As clusters grow, they phenotypically differentiate into “shell” (grey) and
‘core’(red) sub-populations in response to resource gradients. Clusters rupture, releasing
carbon-storing ‘core’ sub-population which can propagate to form new clonal clusters.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial strains

Vibrio splendidus 7% 12B01

Escherichia coli PIR1 Invitrogen, Waltham, Cat#C101010

MA, USA

\f_ﬁ/ggdidus carrying a mKate-expressing, chloramphenicol resistant replicative plasmid This paper 12B01 + pLL103

p

Escherichia coli PIR1 carrying pLL103 This paper PIR1 + pLL103

V. splendiaus carrying an eGFP-expressing, chloramphenicol resistant replicative plasmid This paper 12B01 + pLL104

pLL104

Escherichia coli PIR1 carrying pLL104 This paper PIR1 + pLL104

V. splendidus carrying transcriptional reporter plasmid pJAS2020.1 This paper 12B01 + pJAS2020.1

Escherichia coli PIR1 carrying pJAS2020.1 This paper PIR1 + pJAS2020.1

Escherichia coli DH5-alpha lambda pir carrying conjugative plasmid pEVS104

68

DH5-alpha lambda pir

+ pEVS104
Chemicals, peptides, and recombinant proteins
Kpnl-HF NEB, Ipswich, MA, Cat#R3142
USA
Sphl NEB, Ipswich, MA, Cat#R3182
USA
Chloramphenicol Sigma-Aldrich St. Cat#C0378

Louis, MO, USA

Marine Broth

BD, Franklin Lakes,
NJ, USA

Difco Cat# 2216

Low viscosity alginate Sigma-Aldrich St. Cat#Al1112
Louis, MO, USA

Alginate lyase Sigma-Aldrich St. Cat#A1603
Louis, MO, USA

Ammonium chloride Sigma-Aldrich St. Cat#213330
Louis, MO, USA

Nile Red Sigma-Aldrich St. Cat#72485
Louis, MO, USA

Propidium lodide Invitrogen Waltham, Cat#P1304MP
MA, USA

Toto-3 Invitrogen Waltham, Cat#T3604
MA, USA

Lysozyme Sigma-Aldrich St. Cat#12650-88-3

Louis, MO, USA

15N-labeled ammonium, 99%

Cambridge Isotope
Laboratories,
Tewksbury, MA,
USA

Cat#NLM-467-PK

16% Paraformaldehyde, aqueous, for electron microscopy

Electron Microscopy
Sciences, Hatfield,
MA, USA

Cat#50-980-487

Technovit 8100 resin

Heraeus Kulzer
GmbH

Cat#64709012

Critical commercial assays
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REAGENT or RESOURCE SOURCE IDENTIFIER

RNeasy kit Qiagen, Hilden, Cat#74004
Germany

RNA Protect Bacterial Reagent Qiagen, Hilden, Cat#76104
Germany

Lysing Matrix B

MPBio, Santa Ana,
CA, USA

Cat#116911050-CF

Turbo RNA free DNAse kit

Ambion, Austin, TX,
USA

Cat#AM1907

HS RNA screen tape

Agilent, Santa Clara,
CA, USA

Cat#5067- 5579

HS RNA screen tape buffer

Agilent, Santa Clara,
CA, USA

Cat#5067- 5580

HS RNA screen tape ladder

Agilent, Santa Clara,
CA, USA

Cat#5067- 5581

Ribominus Yeast and Bacteria transcriptome isolation kit Invitrogen, Waltham, Cat#A47335
MA, USA

TruSeq stranded mRNA-Seq kit Ilumina, San Diego, Cat#20020594
CA, USA

TruSeq indexes for paired end reads Illumina, San Diego, Cat#PE-121-1003
CA, USA

Quant-iT RNA Assay kit Invitrogen, Waltham, Cat#Q32884
MA, USA

Deposited data

12B01 genome assembly mn NCBI Genome:

ASM15276v1

RNASeq data This paper GEO: GSE190325

Github repostitory for image analysis code This paper’® N/A

Oligonucleotides

Pflp_Sphl_F: This paper N/A

CTTGCATGCTTACGATGCATAATAATTAGATTAGAAGTACCACAAAAAAG

Pflp_Kpnl_R: TAGGTACCTTGCGTATCAGGCTTTGTTTACCTG This paper N/A

mKate_R_Seq: CTCTGAGGTGCACTTGA This paper N/A

8F: AGAGTTTGATCCTGGCTCAG I N/A

1492R: GGTTACCTTGTTACGACTT 7 N/A

pLL104_confirm_F:GGTGACCGGATCCTTACT This paper N/A

pLL103_confirm_F:TGACCGGATCCTCAACGG This paper N/A

pLL10X_confirm_R:ACTACGTTTCATAATGGTTATGAACTTT This paper N/A

Recombinant DNA

pLL103 65 N/A

pLL104 65 N/A

pJS2020.1 This paper N/A

PEVS104 68 N/A

Software and algorithms

Metamorph

Molecular Devices,
San Jose, CA, USA

Version 6.2.3.733
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

ImageJ 80 Version 2.1.0/1.53h
Trimmomatic 81 Version 0.36
FastQC 82 Version 0.11.9
bbduk 73 Version 38.16
Bowtie2 83 Version 2.3.4.1
SAMTools 84 \ersion 1.9
HTSeq 85 Version 0.12.4
DeSeq2 86 Version 1.34.0

R Studio 87 Version 1.2.5042
TPM 7 N/A

Eggnogg mapper 88,89 Version 2.1
Look@nanosims 90 N/A

MATLAB Mathworks, Natick, Release R2020b
MA, USA

Prism Graphpad, San Version 9.3.1
Diego, CA, USA

Grid/collection ImageJ plugin 91 Version 1.2
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