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Abstract

Multicellularity is one of the most prevalent evolutionary innovations and nowhere is this more 

apparent than in the bacterial world, which contains many examples of multicellular organisms in 

a surprising array of forms. Due to their experimental accessibility and the large and diverse 

genomic data available, bacteria enable us to probe fundamental aspects of the origins of 

multicellularity. Here we discuss examples of multicellular behaviors in bacteria, the selective 

pressures that may have led to their evolution, possible origins and intermediate stages, and 

whether the ubiquity of apparently convergent multicellular forms argues for its inevitability.

Introduction

The universe can be viewed as a series of levels of organization based loosely on size. 

Inorganically, this includes the organization of different sub-atomic particles into atoms, 

which themselves can combine in various ways to form molecules with properties very 

different and unpredictable from their component parts. Thus, chemistry is derived from 

physics but remains distinct due to the distinguishable behaviors of molecules and their 

constituent parts.

Analogously, biology spans many levels of organization that also take on emergent 

properties at each stage (macromolecules to cells to multicellular organisms to societies and 

ecosystems). The major distinction of biology from the inorganic world, however, is the 

driving force behind each higher level: protons, neutrons, and electrons combine to form 

atoms based solely on their physical properties, whereas biological organization is 

additionally driven by fitness constraints. Each development must serve a function and the 

success of this function is determined not only by physical parameters but by natural 

selection. The evolution of life on this planet has gone through many of these leaps in 

organizational complexity [1]. To understand how we got to the remarkably complex 

biosphere extant today it is necessary to know both how (molecular mechanisms, “proximate 

causes”) and why (selective advantages, “ultimate causes”) these leaps occur.
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Of all the transitions between levels of organization, the advent of multicellularity is perhaps 

the most interesting for several reasons. Multicellularity completely redefines the concept of 

what is an individual organism, and has occurred independently dozens of times across all 

domains of life. Multicellularity represents a transition from the microscopic to the 

macroscopic world, and by being large, multicellular organisms are differentially affected by 

physical laws. For example, gravity becomes more important and Brownian motion less 

important, reminiscent of the transition from the atomic world driven by quantum mechanics 

to the chemistry-driven world of the cell. Multicellularity also enabled vast phenotypic 

expansion and diversification, primarily via cell differentiation and temporal development of 

morphological structures within an organism. And finally, multicellularity is most likely a 

necessary step along the evolutionary path to intelligence and consciousness.

Like the attempt to define “life”, defining multicellularity is a tenuous endeavor, often 

clouded by anthropocentrism. However, there are two basic factors necessary to be 

considered a multicellular organism: cell-cell adhesion to form a new evolutionary unit, and 

intercellular communication leading to coordinated activity. Many elaborations have been 

evolved on top of this, but these are the minimal requirements to redefine a group of cells 

rather than any single cell as an “individual”. Adhesion is a loose term used here solely to 

indicate conglomeration by any means, such as aggregation within an extracellular matrix, 

filamentation by incomplete cell division, or direct contact mediated by transmembrane 

proteins. Coordination within a multicellular organism could theoretically be achieved 

without intercellular communication, for example if a strict developmental plan was 

encoded in each genome. But such a rigid plan would be vulnerable to slight deviations or 

random variables, and has never been observed. In contrast, coordination can be achieved 

without adhered group formation - typified by quorum sensing systems found throughout the 

microbial world - but this is more analogous to a community of interacting individuals (like 

many insect colonies) than the formation of a single multi-celled unit.

Many examples of species and life cycles put this definition of multicellularity to the test. 

Chief among the borderline cases are the widespread examples of multicellularity in the 

bacterial domain. Long considered the archetypal unicellular organisms, bacteria have 

become popular as ideal model systems in which to explore the phenomenon of 

multicellularity [2]. Multicellular bacteria are well suited to laboratory study of 

multicellularity precisely because they are rather simple examples of this evolutionary 

innovation. Studying simpler examples or alternative origins allows us to get to the core of 

what enables fundamental evolutionary advancements, similar to primitive “nuclei” in 

planctomycete bacteria [3], neurons in ctenophores [4,5], or language in dolphins [6]. 

Therefore, bacterial multicellularity opens up to serious questioning the major issues of what 

selective forces lead to multicellular beings, the genetic underpinnings and their 

evolutionary history, and why this particular leap in organizational level is so recurrent.

Classes of multicellular bacteria

There are three very general classes of multicellularity in bacteria (Table 1). The first is 

comprised of filamentous bacteria, which are long chains of cells joined end-to-end that 

often share a periplasm or even cytoplasm. The most-studied members of this class are the 
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cyanobacteria and the actinomycetes, but numerous other species from many phyla have 

been found to form filaments either conditionally or obligately [7]. Filaments can be linear 

or branched, single or multiple layers, and arise from a clonal origin. This is important, as 

clonality overcomes many of the genomic conflicts that come from a cooperative existence, 

especially given the high degree of public-goods sharing that comes with a continuous 

periplasm [8]. Filamentous microbes were likely the first multicellular organisms on Earth 

some 3 billion years ago [9] and the first known instance of cellular differentiation [10–12].

Another broad class of multicellular bacteria includes those that assemble into a 

multicellular organism via aggregation. These aggregates include biofilms and swarms, and 

are also found throughout the bacterial domain. (This group is not mutually exclusive with 

the first class, as filaments of cells are often found in biofilms and swarms [13,14]). 

Biofilms have been very well characterized in the past few decades owing to their prominent 

role in disease and may be the primary context in which many bacteria exist in nature [15]. 

Formation of biofilms and swarms involves a complex developmental cascade of signaling 

and regulatory molecules, producing distinct morphologies and cell types [13]. Some species 

even form complex features such as mushroom-like structures [16,17] and fruiting bodies 

that contain spores functioning as a sort of germline [18]. As the name of this category 

suggests, these organisms form via aggregation of many cells that are held together via an 

extracellular matrix usually consisting of polysaccharides, proteins, and nucleic acids [19], 

though cells in swarms can also be attached by their numerous flagella [14]. Because they 

form by aggregation, these groups need not be clonal and thus are intriguing test beds for 

theories of the evolution and maintenance of cooperation, altruism, exploitation prevention, 

kin discrimination, and allorecognition [20]. Despite the problems associated with non-

clonal aggregation, its prevalence may owe in part to the advantages that can come with 

some genomic variability [21].

The third multicellular class is the least studied and least represented—they are also the only 

truly obligate multicellular bacteria known to exist. This group is referred to as the 

multicellular magnetotactic prokaryotes (MMPs), so-named because nearly all the 

discovered examples are magnetotactic. MMPs are delta-proteobacteria isolated from 

around the world, and tend to be spheres or ellipsoids 5–10 μm in diameter containing about 

20–60 cells [22–29]. The tetrahedral-shaped cells are arranged in a single layer with their 

flagellated base facing the environment and their narrower ends facing inward [30,31], 

creating an apparently hollow cavity reminiscent of the Volvocaceae algae [32]. By electron 

microscopy the cells of an MMP appear to be connected by tight intercellular junctions 

similar to animal epithelia [33], and dislodgement of any individual cells leads to loss of 

motility, suggesting these organisms can only function as a multicellular unit [30]. MMPs 

have been observed to reproduce by fission of the whole organism without going through a 

unicellular state [23,24,28], making it the only known example of a bacterium without a 

unicellular phase in its lifecycle. Many fundamental aspects of MMP biology remain to be 

determined, including what mediates cell-cell attachment, what types of intercellular 

signaling is used to coordinate movement, and how reproduction is orchestrated.
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Selective advantages of multicellularity

Key to understanding how multicellularity evolved will be pinpointing the selective 

pressures that lead to its fixation in so many species. There are inherent disadvantages to 

operating as a collective group rather than a single cell. These include energetic costs from 

the synthesis of adhesion and communication molecules, physical limitations from reduced 

freedom of movement, as well as the less tangible vulnerability of a cooperative system to 

exploitation by “cheaters” [20]. The commonness of conditional multicellularity may be a 

response to these costs, analogous to the way many biosynthetic gene clusters are only 

expressed upon certain stimuli. The advantages of multicellularity are numerous though: 

resistance to physical and chemical stresses, improved acquisition of resources, protection 

from predation, more efficient colonization of new territories, increased chance of survival 

in intermicrobial conflicts, and the opportunity for cell differentiation and thus specialization 

among different cell types. As discussed in the next section, many of these benefits arise 

primarily from the physical adhesion of cells to create a larger, more protected unit.

Resistance to environmental stresses appears to be the most common advantage enjoyed by 

multicellular bacteria. The list of stresses against which multicellularity affords a defense is 

long and varied [7,34], including temperature, pH, osmotic pressure, oxidation, desiccation, 

metal toxicity, and mechanical forces. The extracellular matrix is responsible for much of 

this resistance [19], but much of the effectiveness of the matrix may result from its 

communal origins—a population of single cells uncoordinatedly secreting matrix would 

probably not have the same benefits as a well-organized aggregate. The evolution of 

multicellularity as a stress response is an intriguing idea as it puts it in a category shared 

with other significant evolutionary advances. For example, meiosis in eukaryotes may have 

originally been a response to adverse conditions or accidental increases in ploidy [35]. 

Likewise, recombination enzymes that evolved to repair damaged DNA were co-opted to 

share DNA and shuffle genes within a population, greatly accelerating the rate of evolution 

[36].

Multicellular organisms are also better at nutrient utilization. This comes in many different 

and fascinating flavors, a few of which we will mention here. In predatory bacteria, swarms 

of cells are better able to capture and consume prey than non-swarming mutants [37]. This is 

also seen in choanoflagellates, which, upon sensing certain bacteria, form multicellular 

clusters that can cast a wider “net” to more efficiently capture the prey [38]. Along the ocean 

floor, filaments of Desulfobulbaceae stretch from upper regions of sediment that are rich in 

oxygen to lower anoxic regions favorable for oxidation of hydrogen sulfide, with electrons 

transported along the filament like a wire [39]. This remarkable behavior allows the 

organism to be its own electron source and sink, powering itself on naturally occurring 

redox gradients. In biofilms, nutrients can be dispersed through channels that course through 

the biofilm like veins in the human body [40]. Some bacteria even form vertical structures in 

biofilms that can reach above the local nutrient depletion of the mat [16,17,41] in the way 

trees in a forest vie to be tallest to receive the most sunlight. Lastly, cells in groups can 

better take up extracellularly-produced resources that would otherwise diffuse away [42–

44], a tactic that single cells would find both inefficient and susceptible to freeloaders.
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Another strong selective force with a direct effect on survival of multicellular over 

unicellular organisms is predation, in both classic predator-prey relationships as well as 

phagocytosis by host immune system cells. Many studies have found that filamentous 

bacteria can better resist engulfment or survive intracellularly once engulfed [7]. Taking it a 

step further, co-culturing prey bacteria with predatory protists selects for longer bacterial 

filaments [45]. This appears to be a regulated response to the protist threat, as bacteria 

separated from the co-culture by a permeable membrane also increase in length [46]. In 

addition, the actinobacterium Streptomyces coelicolor undergoes multicellular development 

upon exposure to predatory Myxococcus xanthus [47]. Predation resistance has also been 

observed in forms of simple multicellularity in algae [32,48], suggesting a more general role 

in the evolution of multicellularity.

The last advantage of multicellularity we will discuss here is one of the reasons this is such 

an interesting phenomenon to study: cell specialization afforded by differentiation. Division 

of labor, whether within an organism or a society, leads to more efficient production and 

utilization of resources. The classic example of this comes from filaments of the 

cyanobacterium Anabaena, which can carry out both photosynthesis and nitrogen fixation. 

Due to the chemical incompatibility of these two processes, however, they must be spatially 

separated into cells specialized for each purpose [8]. An even more extreme example is the 

programmed cell death that occurs in the development of many bacteria. The death of some 

cells can serve the interests of the greater community, for example to provide extra nutrients 

[49,50], create raised structures that increase surface area and thus nutrient exposure [51], or 

fragment filaments to create spore-like propagules [50]. Additionally, division of labor 

allows a group of cells acting with a common interest to engage in bet-hedging strategies, 

allowing some cells to survive even the worst conditions [21].

Origins of bacterial multicellularity

The ubiquity of multicellular bacteria creates a sense that there must be a common element 

that allowed for all the independent incidences. Biofilms especially (in their loosest 

definition at least) seem to be the rule among bacteria rather than the exception. Is this a 

remarkable example of convergent evolution, or did an ancient ancestor in the trunk of the 

tree of life evolve something that primed its descendants to evolve multicellular lifestyles?

The prevalence of functionally analogous components and mechanisms used by 

multicellular organisms may argue for descent from a common ancestral toolbox. These 

include extracellular matrixes composed of polysaccharides, nucleic acids, and proteins 

[19]; quorum sensing-mediated triggering of multicellular states [15]; control by regulatory 

molecules such as cyclic di-GMP, signaling kinases, and phosphate-binding domains [52–

54]; transmembrane adhesion proteins [33]; and the presence of spores or spore-like cells 

[50]. Complicating the matter of conservation is widespread horizontal gene transfer 

throughout the microbial world, which some have suggested may play a bigger role in 

bacterial evolution than classic mechanisms like gene duplication [55].

However, these commonalities are mostly only functionally analogous, and therefore may 

instead support convergence towards a successful strategy. Archaeal biofilms, for example, 
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contain many of the same features as bacteria biofilms: cell differentiation, filamentation, 

and even the same general matrix components [56–58]. The same can be said of deceptively 

similar morphological structures like fruiting bodies in myxobacteria, which resemble the 

fruiting bodies formed by many amoeba species [59]. These structures are physically similar 

and are even thought to serve the same purpose (spore dispersal), yet share no underlying 

homology other than cell motility. This could indicate that when the initiating factor is 

starvation and the end goal is escape from an adverse situation, the constraints on evolution 

are more relaxed and more tolerant of elaborate pathways inserted upstream of spore 

formation (Figure 1A). This would free the organism to explore more phenotype space, 

which may have allowed these disparate species to arrive at similar configurations.

Some of the biggest pieces of evidence suggesting that multicellularity evolved 

independently are the different kin discrimination systems found in different species. Kin 

discrimination is used to resolve potential social conflicts that arise when forming a higher 

level of organization from smaller individual units that may have selfish interests [20]. Great 

care is thus taken to ensure that developing multicellular bodies interact only with genetic 

relatives [60–62], but the mechanisms behind this behavior are diverse. In M. xanthus 

biofilms, portions of the outer membrane are only exchanged with cells containing the same 

allele of TraA, a divergent transmembrane protein that binds to its cognate version on the 

neighboring cell [63]. Proteus mirabilis, however, uses a Type 6 secretion system (T6SS) 

with a variety of effectors and immunity genes to distinguish friend from foe within swarms 

[64–66]. Bacillus subtilis meanwhile is a gram-positive bacterium lacking a T6SS apparatus 

and so instead uses a plethora of secreted antimicrobials to determine relatedness (Kolter 

and Mandic-Mulec labs, unpublished data). Kin discrimination in eukaryotes is similarly 

diverse, but the mechanisms uncovered so far make use of polymorphic immunoglobin-like 

domains in otherwise-nonhomologous transmembrane proteins to genotype an encountered 

cell [67–69]. The fact that allorecognition systems, which are theoretically necessary to 

maintain a multicellular lifestyle, clearly evolved independently strongly suggests that these 

species diverged before they developed the capacity for multicellularity. If this reasoning is 

sound, it implies that multicellularity has evolved not just dozens [70] but possibly hundreds 

of times.

If it did indeed arise so many separate times, how might the evolutionary path to 

multicellularity have proceeded? One possibility is through elaboration of a pre-existing 

attachment behavior (Figure 1B). In an environment of scarce resources, it is beneficial to 

stay put once nutrients are located. If an organism has developed an ability to attach to a 

surface for this purpose, subsequent mutations that generate a protective covering (i.e. a 

rudimentary matrix or other type of connective structure) would be advantageous and 

provide stress resistance. Over time, these adjoining cells might begin to communicate and 

coordinate their behavior, sending them down the road of a multicellular existence.

Another possibility is motivated by an exception to the above statement that few 

mechanisms behind multicellularity are conserved. Many bacteria use the same pathway to 

initiate filamentation: the SOS response [7]. Upon experiencing DNA damage, a cell 

division inhibitor is expressed and prevents septation by blocking polymerization of FtsZ 

[71]. This prevents daughter cells from inheriting damaged genomes, and its high degree of 
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conservation across phyla may be indicative of its ancestral nature [7]. However, many 

bacteria have co-opted the SOS response to induce filamentation outside of the context of 

DNA damage, including protection against phagocytosis (Figure 1C). Use of the SOS 

pathway may have similarly been co-opted by the very first multicellular organisms billions 

of years ago, which, as discussed below, may have been filamentous bacteria.

Is multicellularity inevitable?

Despite the lack of definite underpinnings that facilitated the repeated evolution of 

multicellularity, it is still by far the most common evolutionary leap. This simple 

observation demands the question: is multicellularity inevitable? Is this particular 

organization of smaller component parts into a greater whole so easy and advantageous that 

every biosphere in the universe will have it? Or were the conditions on Earth and the layout 

of the first cells special in some way that is not guaranteed to occur?

Regarding the ease of the evolution of multicellularity, there are some indications that it may 

be a relatively straightforward advancement. Early modeling experiments showed that 

simple versions of multicellular hallmarks like cell differentiation, development, and a 

dedicated germ line can arise as a consequence of dynamic cellular contents [72]. More 

tellingly, experimental evolution has been used to evolve various multicellular traits in the 

laboratory. Manual selection for flocculation in bacteria, yeast, and algae has produced 

clumps of attached cells with some fairly advanced characteristics, even including apoptosis 

of certain cells to break up big clumps [73–76]. Additionally, Burkholderia cenocepacia can 

evolve a surface-attached biofilm lifestyle with complex morphologies quickly and 

frequently, apparently due to only a few convergent genetic changes [77]. These 

experiments show that multicellularity can be readily achieved, though it should be noted 

that the selection used in the lab is likely significantly stronger than anything encountered in 

the wild.

The fossil record, though scant, is in accord with the notion that multicellularity can be 

rapidly evolved. Stromatolites of filamentous cells can be clearly dated to over 2 billion 

years ago [10,78,79] and perhaps as long ago as 3.5 billion years [80–83]. Some of these 

filaments even show some signs of differentiation [10–12]. Moreover, phylogenetic analyses 

argue that the ancestor to most extant cyanobacteria, including the majority of unicellular 

species, was multicellular [84] and evolved around 2.4 to 3.1 billion years ago [85]. This 

puts the evolution of multicellularity not too long after the Earth cooled down enough to 

support any life at all. On geological and evolutionary scales, then, the advent of 

multicellular organisms may have occurred very soon after the formation of unicellular 

organisms.

How does this information affect our view of multicellularity in the greater universe? 

Terrestrial multicellularity clearly evolved early and often, which is encouraging for the 

existence of complex life on other planets. Moreover, multicellularity is apparently one of 

those rare benchmarks in the random path of evolution that many separate lineages are able 

to stumble on. It therefore seems reasonable to expect that any biosphere with a rich 

diversity of species and environments should have at least rudimentary forms of 
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multicellularity. The independent instances of multicellularity also make this expectation 

mercifully free from the anthropic principle, as the bacterial forms discussed here would still 

exist without us to ruminate over them.
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Highlights

• Many bacteria have a multicellular phase of their lifecycle, which fall into three 

broad categories based on shape and mechanism of formation.

• A number of pressures may have selected for multicellularity, including 

physicochemical stress, nutrient scarcity, predation, and environmental 

variability.

• Despite many shared features between species, current evidence suggests each 

instance of multicellularity evolved independently.

• The evolution of multicellular bacteria may have been relatively rapid, 

suggesting it is not just a contingent feature of our biosphere.
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Figure 1. 
Hypothetical evolutionary paths from unicellular to multicellular lifestyles. A) Elaboration 

of a pre-existing sporulation pathway by insertion of aggregation and aerial structure 

formation between the stress sensing and spore development. B) Attachment to regions of 

high nutrients may have spurred the development of a protective matrix, forcing a 

communal existence. C) The SOS response pathway can induce filamentation independent 

of DNA damage, for example by the presence of a predator; co-option of the SOS pathway 

may have lead to a permanent filamentous lifestyle.
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Table 1

General classes of multicellular bacteria.

Class Features Examples

Filaments Cell differentiation, patterning via intercellular signaling, clonal 
origin, first known instance of multicellularity

Cyanobacteria, Actinomycetes, Chloroflexi, 
Desulfobulbaceae, Beggiatoa, Thioploca

Aggregates Cell differentiation, developmental program, intercellular 
signaling, extracellular matrix, can be clonal or non-clonal Biofilms and swarms in many species

MMPs (multicellular 
magnetotactic 
prokaryotes)

No observed unicellular stage, apparent tight cell-cell junctions, 
coordinated flagellar movement, division by fission of entire 
structure

Candidatus Magnetoglobus multicellularis, Ca. 
Magnetomorum litorale, Ca. Magnetananas 
tsingtaoensis, Ca. Magnetomorum tsingtaoroseum, 
Ca. Magnetananas rongchenensis, Ca. 
Magnetomorum rongchengroseum
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