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Microbes in nature often live in dense and diverse communities

exhibiting a variety of spatial structures. Microbial range

expansion is a universal ecological process that enables

populations to form spatial patterns. It can be driven by both

passive and active processes, for example, mechanical forces

from cell growth and bacterial motility. In this review, we

provide a taste of recent creative and sophisticated efforts

being made to address basic questions in spatial ecology and

pattern formation during range expansion. We especially

highlight the role of motility to shape community structures, and

discuss the research challenges and future directions.
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Microorganisms are the most diverse group of lives on

earth. They occupy every environmental niche and have a

crucial role in biogeochemical cycles [1] and human

health [2]. They are typically found in complex commu-

nities, for example, soil microbiomes [3], gut microbiomes

[4–6], and oral biofilms [7,8]. Elucidating the dynamics of

microbial community spatial structuring with quantitative

measurements and modeling is helping advance our

understanding of microbial community assembly and will

lead to new practical applications.
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Population range expansion refers to the movement and

successful establishment of natural populations across

space [9,10]. Microbial range expansion is mostly driven

by growth and motility. Social interaction between spe-

cies, or subpopulations within a species, is one critical

factor in shaping community structure that has been

explored extensively [11–13,14�,15�,16]. Introducing spa-

tial behaviors, such as stepping beyond well-mixed batch

culture, permits the appearance of further layers of

complexity.

In this review, we briefly highlight recent progress in the

formation of microbial community structure during range

expansion in the following three aspects: 1) microbial

colony expansion driven mostly by cell growth; 2) micro-

bial range expansion with navigated movement; and 3)

microbial hitchhiking, where motile bacteria transport

nonmotile ones to new territory.

Microbial colony expansion
In one classic scenario, microbial colony expansion is

driven primarily by cell growth. Cell motility plays a

minor role, for example, by redistributing cells to relax

mechanical forces. In these apparently mundane circum-

stances, novel spatial phenomena can appear, yielding

unexpected insights. For example, cells within a colony

growing on hard agar were predicted to exhibit position-

dependent metabolism and growth [17], with possible

links to phenomena observed in cancerous tumors. Com-

bined experimental and theoretical studies demonstrated

that radial colony expansion on hard agar is limited by

mechanical forces. Vertical colony growth, on the other

hand, is limited by nutrient penetration and waste accu-

mulation [18�]. Mathematical models have been devel-

oped to describe the spatial profile of the colony expan-

sion, typically based on the Fisher’s equation [19]. Early

studies usually assumed that the cell diffusion rate is

constant together with logistic growth of the cell [20].

These models cannot fully capture the characteristic of

colony growth, as the cell growth rate can be influenced

by many factors, for example, nutrient concentration and

cell density. He et al. proposed a reaction-diffusion based

dynamic model with nonlinear density-dependent cell

diffusion rate and growth rate as the control factors to

quantitatively describe the colony expansion under dif-

ferent conditions [21]. As cells in the colony grow and

divide, cells in the interior push cells outwards, and local

steric forces generate a steric repulsion velocity field.
Current Opinion in Microbiology 2021, 63:109–116

mailto:xiongfei.fu@siat.ac.cn
mailto:cl.liu@siat.ac.cn
https://doi.org/10.1016/j.mib.2021.07.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mib.2021.07.005&domain=pdf
http://www.sciencedirect.com/science/journal/13695274


110 Microbial systems biology

Figure 1

(a)

(b) (c)

P
ro
d
u
ce
r

C
o
n
su
m
er

Neutralism Cooperation Competition Predation

Current Opinion in Microbiology

Colony growth patterns.

(a) Cartoon illustration of colony patterns derived from two-strain community with neutralism, cooperation, competition, and predation interaction.

Adapted from Ref. [24]. (b) Colony patterns of three-strain community with cooperator (red, requiring lysine and releasing adenine), cooperator

partner (green, requiring adenine and releasing lysine), and cheater (blue, requiring lysine and not releasing adenine), scale bar 100 mm. Adapted

from Ref. [26]. (c) Successive range expansion of a sequential cross-feeding microbial community with producer (blue) and consumer (green),

scale bar 1 mm. Adapted from Ref. [29].
Based on this process, Cao et al. established a coarse-

grained repulsive expansion model to capture the dynam-

ics of colony expansion and gene expression [22�]. These

multiscale models provide important tools to improve our

mechanistic understanding of the colony growth.

Within the growing colony, spatial structures of polymicro-

bial communities undergoing colony expansion are mostly

determined by social interactions (Figure 1a). For example,

cooperation leads to spatial intermixing [13,23–25], while

competition leads to spatial segregation [13,23,24,26]. The

asymmetric fitness effects of cooperators and cheaters on

partners during cell growth into open space lead to spatial

assortment [26] (Figure 1b). The community structure also

depends on the spatial scale of social interactions during

range expansion. Synthetic communities with different

spatial scales of competitive interactions, for example,

contact-dependent short-range inhibition, and diffusion-

based long-range inhibition, have been constructed to

explore their roles in shaping community structure [27].

For a community with unidirectional interference, the

extinction time of a toxin-sensitive strain was found to
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be reciprocal to the interaction spatial scale during range

expansion. For a community with bidirectional interfer-

ence, the spatial patterns diverge into distinct structures

under various initial conditions, which is determined by the

relative diffusion length of the two toxins [27]. To quantify

the interaction range between individual cells in a commu-

nity, the single-cell growth rate was measured in a synthetic

community composed of two auxotrophic Escherichia coli
strains. The interaction range is on the order of only a few

cell lengths, and it is set by the cell density and few

biochemical parameters, for example, nutrient uptake,

leakage, and diffusion [15�].

The connection between range expansion and genetic

diversity, and evolutionary processes in general, is a

continuing theme. Hallatschek et al. showed that range

expansion of an initially well-mixed population of two

nearly identical strains can lead to genetic sectoring as a

result of genetic drift [28]. During spatial expansion of

two cross-feeding yeast strains, mutualism and genetic

drift act as antagonistic evolutionary forces, with genetic

diversity determined by the strength of the mutualism
www.sciencedirect.com
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[25]. In an interesting variation [29], a synthetic cross-

feeding microbial community was designed to study

successive range expansion. The producer expanded first,

imposing mechanical constraints on the subsequent

expansion of the consumer, which is observed to form

dendritic structures (Figure 1c). The authors conclude

that successive range expansion promotes intermixing

over the short term and increases genetic diversity over

the long term.

Additional insights into the role of social interactions and

motility can be gained by studying polymicrobial com-

munities in a spatial context. For example, the link

between movement and habitat partitioning to biodiver-

sity was examined in a synthetic community where inter-

actions could be switched between predation and com-

petition [30]. In a series of studies where the role of

motility was limited to transfer between adjacent well-

mixed stepping stones [31,32,33�], range expansion could

promote the maintenance of cooperative social behavior

through enrichment of cooperators at the expanding front

and allowing cooperators to outrun the invading wave of

defectors [31]. Cooperative growth of the cell population

could also reduce the loss of genetic diversity caused by

genetic drift during range expansion [33�].

Microbial range expansion with navigated
movement
Bacterial motility can generate coordinated movement at

the population level, which can be termed navigated

movement. This can appear in the presence of chemical

gradients (possibly self-generated) or during cooperative

behavior such as swarming. This can directly lead to the

appearance of novel macroscopic structures. For example,

in a landmark study of Budrene and Berg, chemotactic

bacteria when inoculated on semi-solid agar containing

intermediates of the tricarboxylic acid cycle can aggregate

in symmetrical arrays of spots or stripe patterns [34]

(Figure 2a). Proteus mirabilis swarming on solid surfaces

can develop concentric ring patterns (Figure 2b). This

swarming expansion is periodic, with active swarming

alternating with phases of consolidation [35,36]. When

swarming on a solid surface, many bacteria can generate

branching patterns, for example, Pseudomonas
aeruginosa. Previous studies have focused on exploring

how the branching pattern is generated from cell–cell and

cell–environment interactions [37–39]. Luo et al. demon-

strated that bacterial branching pattern formation is cor-

related to the population fitness [40�]. It indicated that

bacteria develop optimal patterns to maximize the effi-

ciency of colony growth (maximize biomass accumula-

tion) under different growth conditions. For example,

Pseudomonas colonies prefers to form thin branches in

nutrient-deprived or expansion-limited environments,

while forming wider branches in nutrient-rich environ-

ments or on surfaces that allow faster expansion [40�].
www.sciencedirect.com 
The spatial structure of bacteria with different motilities

has been observed in the chemotactic traveling band of

bacterial population without growth, where cells of vari-

ous phenotypes can self-organize as a spatially ordered

structure during group migration [41]. Furthermore,

dynamic motility selection can promote spatial segrega-

tion of subpopulations during range expansion and may

contribute to collective drug tolerance of swarming colo-

nies by segregating subpopulations with transient drug

tolerance to the colony edge [42�]. Features of pattern

formation found in the animal kingdom have been

explored using genetic circuits with a temporal character

[43,44], with colony growth of the engineered bacteria

producing ring-like patterns. By coupling the cell density

with motility, Liu et al. created an engineered E. coli strain

that generated periodic stripes of high and low cell

densities during the range expansion, without an external

morphogen field [45] (Figure 2c). Very recently, two

motile strains were engineered to self-organize into

robust alternating patterns through reciprocal control of

motility [46�] (Figure 2d). Such studies of natural and

synthetic biological systems provide us with fruitful

insights in recognizing the role of motility and esp.

navigated movement in the development of multicellular

structures.

Recent studies have explored the evolutionary dynamics

of active microbial range expansion. Interestingly, Liu

et al. found that there is an optimal expansion speed for

chemotactic bacteria to colonize a given habitat size

during range expansion. This optimal expansion speed

is determined by the growth rate and patch size. Bacterial

populations can thus balance expansion and growth to

ensure that their competitors cannot invade their territory

[47�]. Similarly, it has been indicated that the trade-off

between growth and motility determines the long-term

dynamics of competition for space in expanding microbial

populations [48,49]. Gude et al. reported that motility

differences and their trade-off with growth can lead to

active segregation between populations and spatial exclu-

sion within nutrient patches [50�].

Besides cell growth and motility, other features such as

cell differentiation, division of labor among bacterial cells,

cell–environment interactions, and cell–cell recognition

also affect population range expansion. For example,

Paenibacillus vortex swarming on solid surfaces can gener-

ate complex structures that are composed of two coex-

isting morphotypes [51]: ‘builder’ that mainly locates at

the center, and ‘explorer’ that mainly locates at the

vortices (Figure 2e). The synergistic interaction of sur-

factant-producing cells and matrix-producing cells results

in the formation of van Gogh bundles that drive the

biofilm of Bacillus subtilis expansion from one particle

to the next [52]. Bacteria have evolved many strategies to

discriminate between self and non-self [53,54], for exam-

ple, contact-dependent growth inhibition, quorum
Current Opinion in Microbiology 2021, 63:109–116
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Figure 2
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Spatial patterns derived from microbial range expansion with active motility.

(a) Chemotaxing E. coli expansion in M9 minimal medium supplemented with succinate as carbon source containing 0.22% (w/v) agar could

generate sunflower-like arrays of spots structures. Adapted from Ref. [34]. (b) Bacteria swarming on solid agar surface could form various elegant

patterns. Concentric ring patterns generated from P. mirabils grown on medium with 0.4% glucose, 0.2% casamino acids, 0.0001% nicotinic acid,

and 2.0% agar. Adapted from Ref. [36]. (c) and (d) Synthetic patterns generated from engineered E. coli with motility control. (c) Engineered E.

coli with density-dependent motility suppression circuits (top) when expanding in semi-solid agar could form periodic stripes of high and low cell

densities (down). Adapted from Ref. [45]. (d) Reciprocal density-dependent activation of motility between activator A (green) and activator B (red)

could lead to out of phase population oscillations, and the initial mixed population could self-organize into regular stripe patterns. Top, design of

the genetic circuits; bottom, the representative out-of-phase pattern generated from activator strains (left), the relative fluorescence as a function

of the distance from the seeding site (right). Adapted from Ref. [46�]. (e) Pattern generated from P. vortex grown on medium with 2% peptone and

2.25% (w/v) agar for 96 hours at 30℃ (left). Cells isolated from the vortices (v) or inoculation zone (i) grown on the same medium for 48 hours at

30℃ (right) displaying distinct colony structures. Adapted from Ref. [51]. Diameter of the plate for (a)–(c) is 9 cm, (d) is 14 cm. Scale bar for (e) is

5 mm.
sensing, outer membrane exchange in Myxococcus xanthus,
and phage-mediated bacterial self-recognition. These kin

recognition mechanisms provide microbes with an oppor-

tunity to manipulate the composition and territory of the

expanding populations.
Current Opinion in Microbiology 2021, 63:109–116 
Microbial hitchhiking
Motility enables microorganisms to reach optimal niches,

but it is a costly trait, and the percent of motile bacteria in

polymicrobial communities is not always high. Aside from

passive dispersal by diffusion and fluid flow, immotile
www.sciencedirect.com
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Figure 3
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Hitchhiking in microbial population spatial expansion.

(a) Structure of the microbial community with fluorescently labeled bacteria. Left, community with seven non-motile and one motile bacteria C.

gingivalis; Right, control community in which C. gingivalis was pretreated with sodium azide. Scale Bar 5 mm. Adapted from Ref. [58]. (b) Pattern

generated from the community composed of swarming P. vortex and ampicillin-resistant E. coli cargo when expanding on the Mueller-Hinton agar

plate with ampicillin, the plate was stained with Coomassie blue to enhance contrast. Diameter of the plate is 14 cm, image was captured at the

72 hours after inoculation (left). Fluorescence image on the right displays the detail of the expanding frontier which is identical to the left panel. P.

vortex (red), E. coli (green). Adapted from Ref. [56]. (c) Transport of A. fumigatus conidia by swarming P. vortex. Red trajectories in the left image

indicate the tracks of individual conidia (black spheres), and white trajectories are the tracks of virtual beads which are used for calculating the

motion of the swarming bacteria aggregates. Right EM image indicate that the conidium (C) was entangled by bacterial flagella. Scale bar left 20

mm, right 1 mm. Adapted from Ref. [61]. (d) Flower patterns generated from the co-culture of motile A. baylyi and immotile E. coli on nutrient-rich

soft agar, diameter of the plate is 9 cm. Adapted from Ref. [59�].
organisms can reach new habitats through hitchhiking on

motile organisms in the following ways: (1) direct adhe-

sion to the surface of motile cells; (2) interaction with the

flagella of motile bacteria; (3) being driven by mechanical

forces arising from the motility and growth of motile cells;

(4) transport by animals or internal transport by cells.

Thus, the interaction of immotile cells with motile cells

plays an important role in shaping community structures,

and thereby influences ecological functions.

Microbial hitchhiking is prevalent in nature [55–58,59�].
For example, long-range transport of immotile bacteria by

gliding Capnocytophaga gingivalis helps to shape the struc-

ture of the multispecies community (Figure 3a). This

process is mediated by the adhesin SprB on the surface of

C. gingivalis. SprB can bind to polysaccharides that are
www.sciencedirect.com 
abundant on most cell walls [58]. The swarming bacteria

P. vortex can invade into toxic environments by transport-

ing antibiotic-degrading bacteria which can detoxify the

antibiotic in their path (Figure 3b), whereas P. vortex
prefers to colonize new territory alone in nontoxic envir-

onments [56,60]. Swarming P. vortex can also transport

Aspergillus fumigatus conidia for long distances and rescue

them from unfavorable niches, and A. fumigatus mycelia

can help P. vortex to cross air gaps in the environment.

The interaction of flagella with the cell surface of conidia

can also drive the dispersal of conidia [61] (Figure 3c).

Mechanical forces from the motility and growth of motile

bacteria play a role in the generation of macroscopic

patterns in these communities as well. For example, on

nutrient-rich soft agar surfaces (Figure 3d), immotile E.
Current Opinion in Microbiology 2021, 63:109–116
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coli cells accumulate at the expanding boundary of Aci-
netobacter. baylyi colonies and trigger an instability, leading

to flower-like patterns [59�].

Discussions
The spatiotemporal dynamics of living range expansion

systems is commonly led by a propagating front into

unoccupied territory. Typical theoretical analysis adopts

reaction-diffusion models to describe how instabilities

emerge from the leading front driven by growth and

motility. As a well-known class of instability, the Turing

pattern suggest that periodic structures may occur in a

system composed by an activator and an inhibitor where

the motility of the activator is significantly smaller than

that of the inhibitor [62]. Other than Turing instability, it

is worth noting that new classes of patterns could also be

generated in presence of the interplay between growth (a

simple type of reaction) and motility, such as cross diffu-

sion [20], motility influenced growth, and density-depen-

dent motility [63]. Nevertheless, quantitative studies of

such interactions in realistic experimental systems do not

appear to be abundant. As a challenge for the future, new

experimental systems that modulate the interaction

strength and range could be developed to improve our

understanding of structure formation and their biological

functions.

Microbial range expansion in the laboratory enables us to

study the dynamics of population spatial structuring in a

relatively simple way. With the help of rapidly increasing

knowledge about molecular regulations, we can gain more

insights on the functional roles of bacterial growth and

motility to the establishment and maintenance of spa-

tially structured microbial communities. Moreover, the

application of new technologies, such as multi-scale

imaging, microfluidic manipulations, noninvasive label-

ing, and so on, allow us to quantitatively examine how

microorganisms achieve macroscopic structure at the

population level. Further efforts to map the molecular

parameters, single cell behaviors, and community perfor-

mance would provide us comprehensive pictures on the

pattern formation.

Understanding the mechanisms underlying microbial

range expansion is crucial for manipulating them. For

example, altering the regulation of bacteria motility could

control the development of biofilms. Motile bacteria

could be used as transporters of drugs or as probiotics

to modify the structure of targeted communities. We can

construct probiotic consortia that use motility to perturb

the dynamics of the host microbiome through sensing

cues in the environment. Manipulating microbial range

expansion with the aid of synthetic biology tools to build

microbial consortia with defined spatial structure is a

promising direction for bioproduction, biodegradation,

and biomaterials. Furthermore, range expansion is

involved in a variety of biological processes, for example,
Current Opinion in Microbiology 2021, 63:109–116 
tumor growth and tissue development. Tumor growth can

be described as a population of abnormal cells expanding

its range within the host. Both microbial range expansion

and tumor growth refer to an eco-evolutionary process.

Quantitative relations behind microbial range expansion

should shed light on the spatial structure of intra-tumor

heterogeneity, aiding the development of optimal strate-

gies for cancer therapy.

The production of synthetic self-organized multicellular

structure is also a frontier for regenerative medicine and

basic biological research. Extensive studies have focused

on the genetic engineering of cellular signaling to control

cell self-organization and developing synthetic biology

toolkit for tissue engineering, such as synthetic sensors/

receptors and cell-cell adhesion. However, cells do not

often behave in predictable ways. How to construct

evolutionarily robust synthetic multicellular structures

is an important but often ignored challenge for synthetic

biology. Understanding the eco-evolutionary dynamics of

the population spatial structuring during range expansion

would pave the way for rational design of evolutionarily

robust multicellular structures.

Conflict of interest statement
Nothing declared.

Acknowledgements
This work was financially supported by National Key R&D Program of
China (2018YFA0902701, 2018YFA0903400), Strategic Priority Research
Program of Chinese Academy of Sciences (XDPB1803, XDB29050501),
National Natural Science Foundation of China (32025022, 3201101136,
32071417, 32001031), CAS Interdisciplinary Innovation Team (Grant No.
JCTD-2019-16), and Guangdong Provincial Key Laboratory of Synthetic
Genomics (Grant No. 2019B030301006).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest

1. Falkowski PG, Fenchel T, Delong EF: The microbial engines that
drive Earth’s biogeochemical cycles. Science 2008, 320:1034-
1039.

2. Cho I, Blaser MJ: The human microbiome: at the interface of
health and disease. Nat Rev Genet 2012, 13:260-270.

3. Young IM, Crawford JW: Interactions and self-organization in
the soil-microbe complex. Science 2004, 304:1634-1637.

4. Donaldson GP, Lee SM, Mazmanian SK: Gut biogeography of the
bacterial microbiota. Nat Rev Microbiol 2016, 14:20-32.

5. Mark Welch JL, Hasegawa Y, McNulty NP, Gordon JI, Borisy GG:
Spatial organization of a model 15-member human gut
microbiota established in gnotobiotic mice. Proc Natl Acad Sci
U S A 2017, 114:E9105-E9114.

6. Sheth RU, Li M, Jiang W, Sims PA, Leong KW, Wang HH: Spatial
metagenomic characterization of microbial biogeography in
the gut. Nat Biotechnol 2019, 37:877-883.

7. Mark Welch JL, Rossetti BJ, Rieken CW, Dewhirst FE, Borisy GG:
Biogeography of a human oral microbiome at the micron
scale. Proc Natl Acad Sci U S A 2016, 113:E791-E800.
www.sciencedirect.com

http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0005
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0005
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0005
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0010
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0010
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0015
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0015
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0020
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0020
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0025
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0025
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0025
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0025
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0030
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0030
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0030
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0035
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0035
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0035


Spatial organization during range expansion Liu et al. 115
8. Kim D, Barraza JP, Arthur RA, Hara A, Lewis K, Liu Y, Scisci EL,
Hajishengallis E, Whiteley M, Koo H: Spatial mapping of
polymicrobial communities reveals a precise biogeography
associated with human dental caries. Proc Natl Acad Sci U S A
2020, 117:12375-12386.

9. Walther GR, Post E, Convey P, Menzel A, Parmesan C, Beebee TJ,
Fromentin JM, Hoegh-Guldberg O, Bairlein F: Ecological
responses to recent climate change. Nature 2002, 416:389-395.

10. Excoffier L, Foll M, Petit RJ: Genetic consequences of range
expansions. Annu Rev Ecol Evol Syst 2009, 40:481-501.

11. Faust K, Raes J: Microbial interactions: from networks to
models. Nat Rev Microbiol 2012, 10:538-550.

12. Friedman J, Higgins LM, Gore J: Community structure follows
simple assembly rules in microbial microcosms. Nat Ecol Evol
2017, 1:109.

13. Kong W, Meldgin DR, Collins JJ, Lu T: Designing microbial
consortia with defined social interactions. Nat Chem Biol 2018,
14:821-829.

14.
�

Ratzke C, Barrere J, Gore J: Strength of species interactions
determines biodiversity and stability in microbial
communities. Nat Ecol Evol 2020, 4:376-383

This study provided a mechanistic understanding of the connection
between species interaction, biodiversity and stability of ecosystems.
They showed that the nutrient concentration can set the interaction
strength between bacteria by chemically modifying the environment.
Higher nutrient concentration causes stronger negative interaction
between species, reducing the biodiversity and stability of the microbial
community.

15.
�

Dal Co A, van Vliet S, Kiviet DJ, Schlegel S, Ackermann M: Short-
range interactions govern the dynamics and functions of
microbial communities. Nat Ecol Evol 2020, 4:366-375

This study quantified the metabolic interactions between individual cells
and mapped the spatial interaction network in synthetic microbial com-
munities by measurements of single-cell growth rate. They discovered the
interaction range is limited to a few cell lengths, which is determined by
the cell density and biochemical parameters. This study provided an
important demonstration that the spatial scale of the interaction network
among individuals would determine the dynamics and functions of
microbial communities.

16. Liu F, Mao J, Kong W, Hua Q, Feng Y, Bashir R, Lu T: Interaction
variability shapes succession of synthetic microbial
ecosystems. Nat Commun 2020, 11:309.

17. Cole JA, Kohler L, Hedhli J, Luthey-Schulten Z: Spatially-resolved
metabolic cooperativity within dense bacterial colonies. BMC
Syst Biol 2015, 9:15.

18.
�

Warren MR, Sun H, Yan Y, Cremer J, Li B, Hwa T: Spatiotemporal
establishment of dense bacterial colonies growing on hard
agar. eLife 2019, 8

This study developed an agent-based model with the cell nutrient diffu-
sion, cell–cell and cell–agar mechanical interactions, and cellular surface
tension as the key parameters to quantitatively capture the spatiotem-
poral dynamic of the colony growth on hard agar. Combining theory and
experiments, they demonstrated that the radial colony expansion is not
limited by nutrition but by the mechanical force, and the vertical colony
growth is limited by the nutrient penetration from the bottom.

19. Mimura M, Sakaguchi H, Matsushita M: Reaction–diffusion
modelling of bacterial colony patterns. Phys A Stat Mech Appl
2000, 282:283-303.

20. Murray J: Mathematical Biology II: Spatial Models and Biomedical
Application 2003, vol 18.

21. He C, Bayakhmetov S, Harris D, Kuang Y, Wang X: A predictive
reaction-diffusion based model of E. coli colony growth
control. IEEE Control Syst Lett 2021, 5:1952-1957.

22.
�

Cao YXL, Neu J, Blanchard AE, Lu T, You LC: Repulsive
expansion dynamics in colony growth and gene expression.
PLoS Comput Biol 2021, 17

This study developed a coarse-grained repulsive-expansion model to
simulate the dynamics of colony growth and gene expression in radially
symmetric colonies with homogenous z-directional distribution. The
model could explain colonies not limited to spherical cells and uniform
cell sizes, and facilitate novel mechanistic insights into the spatiotemporal
dynamics of colony growth.
www.sciencedirect.com 
23. Momeni B, Brileya KA, Fields MW, Shou W: Strong inter-
population cooperation leads to partner intermixing in
microbial communities. eLife 2013, 2:e00230.

24. Blanchard AE, Lu T: Bacterial social interactions drive the
emergence of differential spatial colony structures. BMC Syst
Biol 2015, 9:59.

25. Muller MJ, Neugeboren BI, Nelson DR, Murray AW: Genetic drift
opposes mutualism during spatial population expansion. Proc
Natl Acad Sci U S A 2014, 111:1037-1042.

26. Momeni B, Waite AJ, Shou W: Spatial self-organization favors
heterotypic cooperation over cheating. eLife 2013, 2:e00960.

27. Celik Ozgen V, Kong W, Blanchard AE, Liu F, Lu T: Spatial
interference scale as a determinant of microbial range
expansion. Sci Adv 2018, 4:eaau0695.

28. Hallatschek O, Hersen P, Ramanathan S, Nelson DR: Genetic drift
at expanding frontiers promotes gene segregation. Proc Natl
Acad Sci U S A 2007, 104:19926-19930.

29. Goldschmidt F, Regoes RR, Johnson DR: Successive range
expansion promotes diversity and accelerates evolution in
spatially structured microbial populations. ISME J 2017,
11:2112-2123.

30. Song H, Payne S, Gray M, You L: Spatiotemporal modulation of
biodiversity in a synthetic chemical-mediated ecosystem. Nat
Chem Biol 2009, 5:929-935.

31. Datta MS, Korolev KS, Cvijovic I, Dudley C, Gore J: Range
expansion promotes cooperation in an experimental microbial
metapopulation. Proc Natl Acad Sci U S A 2013, 110:7354-7359.

32. Gandhi SR, Yurtsev EA, Korolev KS, Gore J: Range expansions
transition from pulled to pushed waves as growth becomes
more cooperative in an experimental microbial population.
Proc Natl Acad Sci U S A 2016, 113:6922-6927.

33.
�

Gandhi SR, Korolev KS, Gore J: Cooperation mitigates diversity
loss in a spatially expanding microbial population. Proc Natl
Acad Sci U S A 2019, 116:23582-23587

This study used the framework of the pushed and pulled expansion waves
to experimentally establish a general relationship between the growth
dynamics of the expanding populations and strength of the genetic drift.
They demonstrated that cooperative growth dynamics in the pushed
waves could maintain diversity at the expanding front.

34. Budrene EO, Berg HC: Complex patterns formed by motile cells
of Escherichia coli. Nature 1991, 349:630-633.

35. Matsuyama T, Takagi Y, Nakagawa Y, Itoh H, Wakita J,
Matsushita M: Dynamic aspects of the structured cell
population in a swarming colony of Proteus mirabilis. J
Bacteriol 2000, 182:385-393.

36. Hiramatsu F, Wakita J-i, Kobayashi N, Yamazaki Y, Matsushita M,
Matsuyama T: Patterns of expansion produced by a structured
cell population of Serratia marcescens in response to different
media. Microbes Environ 2005, 20:120-125.

37. Farrell FD, Hallatschek O, Marenduzzo D, Waclaw B:
Mechanically driven growth of quasi-two-dimensional
microbial colonies. Phys Rev Lett 2013, 111:168101.

38. Giverso C, Verani M, Ciarletta P: Branching instability in
expanding bacterial colonies. J R Soc Interface 2015,
12:20141290.

39. Trinschek S, John K, Thiele U: Modelling of surfactant-driven
front instabilities in spreading bacterial colonies. Soft Matter
2018, 14:4464-4476.

40.
�

Luo N, Wang SY, Lu J, Ouyang XY, You LC: Collective colony
growth is optimized by branching pattern formation in
Pseudomonas aeruginosa. Mol Syst Biol 2021, 17

This study showed that the branching patterns optimize the growth of
bacterial colonies when resources are limited. Based on the optimization
rule of pattern formation, they developed a coarse-grained model to
predict the branching patterns for colony under complex conditions.

41. Fu X, Kato S, Long J, Mattingly HH, He C, Vural DC, Zucker SW,
Emonet T: Spatial self-organization resolves conflicts between
individuality and collective migration. Nat Commun 2018,
9:2177.
Current Opinion in Microbiology 2021, 63:109–116

http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0040
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0040
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0040
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0040
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0040
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0045
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0045
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0045
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0050
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0050
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0055
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0055
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0060
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0060
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0060
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0065
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0065
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0065
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0070
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0070
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0070
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0075
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0075
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0075
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0080
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0080
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0080
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0085
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0085
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0085
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0090
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0090
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0090
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0095
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0095
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0095
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0100
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0100
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0105
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0105
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0105
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0110
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0110
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0110
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0115
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0115
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0115
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0120
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0120
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0120
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0125
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0125
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0125
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0130
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0130
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0135
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0135
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0135
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0140
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0140
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0140
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0145
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0145
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0145
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0145
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0150
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0150
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0150
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0155
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0155
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0155
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0160
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0160
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0160
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0160
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0165
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0165
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0165
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0170
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0170
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0175
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0175
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0175
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0175
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0180
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0180
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0180
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0180
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0185
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0185
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0185
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0190
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0190
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0190
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0195
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0195
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0195
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0200
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0200
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0200
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0205
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0205
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0205
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0205


116 Microbial systems biology
42.
�

Zuo W, Wu Y: Dynamic motility selection drives population
segregation in a bacterial swarm. Proc Natl Acad Sci U S A 2020,
117:4693-4700

This study demonstrated the role of motility fitness in shaping spatially
structured microbial community. They showed that the dynamic motility
selection can promote spatial segregation of subpopulations during
range expansion, which may contribute to the collective drug tolerance
of swarming colonies.

43. Payne S, Li B, Cao Y, Schaeffer D, Ryser MD, You L: Temporal
control of self-organized pattern formation without
morphogen gradients in bacteria. Mol Syst Biol 2013, 9:697.

44. Cao Y, Ryser MD, Payne S, Li B, Rao CV, You L: Collective space-
sensing coordinates pattern scaling in engineered bacteria.
Cell 2016, 165:620-630.

45. Liu C, Fu X, Liu L, Ren X, Chau CK, Li S, Xiang L, Zeng H, Chen G,
Tang LH et al.: Sequential establishment of stripe patterns in an
expanding cell population. Science 2011, 334:238-241.

46.
�

Curatolo AI, Zhou N, Zhao Y, Liu C, Daerr A, Tailleur J, Huang J:
Cooperative pattern formation in multi-component bacterial
systems through reciprocal motility regulation. Nat Phys 2020,
16:1152-1157

This study demonstrated that reciprocal control of motility could drive
populations of different motile cells to self-organize into patterns without
any predefined cues though a combination of experimental and theore-
tical approaches.

47.
�

Liu W, Cremer J, Li D, Hwa T, Liu C: An evolutionarily stable
strategy to colonize spatially extended habitats. Nature 2019,
575:664-668

This study investigated phenotypical requirements for colonizing habitats
of different sizes during range expansion by chemotactic bacteria. They
showed that there is an optimal expansion speed to colonize a habitat of
specific size. The evolutionary stable expansion speed is the product of
the growth rate and habitat size. This study elucidated a complex
ecological process in quantitative details with quantitative predictions
of the selected genotypes in different environment.

48. Fraebel DT, Mickalide H, Schnitkey D, Merritt J, Kuhlman TE,
Kuehn S: Environment determines evolutionary trajectory in a
constrained phenotypic space. eLife 2017, 6.

49. Ni B, Ghosh B, Paldy FS, Colin R, Heimerl T, Sourjik V:
Evolutionary remodeling of bacterial motility checkpoint
control. Cell Rep 2017, 18:866-877.

50.
�

Gude S, Pince E, Taute KM, Seinen AB, Shimizu TS, Tans SJ:
Bacterial coexistence driven by motility and spatial
competition. Nature 2020, 578:588-592

This study showed that strains with different migration speeds and their
associated growth trade-offs can promote biodiversity without requiring-
specific signaling or inhibition between cells. As a consequence of
growth-migration trade-offs, the colonization dynamics of the mixed
bacterial populations indicated that the inversion of the competitive
hierarchy is caused by active segregation and spatial exclusion within
the patch.
Current Opinion in Microbiology 2021, 63:109–116 
51. Roth D, Finkelshtein A, Ingham C, Helman Y, Sirota-Madi A,
Brodsky L, Ben-Jacob E: Identification and characterization of
a highly motile and antibiotic refractory subpopulation
involved in the expansion of swarming colonies of
Paenibacillus vortex. Environ Microbiol 2013, 15:2532-2544.

52. van Gestel J, Vlamakis H, Kolter R: From cell differentiation to
cell collectives: Bacillus subtilis uses division of labor to
migrate. PLoS Biol 2015, 13:e1002141.

53. Troselj V, Cao P, Wall D: Cell-cell recognition and social
networking in bacteria. Environ Microbiol 2018, 20:923-933.

54. Song S, Guo Y, Kim JS, Wang X, Wood TK: Phages mediate
bacterial self-recognition. Cell Rep 2019, 27:737-749.e4.

55. Hagai E, Dvora R, Havkin-Blank T, Zelinger E, Porat Z, Schulz S,
Helman Y: Surface-motility induction, attraction and
hitchhiking between bacterial species promote dispersal on
solid surfaces. ISME J 2014, 8:1147-1151.

56. Finkelshtein A, Roth D, Ben Jacob E, Ingham CJ: Bacterial
swarms recruit cargo bacteria to pave the way in toxic
environments. mBio 2015, 6:e00074-00015.

57. Samad T, Billings N, Birjiniuk A, Crouzier T, Doyle PS, Ribbeck K:
Swimming bacteria promote dispersal of non-motile
staphylococcal species. ISME J 2017, 11:1933-1937.

58. Shrivastava A, Patel VK, Tang Y, Yost SC, Dewhirst FE, Berg HC:
Cargo transport shapes the spatial organization of a microbial
community. Proc Natl Acad Sci U S A 2018, 115:8633-8638.

59.
�

Xiong L, Cao Y, Cooper R, Rappel WJ, Hasty J, Tsimring L:
Flower-like patterns in multi-species bacterial colonies. eLife
2020, 9

This study showed the complex patterns could emerge from mixtures of
motile and nonmotile bacterial populations. The nonmotile bacteria
hitchhike on the motile bacteria and accumulate at the boundary of
the colony. The frictional motion at the colony interface would further
introduce the front instabilities that leads to the formation of flower-like
patterns.

60. Book G, Ingham C, Ariel G: Modeling cooperating micro-
organisms in antibiotic environment. PLoS One 2017, 12:
e0190037.

61. Ingham CJ, Kalisman O, Finkelshtein A, Ben-Jacob E: Mutually
facilitated dispersal between the nonmotile fungus
Aspergillus fumigatus and the swarming bacterium
Paenibacillus vortex. Proc Natl Acad Sci U S A 2011, 108:19731-
19736.

62. Turing AM: The chemical basis of morphogenesis. Bull Math
Biol 1990, 52:153-197.

63. Fu X, Tang LH, Liu C, Huang JD, Hwa T, Lenz P: Stripe formation
in bacterial systems with density-suppressed motility. Phys
Rev Lett 2012, 108:198102.
www.sciencedirect.com

http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0210
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0210
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0210
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0215
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0215
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0215
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0220
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0220
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0220
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0225
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0225
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0225
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0230
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0230
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0230
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0230
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0235
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0235
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0235
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0240
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0240
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0240
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0245
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0245
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0245
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0250
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0250
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0250
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0255
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0255
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0255
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0255
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0255
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0260
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0260
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0260
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0265
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0265
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0270
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0270
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0275
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0275
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0275
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0275
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0280
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0280
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0280
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0285
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0285
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0285
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0290
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0290
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0290
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0295
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0295
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0295
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0300
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0300
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0300
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0305
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0305
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0305
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0305
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0305
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0310
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0310
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0315
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0315
http://refhub.elsevier.com/S1369-5274(21)00092-8/sbref0315

	The spatial organization of microbial communities during range expansion
	Microbial colony expansion
	Microbial range expansion with navigated movement
	Microbial hitchhiking
	Discussions
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


