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Abstract 88 

The development of multicellularity represents a key evolutionary transition that is crucial 89 

for the emergence of complex life forms. Although multicellularity has traditionally been 90 

studied in eukaryotes, it originates in prokaryotes. Coordinated aggregation of individual 91 

cells within the confines of a colony results in emerging, higher-level functions that benefit 92 

the population as a whole. During colony differentiation, an almost infinite number of 93 

ecological and physiological population-forming forces are at work, creating complex, 94 

intricate colony structures with divergent functions. Understanding the assembly and 95 

dynamics of such populations requires resolving individual cells or cell groups within such 96 

macroscopic structures. Addressing how each individual cell contributes to the collective 97 

action requires pushing the resolution boundaries of key technologies that will be 98 

presented in this review. In particular, single-cell techniques provide powerful tools for 99 

studying bacterial multicellularity with unprecedented spatial and temporal resolution. 100 

These advancements include novel microscopic techniques, mass spectrometry imaging, 101 

flow cytometry, spatial transcriptomics, single-bacteria RNA-seq, and the integration of 102 

spatiotemporal transcriptomics with microscopy, alongside advanced microfluidic 103 

cultivation systems. This review encourages to explore the synergistic potential of the 104 

new technologies in the study of bacterial multicellularity, with a particular focus on 105 

individuals in differentiated bacterial biofilms (colonies). It highlights how resolving 106 

population structures at the single-cell level and understanding their respective functions 107 

can elucidate overarching functions of bacterial multicellular populations. 108 

 109 

Keywords: microbial multicellularity, population ecology, phenotypic heterogeneity, cell 110 

differentiation, single-cell technologies, single-cell transcriptomics, population dynamics 111 

 112 

 113 

Introduction  114 

 115 

The development of multicellularity represents a pivotal evolutionary transition, laying the 116 

foundation for the emergence of complex life forms on Earth (1). Unlike many evolutionary 117 

events, multicellularity has risen independently and multiple times, particularly in the 118 

bacterial kingdom (2–4). While the emergence of complex multicellularity in prokaryotes 119 

dates back some three billion years, the current knowledge of this process is still 120 

predominantly derived from studies of eukaryotic organisms (5). The general concept of 121 

multicellularity encompasses several critical developmental requirements including cell 122 

adhesion, cell-cell communication, cell-cell coordination, functional diversification and 123 

interactions among cells, defense mechanisms or programmed cell death.  124 

 125 
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Ever since Robert Koch’s postulates, which required isolating pure cultures of 126 

microorganisms from individual cells, bacteria were – and still are – perceived as 127 

archetypically unicellular. While multicellular traits are well documented for some species, 128 

most prominently the filamentous cyanobacteria, streptomycetes, or myxobacteria, these 129 

examples were appreciated as fascinating multicellular exceptions from an otherwise 130 

unicellular bacterial world (6–9). However, an appreciation of ‘common’ bacteria as 131 

multicellular organisms started only very slowly, with two seminal conceptual articles by 132 

James Shapiro (10, 11). Since then, the diversity and inherent phenotypic heterogeneity 133 

of bacterial populations has been recognized by an increasing number of studies. What 134 

once seemed homogeneous – as the average of a      population – suddenly became 135 

visible as highly heterogeneous. Isogenic populations diversify into phenotypically 136 

different subpopulations and cell types that are endowed with astonishing individuality 137 

(12, 13). 138 

 139 

Developing a concept for bacterial multicellularity is still at its beginning, but the 140 

underlying field of research is currently fast evolving, as also highlighted by this review. 141 

Accordingly, no generally accepted definition exists and any attempt remains an 142 

approximation towards a universally acceptable concept to come. For many, bacterial 143 

multicellularity is only applicable (if at all) to terminally differentiated cell states within 144 

larger population aggregates, such as fruiting bodies, (endo)spores or heterocysts. While 145 

such a definition is in line with the eukaryotic concept of multicellularity, in which cells 146 

terminally differentiate to assume their functions in the context of tissues and organs (14), 147 

it neglects the important role of non-terminally differentiated cells in the context of 148 

bacterial biofilms. While it can be argued that phenotypically diversified cells in biofilms 149 

and structured colonies only follow, and then adapt to, local gradients and accordingly 150 

should not be considered as multicellular states, this restricted perception neglects the 151 

truly multicellular driving forces behind the evolution of such traits.  152 

 153 

For the purpose of this review, we propose a more comprehensive definition of bacterial 154 

multicellularity as characterized by spatially structured bacterial populations that exhibit 155 

at least transient stability. Multicellularity encompasses several key elements: (i) cellular 156 

differentiation (15) and the dynamic distribution of different cell types (Figure 1A), (ii) 157 

positional determinants that govern cell positioning and influence cell fate (Figure 1B), 158 

(iii) a distinct architectural organization of the microbial population governed by (iv) 159 

extracellular cues and biophysical properties, including chemical gradients (nutrients, 160 

oxygen, antibiotics), which determine and are shaped by (v) intercellular interactions and 161 

the interplay between cells and their environment (Figure 1C). Collectively, these aspects 162 

determine the form of bacterial multicellularity (filament, biofilm, differentiated colony) that 163 

provides a structural framework, from which emergent multicellular functions can arise.  164 

 165 
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‘Form’ and ‘Function’ are therefore tightly interconnected aspects of bacterial 166 

multicellularity that critically depend on each other. True multicellular functions can only 167 

emerge in the context of a differentiated multicellular form. The multicellular form 168 

presumably evolved only, because it provided an overall fitness advantage to the entire 169 

population that outweighed any costs associated with a multicellular lifestyle. Importantly 170 

for this concept of multicellularity, such functions either exclusively occur in a multicellular 171 

form or at least only make physiological sense within its context. These functions provide 172 

a fitness gain for the population. Accordingly, the differentiated multicellular population 173 

rather than the individual cell is the unit of evolution for such traits to manifest, irrespective 174 

of whether the underlying physiology leads to a terminally or only transiently differentiated 175 

cell within a stable multicellular population. 176 

 177 

The ability to process large amounts of data using powerful bioinformatics tools, together 178 

with breakthroughs in instrumentation and imaging technology, now allows capturing 179 

molecular processes within structured macroscopic bacterial populations (mm scale) at 180 

near single-cell resolution (µm scale, (12, 16–18). Multi-scale, high-resolution approaches 181 

leading to high-dimensional readouts based on techniques such as 3D imaging, flow 182 

cytometry and cell sorting, imaging mass spectrometry and single-cell transcriptomics are 183 

now readily available to gain insights into subpopulation structures and the functions of 184 

the individual cell within them (Figure 2). But a mechanistic understanding of the 185 

underlying biological processes from the cellular to the population level and finally to the 186 

emerging overarching functions requires tightly linked correlative data analyses by 187 

combining different approaches. 188 

 189 
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 190 
Figure 1: Schemes of pure population multicellularity, where divergent functions of 191 

individuals contribute to overarching functions of the whole population. A: Interaction of 192 

different individual cell types in a colony of Bacillus subtilis in response to nutrient scarcity: 193 

An increasing number of spores can be found in the center of the colony. Near the outer 194 

edge, some of the cells produce toxins to initiate a suicide mechanism in favor of the 195 

surviving cells. Swarming cells penetrate to the outer edge of the colony and search for 196 

new nutrient resources. B: Division-of-labor as possibility to fix dinitrogen gas as nitrogen 197 

source. The photoautotrophic cyanobacterium Anabaena sp. develops heterocysts within 198 

a filamentous chain of cells when facing nitrogen starvation (19). C: Resilience to 199 

perturbation in a B. subtilis biofilm after dissection of a part of the colony. Wound healing 200 

occurred by an initially fast outgrowth of residual cells that remained on the substrate after 201 

the biofilm piece removal (20). 202 

 203 
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 204 

This review aims to succinctly summarize available advanced technologies for the 205 

analysis of emergent functions of structured multicellular bacterial populations down to 206 

the single-cell level. It also discusses the challenges and opportunities associated with 207 

studying multicellular bacterial populations using these technologies. The review 208 

emphasizes the need to apply high-resolution methods, both at different scales and in 209 

combination, to penetrate the complex nature of microbial populations, for example, by 210 

elucidating defense mechanisms in response to perturbations, or by elucidating how 211 

nutrients are utilized within a structured multicellular population. The technologies 212 

discussed aim to, and can, provide a gateway to understanding how each individual cell 213 

contributes to the collective action of a confined population. 214 

 215 

 216 
Figure 2. Overview of the recent technologies used for the study of multicellularity in 217 

bacterial biofilms (greenish and reddish dots represent cells that form a colony). From 218 

analyzing population structure to resolving single cells, these techniques are helping to 219 

uncover the overarching functions of the entire population. 220 

 221 
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1. Analysis of spatiotemporal distribution of single cells in intact biofilms by 222 

microscopy  223 

 224 

Analyzing the spatiotemporal distribution of single cells within biofilms through 225 

microscopy provides critical insights into the dynamic organization and interactions of 226 

microbial populations. This section delves into the methodologies employed to achieve 227 

high-resolution imaging and the computational tools used to interpret the complex spatial 228 

and temporal patterns observed within these biofilms. 229 

 230 

Fluorescence microscopy techniques, including single-point-scanning confocal 231 

microscopy, multi-point-scanning confocal microscopy, or selective plane illumination 232 

microscopy, have emerged as important methods for achieving 3D spatial resolution (21–233 

23). Of particular note is the ability of these microscopy techniques to capture time-234 

resolved, 3D images of living cells within population structures without significantly 235 

disrupting their behavior. This is made possible by the use of fluorescent proteins that are 236 

fused to proteins of interest, or antibodies conjugated to a fluorescent dye, or fusions of 237 

fluorescent proteins to promoters of interest, which report on the levels of a particular 238 

protein, or the expression of a particular gene. However, the use of fluorescent proteins 239 

and 3D fluorescence microscopy has technical caveats that need to be carefully 240 

evaluated when using this technique. The use of fluorescent protein-based reporters can 241 

alter the biological processes under investigation. Fusions of a protein of interest coupled 242 

to a fluorescent protein may not have the same level of activity as the native protein, 243 

which may modify the biological process under investigation. Similarly, using antibodies 244 

to label a protein of interest may interfere with the function of this protein. Furthermore, 245 

promoter reporters that are supplied on a plasmid may alter the levels of transcriptional 246 

regulators that bind to the promoter of interest at the native chromosomal locus. An 247 

additional issue is that the currently available bright fluorescent proteins require oxygen 248 

for folding into a functional conformation, which severely limits their application in biofilms 249 

above a certain size range, as the center of these biofilms are anaerobic (24). Current 250 

anaerobic fluorescent proteins unfortunately display a low level of brightness. When 251 

performing time-resolved imaging of 3D biofilms using fluorescent proteins, the amount 252 

of laser light that is deposited into the sample usually causes photobleaching of the 253 

fluorescent proteins over time, and may also lead to phototoxicity that alters the biological 254 

processes under investigation (25). However, when the laser exposure is minimized, and 255 

care is taken that the reporters are functional and do not significantly interfere with the 256 

cellular activities, time-resolved 3D imaging of bacterial biofilms using fluorescence 257 

microscopy is a powerful tool for studying the organization and dynamics of these 258 

populations.   259 

 260 



9 
 

Upon acquisition of fluorescence microscopy images of biofilms with 3D spatial resolution, 261 

potential temporal resolution, and one or more fluorescence channels, the analysis of 262 

bacterial properties in such multidimensional images typically presents challenges (21). 263 

As manual image analysis is typically biased, or even impossible for very large datasets 264 

with millions of images, computational image analysis techniques have been developed 265 

for analyzing bacterial populations. The earliest software solutions performed image 266 

analysis without (or with very limited) spatial resolution inside the biofilms, such as 267 

COMSTAT, COMSTAT2, or PHLIP (26–28). More recent software, such as Daime and 268 

BiofilmQ enable analysis of images with spatial resolution (29, 30). 269 

 270 

To analyze microscopy images of entire bacterial populations with spatial resolution, 271 

presently, there are two broad options: the first option is relevant when image resolution 272 

is not sufficient to detect individual cells or single-cell analysis is not required, or the 273 

research focus lies on non-cellular entities such as the biofilm matrix. In this case the 274 

software BiofilmQ provides an algorithm that can perform a spatial analysis based on the 275 

dissection of the image of the biofilm population into pseudo-cells with cubical shape (30). 276 

The second option is to detect the individual cells in the population structure, followed by 277 

an analysis of the detected cells and their spatial context. Numerous software solutions, 278 

including BacStalk, Oufti, the imageJ-based tool MicrobeJ, DeLTA, and SuperSegger, 279 

facilitate the detection of individual cells and intracellular analysis in 2D images, such as 280 

those implemented in (31–35). These tools often also enable the intracellular analysis of 281 

the fluorescent signal distribution within cells. Although detection of bacterial cells in 3D 282 

images have received comparatively less attention, traditional image analysis 283 

methodologies have been established several years ago for coccoid-shaped and rod-284 

shaped bacterial cells (21, 36, 37). More recently, convolutional neural networks have 285 

strongly improved the detection accuracy of single bacterial cells in 3D (22, 38, 39), with 286 

the adaptation of the StartDist neural network for bacterial cell shapes, termed StarDist 287 

OPP, demonstrating the highest accuracy so far (38). After the detection of the individual 288 

cells in 2D or 3D, or the dissection of low-resolution images into pseudo-cells, BiofilmQ 289 

offers numerous tools for computing spatial relationships between cells and determining 290 

their positioning relative to the biofilm surface, biofilm center, or substrate surface (30). 291 

 292 

Despite the advances in fluorescence microscopy techniques and image analysis 293 

techniques, fluorescence microscopy-based analysis of bacterial population attributes is 294 

limited. The limited imaging depth that confocal microscopy techniques can achieve, 295 

restricts the analysis to the outer layers of a colony - studies that image single cells in 296 

biofilms loose single-cell resolution at depths beyond approximately 30 µm, due to 297 

scattering of photons in densely-packed bacterial biofilms (21). Even if single-cell 298 

resolution is not required or desired, the optical scattering of photons reduces the signal-299 

to-background ratio further into the biofilm. Additional imaging depth can be obtained by 300 



10 
 

using two-photon microscopy, but this technique suffers from lower spatial resolution 301 

compared with the widely-used single-photon confocal microscopy techniques. 302 

Additionally, phototoxicity from excitation light, which is particularly relevant for 3D 303 

imaging with confocal and two-photon microscopy techniques, can potentially alter the 304 

natural behavior of the cells. Furthermore, fluorescence microscopy-based analysis is 305 

typically constrained to artificial biofilm setups with a limited number of fluorescent 306 

proteins or fluorescent probes, which may not fully reflect the complexity of even pure 307 

colony biofilms. However, the outlook is promising as ongoing research efforts are 308 

focused on improving advanced microscopy techniques, such as light-sheet microscopy 309 

and adaptive optics, to overcome the imaging depth limitation.  310 

Another useful technique is microscopic Raman spectroscopy imaging, which can non-311 

destructively characterize physiological states of bacterial cells (40). In most cases, 312 

changes in macromolecular composition between cells can be determined, but 313 

biomarkers such as autofluorescent molecules or storage molecules (41) can also be 314 

detected locally in individual bacterial cells. Functional interconnectivity between cells can 315 

be traced using metabolite-linked heavy isotopes by Raman-SIP, although this is currently 316 

mainly performed on community samples where metabolic exchange occurs between 317 

different species (42–44).  318 

For all technologies, the integration of machine learning algorithms and the development 319 

of end-to-end automated pipelines for image analysis hold the potential to address the 320 

challenges of accurate segmentation and high-throughput analysis in the future. 321 

 322 

2. Analysis of the spatial distribution of metabolites and structural lipids in 323 

bacterial colonies and biofilms using mass spectrometry imaging  324 

Microscopy can provide detailed insights into the spatial organization of single cells within 325 

biofilms, but is limited by the requirement of using fluorescence reporters. Mass 326 

spectrometry imaging (MSI) as a label-free technique offers a complementary approach 327 

to analyze the spatial distribution of metabolites and structural lipids within structured 328 

microbial populations (45). MSI builds on the annotation of molecules of interest based 329 

on their mass to charge (m/z) ratio as registered by a mass analyzer. This flexibility, 330 

together with a generally high detection sensitivity and the ability to use tandem MS 331 

technologies for further structural characterization and identification are reasons why MS-332 

based methods serve as primary analysis techniques in several omics-fields, such as 333 

proteomics, metabolomics and lipidomics (46). The most widely used method for imaging 334 

of bacterial metabolites is matrix-assisted laser desorption ionization (MALDI-MSI). With 335 

this technique, samples are coated with a thin film of a “matrix” – a small organic 336 

compound that is absorbing the laser light and assists in transferring thermally labile 337 

biomolecules into the gas phase as well as their ionization. To obtain the information 338 

about the spatial position, the so-prepared samples are scanned with a laser beam on a 339 
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pixel-by-pixel basis. Typically, this occurs in a vacuum ion source. The mass spectra 340 

registered at the individual positions are evaluated using dedicated software to generate 341 

presentations of the molecular profiles and for further bioinformatic evaluation, such as a 342 

segmentation analysis (47). New developments in MSI instrumentation increasingly 343 

enable a robust single-cell detection level for eukaryotic systems at about 5 µm pixel size 344 

(47, 48). To improve this value to the low micrometer range, MALDI-2 and more recently 345 

transmission-mode (t-)MALDI-2 have been introduced (49, 50). 346 

Compared to eukaryotic systems, the analysis of bacterial cultures and biofilms poses 347 

several additional challenges: First, the high rigidity of bacterial cell walls along with their 348 

small cell size require advanced protocols for an efficient extraction of cytoplasmic 349 

compounds (45, 51). Second, the complex composition of bacterial biofilms, consisting of 350 

cells with very different functions and eventually bacterial spores (e.g. for B. subtilis 351 

colonies), together with the chemically extraordinarily diverse nature of the extracellular 352 

matrix and excreted signaling compounds, places high demands on any chemical 353 

analysis technique. For the MALDI-MSI analysis, both features are exacerbated by the 354 

need for preserving the spatial information on a meaningful scale, thus to prevent analyte 355 

diffusion across the biofilms.  356 

As illustrated in Figure 3, in most microbial MALDI-MSI studies performed to-date, 357 

biofilms were analyzed in “top view-geometry”, i.e. whole colonies were coated with the 358 

MALDI matrix and the ensemble profiled with the MALDI laser from the front side. A 359 

limitation of this acquisition mode is the averaging effect that is caused by the only poorly 360 

defined extraction of bacterial metabolites from different depths in the sample. To 361 

overcome this restriction, embedding and sectioning protocols similar to those already 362 

established for animal and plant tissue are currently being developed (51, 52). The 363 

combination of optimal sample preparation, high-resolution t-MALDI-2-MSI and its 364 

amendment with further correlative imaging modalities, such as fluorescence microscopy, 365 

could form the basis for a close-to-single-cell resolution also for bacterial ensembles in 366 

the near future.  367 

Third, unlike different to MALDI-based biotyping systems that are routinely used in clinical 368 

settings (53, 54), the technically more complex MALDI imaging instruments are typically 369 

not placed in a dedicated microbiology laboratory. To safely inactivate pathogens prior to 370 

the MALDI-MSI analysis, protocols have been developed, in which bacterial biofilms are 371 

grown on filter media, such as mixed cellulose ester membranes (Figure 3, 50, 51). At 372 

defined time points, the biofilm-containing membranes can be removed from the agar and 373 

then, for example, be applied to a brief steam inactivation step (51). Alternatively, a brief 374 

chemical fixation, for example with 10% formaldehyde solution to kill heat-resistant 375 

spores, may be applied. While steam inactivation has been found to preserve the general 376 

morphology of the biofilms on a macroscopic level (51), shrinkage by dehydration will 377 
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need to be taken into account in high-resolution studies of cross-sections. Similarly, the 378 

cross-linking of NH2 groups (e.g. in bacterial peptides or phosphatidylethanolamines of 379 

the cell walls) is potentially leading to unwanted modifications.  380 

By applying the filter membrane-based culturing method and the signal enhancement that 381 

is provided by MALDI-2 laser postionization, more than 30 different 2-alkyl quinolones 382 

and 11 mono- and di-rhamnolipids were visualized from Pseudomonas aeruginosa 383 

colonies challenged with co-cultured Staphylococcus aureus in a spatially-resolved 384 

manner (51). This result indicates a previously unknown multicellular complexity of the 385 

associated quorum sensing and defense pathways. Other important classes of bacterial 386 

metabolites that have been visualized in this way were B. subtilis surfactins and 387 

plipastatins (51). The spatially resolved detection of spore delaying protein (SDP) and 388 

sporulation killing factors (SKF), two endotoxins involved in cannibalism mechanism of B. 389 

subtilis (55), by MALDI-MSI was previously further correlated with fluorescence 390 

microscopy of a GFP-expressing mutant (56) . 391 

 392 

 393 

Figure 3: Scheme for MALDI-MSI compatible culturing and sample preparation of 394 

bacterial colonies for top-view analysis. A: cultivation of cells in LB-broth. B: 395 

Inoculation of 1 µL bacterial suspension on a mixed cellulose-ester membrane placed on 396 

LB-agar. C: Dissection of a colony together with the membrane. D: Optionally: Steam 397 

inactivation. E: MALDI matrix coating. F: MALDI-MSI experiment. G: Data processing. 398 
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3. Analysis of single-cell heterogeneity and its local dynamics by microbial flow 399 

cytometry 400 

The different molecules detected by MALDI-MSI at specific sites within a colony in situ 401 

are produced by cells that have differentiated into functionally diverse cells. To further 402 

study spatiotemporal variations in phenotypic functions, either a robotic arm can be used 403 

for cell sampling based on phenotypic imaging data (57), or biopsies can be taken from 404 

colony biofilms at different locations for subsequent flow cytometry analysis (58). Flow 405 

cytometry is a powerful method for analyzing bacterial colonies at the single-cell level to 406 

decipher phenotypic heterogeneity. The method is widely used in medical research to 407 

characterize individual eukaryotic cells and is also very powerful for the rapid and 408 

quantitative analysis of individual microbial cells in a high-throughput process (Figure 4). 409 

A flow cytometer typically measures between 3,000 to 5,000 cells/sec by aligning cell 410 

after cell in a liquid stream through hydrodynamic focusing. Light scattering is detected at 411 

small angles for forward scattering (FSC) or at 90° for side scattering (SSC), while 412 

fluorescence of the cells is also recorded at 90°. The emitted photons are collected by 413 

photomultipliers and are electronically amplified. Cytometers can have several laser lines 414 

for excitation and are calibrated with bead or cell standards and the obtained data is 415 

commonly displayed in so-called 2D plots, in which two of the measured cell parameters 416 

are visualized (Figure 4). Bacterial cells pose a challenge in differentiating cell types due 417 

to their small size, morphological similarity and smaller number of cellular components. 418 

Consequently, flow cytometers used in microbiology require higher resolution due to 419 

lower dye binding and the lack of widely available cell-specific markers, necessitating 420 

customized protocols for each species  (59).  421 
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 422 

Figure 4. Flow cytometric analysis of cells obtained from a B. subtilis colony. Left: 423 

Intrinsic (e.g., scattering) and extrinsic (e.g., fluorescence) parameters of the cells are 424 

measured by flow cytometry, and the resulting cell subsets are displayed as a 2D plot. 425 

From here, a sorting decision is made and the cells are sorted by FACS (fluorescence 426 

activated cell sorting) accordingly for subsequent analysis. Right: B. subtilis cells are 427 

characterized with FSC and Syto9 staining (for nucleic acids). The population diversifies 428 

into several heterogeneous subpopulations with different vegetative cell types and spore 429 

types. Top, a cell gate is set to separate cells from all other events. Bottom, cell 430 

distributions are shown without instrumental noise and calibration beads. Each 431 

subpopulation is separated from the others by gating for both cell number determination 432 

and cell sorting. The colors from blue to red indicate the increasing number of cells per 433 

subgroup of cells. 434 

The assessment of cellular characteristics can be achieved through intrinsic or extrinsic 435 

parameters. Intrinsic parameters do not require cell treatment and convey light scattering 436 

properties, using both forward scattering, which provides information about cell size, and 437 

side scattering to measure cell density and surface roughness (60).  438 
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Gene expression can be quantitatively visualized using fluorescent reporter gene fusions 439 

(16). Additionally, autofluorescent pigments in autotrophic cells (61) or fluorescent marker 440 

molecules of metabolic pathways (62) identify cell types and quantify metabolic activities. 441 

The advantage of analyzing intrinsic parameters lies in the ability to assess cells without 442 

altering their physiological state. On the other hand, extrinsic methods involve labeling 443 

cell functions using fluorescent dyes, such as functional FISH probes or antibodies, 444 

although these labels may not always be quantitative due to non-penetrable cell walls 445 

(63). These methods can also measure viability states (e.g. live/dead ratio, membrane 446 

potential, pH (64) or quantify cellular macromolecular components such as protein or DNA 447 

levels (65). Despite the large number of fluorescent markers available, only two or three 448 

dyes can be simultaneously applied to a single bacterial cell to avoid (or not to disturb) 449 

phenomena like fluorescence resonance energy transfer or compensation depletion (66) 450 

Flow cytometry is often used to accurately quantify absolute cell numbers in 451 

microbiological populations. A recent study examined wound healing in B. subtilis 452 

colonies, where flow cytometry was used to measure fractions of live and dead cells, after 453 

a quarter of a biofilm was removed and compared to normally growing biofilms (20). A 454 

remarkable finding was that cell growth in the biofilm “wound” initially outpaced normal 455 

growth but then later lagged behind due nutrient depletion (see scheme Figure 1C). This 456 

initial rapid growth was attributed to residual cells remaining in or on the agar (up to 10% 457 

of the cells) that was overlooked in optical microscopy-based studies. In addition to 458 

analyzing live and dead cells, also various cell cycle states can be differentiated. The 459 

dynamics of heterogeneous cell types and proportions can be tracked over time, providing 460 

a complex view of spatially and temporally coherent physiological processes in bacterial 461 

populations. An example for dynamic cytometric fingerprinting of growth-related cell 462 

states is shown for Prestia megaterium in SI MOVIE 1. Furthermore, fluorescent reporters 463 

can be used to study the broad functional behavior of cells in pure populations (67, 68). 464 

Interestingly, in the absence of reporter genes or functional fluorescent dyes, functional 465 

diversity can also be identified using correlation analysis by combining cell information 466 

(coming from flow cytometry) and cultivation related abiotic parameters. The associated 467 

different cell types and abiotic factors, including measurable gradients of oxygen or 468 

carbon and energy sources, as well as synthesized macromolecules such lipopeptides 469 

(e.g. surfactants and plipastatins in the case of B. subtilis and 2-alkyl-quinolones and 470 

mono- and dirhamnolipids for P. aeruginosa, (51)) could serve to estimate the cell-cell 471 

and cell-abiotic interactions. In addition, the strength of correlations between cell types as 472 

well as cell types and abiotic factors can be used for sorting decisions. The 2D data 473 

generated by flow cytometry can be automatically gated using the tools PhenoGMM (69) 474 

and flowEMMi (70) or evaluated and visualized by flowCHIC (71), flowCybar (72, 73) or 475 

Flowsofine (74). 476 
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The potential of flow cytometry is greatly enhanced by its ability to separate cell types 477 

locally by cell sorting (FACS - fluorescence activated cell sorting). Functions of sorted 478 

subpopulations can then be identified in detail by subsequent omics technologies such 479 

as proteomics (75, 76), or transcriptomics (77, 78). A pioneering study that applied 480 

proteomics analysis on sorted bacterial cells revealed the differences in protein 481 

compositions of E. coli and P. putida strains (79). Such cell separation techniques can 482 

provide insight into the interactions between cell types and, by excluding unsorted cells, 483 

facilitate the identification of protein biomarkers and protein-protein interactions 484 

associated only within the sorted cell phenotypes (76, 80). Additionally, recent 485 

advancements in sequencing technologies, including single-cell RNA-seq, permits 486 

targeting single cells for functional assessment and facilitating the identification of various 487 

functional subgroups in bacterial colonies (81, 82). Although very promising, these 488 

methods are still limited by the structure of prokaryotic cells, which may cause higher 489 

sequencing costs and detect low numbers of transcripts with higher uncertainties (78, 83, 490 

84). Alternatively, the prior sorting of bacterial subpopulation by FACS, coupled with 491 

traditional bulk mRNA-seq analysis, can generate high precision gene expression profiles 492 

of cell subgroups (77). In addition, vital cells with certain physiological properties can be 493 

sorted for further cultivation approaches or specific viability tests (85). Nevertheless, there 494 

are still limitations when performing cell sorting on bacterial single cells or relatively small 495 

numbers of cells, especially if subsequent omics applications are to be conducted. It is 496 

also important to note that, unlike live cell imaging, e.g. in microfluidic devices, individual 497 

cells cannot be tracked over time. 498 

 499 

4. Analysis of early biofilm development and behavior by microfluidic cultivation 500 

systems 501 

Microfluidics deals with the handling and control of fluids on the micrometer scale (86, 87) 502 

and is therefore an ideal tool for analyzing microbial biofilm development in a well-503 

controlled environment. Established microfabrication techniques employing soft 504 

lithography and replica molding (88, 89), as well as emerging 3D-printing (90–92) allow 505 

the generation of channels with lower micrometric features. These features may range 506 

from simple straight channels to various complex geometries (Figure 5A, B). Within the 507 

microfluidic channels, well-controlled, stable and reproducible environments can be 508 

established and maintained. Controllable environmental parameters are for instance the 509 

composition of the medium, its flow speed, chemical gradients and if applicable, the 510 

ambient temperature. The use of transparent materials such as polydimethylsiloxane 511 

(PDMS) and glass enables the integration of microfluidic devices with optical methods for 512 

readout, such as life-cell imaging and high-resolution microscopy. The resulting spatial 513 

and temporal resolution of the recordings are precise enough to track individual cells 514 
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within a cell cluster or even smaller biofilms and thus monitoring growth, cell division and 515 

fluorescence coupled metabolic parameters (21, 36). Both large-scale imaging of 516 

developing biofilms and recording of small cell clusters require an integration of 517 

microfluidics with automated high-resolution microscopy image acquisition and will 518 

benefit from advanced imaging methods such as confocal laser scanning microscopy.  519 

Various microfluidic systems have been developed to investigate and characterize 520 

biofilms (93, 94). Naturally, the unbounded growth of a bacterial biofilm is best studied in 521 

a straight, large aspect ratio microfluidic channel (36, 95) (Figure 5 A-B top). This 522 

maximizes the observable area and avoids unnecessary complex flow profiles. While a 523 

straight channel is a simple geometry, the flow may still be tightly controlled by the 524 

integration of multiple inlets (96, 97). Defined flow conditions allow to determine the 525 

impact of the medium and molecules of interest, such as for instance antibiotics, on biofilm 526 

formation (98, 99). The flow itself may be characterized experimentally by employing and 527 

tracking fluorescent tracers, or numerically through computational fluid dynamics (100–528 

102). In nature, a bacterial biofilm is often opposed to a dynamic environment, defined by 529 

changing shear forces (103–105). The impact of flow shear on bacterial adhesion, onset 530 

of biofilm formation and subsequent development can be investigated in microfluidic 531 

devices in a defined manner (106). Furthermore, the chemical composition of the biofilm 532 

surrounding medium may also change dynamically. Over the years, microfluidic assays 533 

were developed to overcome the limitations posed by static biofilm methods and are 534 

capable of tracing the physiological response of bacterial populations to well defined 535 

chemically fluctuating environments (107–109). Finally, the architectures of natural 536 

environments are inherently complex and heterogeneous (110, 111). These 537 

heterogeneities can be modeled using microfluidic devices and their micrometer 538 

resolution. For instance, the cavity-like pores of the human skin and mammalian gut 539 

surface (112) were simulated by creating microfluidic cavities (107, 113, 114), Figure 5 540 

A-B middle). Similarly but even more complex, soil as a habitat of water, air and particles 541 

of varying length scales was recently mimicked in microfluidic channels using small 542 

diameter circular PDMS pillars or even fully heterogeneous PDMS structures (115–117) 543 

Figure A-B bottom).  544 
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 545 

Figure 5. Overview of a microfluidic approach to biofilm analysis. A: The 546 

microfabrication process allows for a large variety of channel geometries. Three 547 

exemplary geometries representing a straight channel (top), a microfluidic cultivation 548 

chamber with dead end or open cavities (middle) and a complex soil like geometry 549 

(bottom) are shown. B: Respective examples of such geometries. A wide aspect ratio 550 

channel with multiple inlets (top), a microfluidic cultivation chamber (middle), a 551 

microfluidic channel with irregularly shaped obstacles (bottom) (see (97, 118, 119) for 552 

more details). In general, one or more syringe pumps drive a fluid flow (black arrows) 553 

through the microfluidic channel(s) and connected tubing. C: Sketched examples of 554 

different biofilm growth and experimental conditions regarding the respective microfluidic 555 

approaches. The growth and development of bacterial biofilms, and potentially also 556 

fluorescently labeled subpopulations (yellow, green) therein, can be studied from single 557 

or few cells up to small biofilms of several 10,000 cells. 558 

Microfluidic systems have improved the understanding of the mechanisms underlying 559 

biofilm formation and early biofilm development. They provide a useful tool for 560 

investigating the dynamic interactions within the biofilm structure and function, its 561 

composition and the external environment, determined by the applied flow, medium and 562 

surrounding geometry. Ultimately, natural microbial biofilms exhibit significant 563 

heterogeneities themselves, often comprising diverse species or genotypes in dynamic 564 

environments (120). In contrast to well mixed scenarios, the fundamental evolutionary 565 

forces of genetic drift and selection may be altered in a bacterial biofilm (121, 122). In 566 

conjunction with automated microscopy and lineage tracing, such heterogeneities may 567 

be introduced into a microfluidic grown biofilm by pre-mixing fluorescently labeled bacteria 568 

with a pre-determined fitness difference. Naturally, a multitude of different microcolonies 569 

and biofilms with varying fractions of two genotypes will be present and their growth and 570 
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development can be recorded (Figure 5C). For instance, (123) described the biphasic 571 

competitive dynamics between E. coli strains with and without a growth rate difference in 572 

microchannels. Furthermore, the potential of microfluidics to create micrometric features 573 

was used to characterize the colonization resistance of packed bacterial populations in 574 

small cavities (113) and, more recently, to demonstrate the impact of the local cavity 575 

geometry on the evolutionary fixation probability (114). Another recent study examined 576 

the dynamics of polarization at different stages of colony development by using 577 

microfluidic flow chambers in combination with microscopy and fluorescence single-cell 578 

analyses. It was found that hyperpolarization emerges at the colony center and 579 

progresses outward to the periphery, which marks a transition to collective membrane 580 

potential dynamics (124) that is associated with the growth resources and oxygen 581 

concentration.  582 

In the last few years, several microfluidic single-cell cultivation devices, based on ‘mother 583 

machine’ like micro-chemostats (95, 125) have been developed. These enable the 584 

analysis of single cells and small cell clusters with full spatiotemporal resolution (126). 585 

Furthermore, microfluidic monolayer growth chambers allowed investigating various 586 

biofilm-related aspects, such as the onset of biofilm formation in B. subtilis at single-cell 587 

level (118, 127). While a closed system is paramount for a stringent environmental control 588 

and long-term operation, it opposes the selective sampling of cells or subpopulations. 589 

Recently, this was overcome by integrating a robot-assisted sampling device, which 590 

pierces the PDMS above and subsequently samples from the microfluidic channel below 591 

in a pre-defined manner (128, 129). This approach would allow integrating e.g. FACS-592 

sorting and single-cell transcriptomics, as described in the next chapter. 593 

A potential limitation during long term operation is the formation of large clumps by non-594 

adhering bacteria and/or flow induced shedding of extracellular matrix (130). This may 595 

ultimately clog the inlet, outlet or main channel and thus alter or even fully stall the applied 596 

flow. To prevent clogging the experiment may require the application of undesirably high 597 

flow rates and thus shear stress. Biofilm experiments employing microfluidic channels 598 

usually focus on relatively small but well-resolvable biofilms. Probing the properties of 599 

large biofilms (millimeter scale) regarding gene expression profiles, 3D structure, 600 

mechanical stiffness, cell density, etc. therefore need to be studied with a different set of 601 

methods. 602 

 603 

5. Analysis of cellular function in single cells: Single-cell transcriptomics 604 

It has long been recognized that isogenic bacterial populations can exhibit a significant 605 

phenotypic diversification, e.g. under specific stimuli (131). Thus, microbial populations 606 

exhibit intricate structures and nutrient gradients resulting in the emergence of locally 607 
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distinct subpopulations (132). While traditional methods, such as the already mentioned 608 

FACS and microscopy help quantifying cell phenotypes, these and other techniques fail 609 

to capture the full spectrum of bacterial behavior within biofilms. This limitation can now 610 

be overcome with omics technologies. RNA sequencing (RNA-seq) has proven to be a 611 

powerful tool to capture the full spectrum of bacterial physiology, but has mainly been 612 

applied in approaches averaging the signal over millions of bacteria (133). Yet, a new 613 

generation of technologies has emerged in 2020 to capture the transcriptome of single 614 

bacteria. Such approaches hold immense promise for revolutionizing our knowledge of 615 

biofilm dynamics. The following sections discuss the variety of the different protocols and 616 

the challenges associated with implementing such emerging protocols.  617 

5.1. Challenges associated with capturing the RNA of a single bacterium  618 

Single-cell RNA-seq (sc-RNA-seq) approaches have become a standard application in 619 

eukaryotic molecular biology (134). Adapting these techniques to bacterial systems must 620 

take the molecular, physiological and morphological differences into account. Bacterial 621 

cells contain only around 1/100 of the total RNA of an eukaryotic cell (78), the average 622 

half-life of bacterial mRNAs is often only in the range of seconds to a few minutes in 623 

contrast to the minute-to-hours range of eukaryotic cells (135–138) and mRNA 624 

enrichment via poly-A tails is not directly possible in bacteria. Moreover, there is no 625 

universal lysis method that works at the single-cell level and usually conditions must be 626 

adjusted for each bacterial species (139). Another obstacle is the isolation of single cells 627 

from multicellular bacteria, such as Anabaena and Nostoc species, which grow in one-628 

dimensional filaments covered by a robust cell wall and sheath, have a periplasm 629 

continuous along the entire filament length (140) and are connected by a particular type 630 

of prokaryotic gap junctions (141). There are multiple protocols for the isolation of mature 631 

heterocysts from these filaments (142, 143). These protocols have been successfully 632 

used for the separation of heterocysts and vegetative cells with the objective of 633 

investigating their respective transcriptomes using microarrays (144). 634 

To summarize, several approaches have been developed for bacterial single-cell 635 

transcriptomic analysis to overcome these different roadblocks (see below and Table 1). 636 

Beyond these general bacterial challenges, studying bacteria within biofilms at a single-637 

cell resolution adds additional complexities: i) Biofilms are densely packed populations 638 

encased in an extracellular matrix, which itself is a physical barrier to access all members 639 

of a population (145), ii) Variation in oxygen and nutrient concentration can result in a 640 

myriad of metabolic changes and capturing the full spectrum of these behaviors can be 641 

challenging without the proper techniques to resolve single-cell dynamics (146), iii) The 642 

different growth stages of a cell within the biofilm life cycle is dynamic and capturing the 643 

transcriptome of attachment, expansion, maturation and dispersion states might be 644 

essential for elucidating the temporal gene expression patterns and regulatory 645 

mechanisms driving the complex behaviors exhibited by bacteria within biofilms (147). 646 
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Considering the challenges of just performing transcriptome studies in bacteria alone, it 647 

has been a major achievement that single-cell transcriptomics has been successfully 648 

established in the biofilm context. In the next section, the latest advancements of sc-RNA-649 

seq in bacteria and their applications are described.  650 

5.2. Single-bacteria RNA-seq using combinatorial methods 651 

Split Pool Ligation-based Transcriptome sequencing (SPLiT-seq) was originally 652 

developed for eukaryotic single cells (148) and was then adapted for bacterial cells 653 

(Escherichia coli and B. subtilis) leading to the microbial split-pool ligation-based 654 

transcriptomics (microSPLiT)   and prokaryotic expression profiling by tagging RNA in situ 655 

and sequencing (PETRI-seq) (149) protocols. These methods do not require the prior 656 

isolation of single cells. Instead, cells fixed with formaldehyde are distributed into 657 

individual wells, permeabilized and subjected to in situ combinatorial indexing. For this, 658 

cells are split three times across 96-well plates for three rounds of barcoding by reverse 659 

transcription and two ligations (149). In the first step, reverse transcription is primed with 660 

barcoded random hexamer primers specific to each well. For the following two steps, cells 661 

are pooled and redistributed across new microplates for two rounds of barcoding by 662 

ligating another set of barcoded primers to the cDNA. Alternatively, the RNA was 663 

polyadenylated with E. coli poly(A) polymerase I and reverse transcribed in situ using bar-664 

coded oligo(dT)-primers (150). Finally, the cells are pooled, lysed, cDNA libraries 665 

prepared and sequenced. In this way, the transcripts of every single cell finally carry a 666 

unique combination of barcodes and therefore can be assigned to individual cells. 5′-667 

phosphate-dependent exonuclease was used to remove rRNA contaminations. 668 

Additionally, RNase H was used to digest rRNA after reverse transcription primed by 669 

rRNA-specific oligonucleotides (150). In a recent publication, the PETRI-seq protocol was 670 

modified through the depletion of rRNA-derived cDNA fragments through hybridization to 671 

a set of DNA probes resulting in a significant reduction in the fraction of uninformative 672 

rRNA reads from ~96-90% to 46-8% (151). 673 

These methods have been used to identify cell-specific expression patterns that would 674 

not have been accessible by bulk sequencing. In the PETRI-seq approach (149), different 675 

populations of E. coli and S. aureus were sequenced and rare subpopulations exhibiting 676 

distinct gene expression programs were detected (149). Using a modified version of the 677 

PETRI-seq protocol, a small number of cells were identified at the bottom of a static E. 678 

coli biofilm that expressed the gene encoding PdeI, predicted as a phosphodiesterase 679 

(151). However, the authors demonstrated that the expression of PdeI rather correlated 680 

with elevated levels of the second messenger c-di-GMP and that this effect was 681 

associated with the formation of ampicillin-resistant persister cells (151). Recently the 682 

PETRI-seq approach was used to propose a new classification of regulation based on 683 

measuring the transcriptional response of each gene in individual cells of S. aureus and 684 
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E. coli following its replication (152). These combinatorial approaches are limited by the 685 

higher number of cells that are needed to achieve an optimal mRNA capture efficiency.  686 

5.3. Single-bacteria RNA-seq on plates  687 

MATQ-seq was also originally developed for single-cell sequencing of total RNA from 688 

eukaryotic cells (153). In the implementation for bacterial cells, single bacteria are sorted 689 

into the wells of a 96-well plate using FACS followed by cell lysis and cDNA synthesis 690 

and amplification(154). The authors used RNAlater to maintain the RNA integrity during 691 

the sorting step. To avoid domination of the resulting cDNA libraries by rRNA- and tRNA-692 

reads, a more efficient, Cas9-dependent rRNA depletion step was integrated in an 693 

improved version of this protocol, yielding much higher numbers of non-rRNA reads (155). 694 

By this approach, all classes of different bacterial transcripts were detected and the 695 

sensitivity should allow the identification of low-abundance transcripts by MATQ-seq (154, 696 

155). If the approach is combined with a suitable technique to isolate cells in a 697 

reproducible way from a microbial population, it is in principle suitable for analyzing 698 

biofilms at high resolution and high sensitivity. Reproducibility and high sequencing depth 699 

per cell are achieved in plate-based methods, however the number of cells that can be 700 

multiplexed simultaneously is limited to just a few hundreds of cells. 701 

5.4. Single-bacteria RNA-seq in droplets  702 

The M3-seq approach combines plate-based, in situ indexing with droplet-based indexing 703 

and post hoc rRNA depletion, that is, using RNase H and rRNA-specific DNA probes after 704 

cDNA synthesis (156). M3-seq allows transcriptome-scale sc-RNA-seq at higher cell 705 

numbers and across multiple conditions (156). Another recently developed droplet-based 706 

method has been called BacDrop (84). This workflow involves fixation and 707 

permeabilization of cells followed by rRNA and gDNA depletion before reverse 708 

transcription and indexing using RNase H and DNase I. The first barcoding is performed 709 

during the reverse transcription and the resulting cDNA is polyadenylated at the 3’ end 710 

using terminal transferase. The second barcoding then is part of the 2nd strand cDNA 711 

synthesis within droplets. BacDrop was tested on several species, including the gram-712 

positive Enterococcus faecium for broader applicability and indicated heterogeneity within 713 

the investigated bacterial populations (84). While this droplet-based approach provides a 714 

higher throughput power of multiplexing, it requires lab to lab optimization of the available 715 

protocol, which challenges reproducibility. 716 

5.5. Spatial transcriptomics for bacteria 717 

An aspect of particular relevance to the study of bacterial biofilms is the assignment of an 718 

obtained transcriptome profile not only to a single cell, but to a specific cell, located at a 719 

distinct position within the respective microbial population. Par-seqFISH is an approach 720 

connecting gene expression and spatial context at single-cell and single-molecule 721 
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resolution (157). This method was developed from a seqFISH approach targeting 722 

individual cells within the neural crest stem cell niche of chicken embryos (158). The 723 

authors addressed about 600,000 P. aeruginosa cells across multiple conditions, in 724 

planktonic and biofilm cultures (157). The mRNAs were hybridized by two sets of probes. 725 

First, a set of 12 to 20 non-fluorescent probes was used. In this approach, all probes 726 

targeting the same mRNA carry identical sequence tags that in a second hybridization 727 

interact with short, fluorescently labeled oligonucleotides called “readout” probes. 728 

Therefore, multiple mRNAs can be detected at once using readout probes labeled with 729 

different fluorophores. The pattern is detected using automated microscopy, then these 730 

probes are stripped and washed away, so the cycle can be repeated, measuring mRNA 731 

levels by a new set of readout probes. The authors used a library of probes targeting 105 732 

marker genes (157). Once the sequential hybridizations were completed, the resulting 733 

images could be combined into spatially resolved multigene profiles at the single-cell 734 

level. Analyzing planktonic and biofilm populations of P. aeruginosa by Par-seqFISH, Dar 735 

et al. (157) showed that different transcriptional states emerged dynamically during the 736 

development of a biofilm as well as during planktonic growth, an insight that would have 737 

been impossible to obtain by more traditional approaches. The authors detected 20 738 

different subpopulations with likely different metabolic capabilities and involving the 739 

differential expression of virulence-related genes (157). 740 

This technique is very attractive for the characterization of cells in a microbial biofilm. It 741 

can be adapted to different species and conditions, but appears to be technically more 742 

demanding. A certain limitation arises from the fact that only mRNAs can be detected, for 743 

which probe sets were predesigned.  744 

This overview summarizes the different approaches for single cell isolation, fixation, 745 

treatment and sequencing from which the most suitable protocol for a given project can 746 

be derived. One should notice, however, that all methods were tested on a very narrow 747 

set of model species (Table 1). Therefore, it is important to expand the taxonomic breadth 748 

of bacteria chosen for single-cell transcriptome analysis and to ultimately also aim at more 749 

heterogeneous microbial populations. 750 

 751 

 752 

 753 

 754 

 755 

 756 
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Table 1. Comparison of different approaches developed for single-cell RNA sequencing.  757 

Method par-seqFISH SPLiT-Seq 

(microSPLiT) 

PETRI-Seq MATQ-seq M3-seq BacDrop 

Cell fixation Paraform- 

aldehyde 

Formaldehyde Form-

aldehyde 

RNAlater Form- 

aldehyde 

Formaldehyde 

Bacteria P. aeruginosa E. coli, B. subtilis E. coli, S.  

aureus 

S. enterica, 

P. aeruginosa 

B. subtilis, E. 

coli 

K. pneumoniae, 

E. coli, P. 

aeruginosa, E. 

faecium 

Ribosomal 

RNA 

16S rRNA signals 

used as reference. 

Potential for 

assigning 

taxonomic 

information. 

Degradation of 

rRNA by 

terminator 

exonuclease and 

RNase H. 

No depletion 

for rRNA, 

leading to 

84.9% (E. 

coli) and 75% 

(S. aureus) 

rRNA reads.  

DASH for 

efficient rRNA 

depletion. 

Depletion of 

rRNA  

after library 

amplification 

using RNase 

H.  

Depletion from 

total RNA using 

RNase H. 

Advantages Transcriptome 

information is 

assigned to 

individual cells at 

spatial resolution. 

Microfluidics- 

independent.  

Microfluidics- 

independent, 

rare sub- 

populations of 

cells 

detectable. 

Sensitivity, 

rare 

transcripts 

detectable. 

No limitation 

in sequencing 

depth.  

High 

throughput 

and high cell 

numbers 

possible.  

10x Genomics 

platform is used.  

Technical 

hallmarks 

Parallel 

hybridization of 

probes over 

sequential cycles 

in situ. 

Polyadenylation of 

mRNAs, 

combinatorial 

barcoding over 3 

to 4 cycles of 

adapter ligations. 

RT using 

barcoded 

random 

hexamers, 

combinatorial 

barcoding 

over 2 cycles. 

FACS- 

sorting, 

sensitive RT 

protocol.  

10x Genomics 

microfluidic 

droplets. 

Droplet- based, 

enabling use of 

the 10x 

Genomics 

platform.  

Suitability 

for analysis 

of clonal 

biofilm 

populations 

Excellent, but 

limitation in the 

number of 

detectable genes 

because a set of 

prede- signed 

probes is needed. 

Assignment to a 

specific cell at 

spatial resolution 

is not possible. 

No spatial 

information 

possible. 

Potential for 

high 

resolution 

and high 

sensitivity 

analysis if 

cells are 

tracked.  

Potential if 

cells are 

tracked.  

Potential if cells 

are tracked.  

Limitations Limited by number 

of probes used  

  Low 

throughput 

protocol    

(100s of cells 

profile at 

once) 

Not enough sequencing depth 

achieved. 

High number of cells required to 

perform protocol and rare 

subpopulations might not be 

captured. 

. 

Reference (157) (150) (149) (154, 155) (156) (84) 

 758 

 759 
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 6. Analysis of biophysical properties of intact biofilm populations  760 

 761 

As was mentioned above, alternating gene expression patterns lead to heterogeneous 762 

distribution of cell phenotypes in biofilms. Locally guiding the formation of biochemical 763 

microenvironments, these processes may then be accompanied by gradients of 764 

biophysical cues such as accumulation of mechanical and osmotic stresses (159, 160), 765 

active cellular processes (161), varying water content and state (162) as well as 766 

hierarchical molecular organization across multiple space- and time-scales (163). Indeed, 767 

a bilateral feedback of mechanical stresses and biochemical patterning is now recognized 768 

to be essential for understanding proper embryonic development of eukaryotes (164). 769 

Similarly, following the close analogy of biofilms to multicellular organisms (165, 166), 770 

proper characterization of biofilm mechanical properties and the reciprocal effect of 771 

molecular gradients and forces currently comes into the spotlight (167). 772 

 773 

Bacteria in colony biofilms embed themselves in a polymer meshwork, composed of 774 

secreted polysaccharides and fiber-forming proteins, including polysaccharide-binding 775 

proteins, proteases, and nucleases (168). The formation of this extracellular matrix is a 776 

dynamic process, affecting biofilm mechanical properties on the cellular and bulk scales 777 

and as a result its composition varies with spatial position in the biofilm and during biofilm 778 

development (169). To understand biofilm development as a whole, it would be necessary 779 

to view biofilms as composite materials and solve the central puzzle of material scientists, 780 

namely how cells and molecular structures organize to form the complex soft biofilm 781 

material. 782 

 783 

To determine the density and shape of biofilm colonies optical coherence tomography  784 

(170) can be used. However, specific tools are needed to both quantify material properties 785 

in biofilms with spatial resolution, while also getting insights on the underlying microscopic 786 

structure. The spectrum of biofilm material properties changes from soft colonies grown 787 

on catheters to stiff calcified biofilms on the teeth surface. There is a broad range of 788 

methods to probe viscoelastic properties of biofilms at different scales (171, 172). These 789 

range from standard rotational rheometers, which require large amounts of biomass 790 

(often multiple colonies) (173, 174), to atomic force microscopy (AFM), which provides 791 

spatial resolution of mechanical properties down to the nm scale, but with low throughput. 792 

AFM measurements are also limited by complex interactions of the AFM probe with the 793 

biofilm surface and thus often performed under non-physiological dry conditions or via 794 

ethanol immersion (or other solutions, e.g. NaCl) (175). Bridging the gap between the 795 

macroscopic scale of the entire biofilm and the cellular and molecular scales has been 796 

achieved by fluorescence microscopy techniques that image biofilms at subcellular 797 

resolution, and by 2D electron or X-ray microscopy, which scans large areas with beam 798 

sizes on the order of molecules. Methods, such as transmission electron microscopy and 799 
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micro-computed tomography (using X-rays) may both be expanded to 3D mapping via 800 

reconstruction of 2D images (tomography). But despite the 3D visualization, the spatial 801 

resolution of these methods still falls behind electron or X-ray diffraction techniques. 802 

 803 

How to better accomplish high resolution mapping of biofilms in a space- and time- 804 

resolved manner will be discussed in this subsection. The focus will be on fluorescence 805 

microscopy-base rheological measurements (176), a newly developed optical 806 

elastography approach (177, 178) and hierarchical structural analysis with X-ray 807 

diffraction and X-ray fluorescence techniques (163, 179, 180) with the latter two allowing 808 

for label-free, whole biofilm measurements. 809 

6.1 Fluorescence microscopy-based microrheology  810 

Given the benefits of fluorescence microscopy techniques for 3D live-cell imaging across 811 

multiple length scales, several techniques have been developed to determine spatially-812 

resolved mechanical properties of biofilms using fluorescence microscopy. Early 813 

implementations have relied on introducing micron-sized beads into the biofilms, which 814 

can then be tracked using microscopy and image analysis. By following the passive 815 

diffusion of the beads (181–183), or by actively actuating magnetic beads inside biofilms 816 

using a magnetic tweezer (184, 185), the local rheology around the beads can be studied. 817 

However, bacterial cells are expected to be anchored differently to the extracellular matrix 818 

within biofilms than micron-sized beads that were introduced artificially. Therefore, further 819 

approaches have been developed to use the bacterial cells themselves as tracers for 820 

studying the local mechanical properties of biofilms (176, 186). Individual cells are tracked 821 

using microscopy and image analysis, while the biofilm is perturbed by an external stress, 822 

such as strong shear flow (Figure 6A). By tracking all cells in biofilms before, during, and 823 

after the mechanical perturbation, it was possible to obtain a map of the elastic modulus 824 

of 3D biofilms with micron-scale spatial resolution (176). Interestingly, the spatial 825 

distribution of the elastic modulus was found to match the spatial distribution of the 826 

polysaccharide component of the extracellular matrix, whereas the other matrix 827 

components did not display a spatial distribution matching that of the elastic modulus.  828 

 829 

6.2 Optical elastography 830 

Elastography, a technique used to quantify tissue and organ stiffness variations using 831 

ultrasound or magnetic resonance imaging, has emerged as a promising tool for biofilm 832 

research. B. subtilis colonies grown on agar were transferred with a piece of underlying 833 

agar (thus not perturbing the colony) onto a piezo actuator (Figure 6B). An actuator was 834 

vibrated horizontally with a short burst (~2 s) of frequencies in the kHz range. For thin-835 

layer samples like biofilms growing on agar, shaking gives rise to shear waves 836 

propagating in the plane of vibrations in biofilms. For opaque biofilms, optical imaging is 837 

able to trace surface displacements due to horizontal shear waves. By using multi-838 
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frequency inversion, a spatially resolved map of the elastic modulus (Figure 6B) could 839 

be created. These measurements showed that the central part of the colony was softer 840 

compared to its periphery, softening of the biofilm with its age, and changes of material 841 

properties in the regions of biofilm wrinkles that cover water filled channels (187). 842 

Importantly, the obtained absolute values of the storage modulus in the range of 1-4 kPa 843 

were consistent with previously reported bulk measurements for biofilms (174). This 844 

promising novel technique is the first to deliver non-invasive, highly spatially-resolved 845 

mechanical characterization of whole living biofilm colonies with µm resolution. Since the 846 

measurement just takes several seconds, it can be repeated almost as a time lapse 847 

sequence following the development of the biofilm. The relatively inexpensive and simple 848 

setup makes it accessible to any laboratory. It needs to be mentioned, though, that the 849 

interpretation of results in complex architectures containing slip interfaces such as water-850 

filled channels under biofilm wrinkles is still open (178). 851 

 852 

Extremely short and non-invasive measurements allow this technique to be combined 853 

with any other tool in a sequential manner. It will be interesting to study how the biofilm 854 

material properties change in response to mechanical perturbations (i.e. stretching, 855 

bending, or local damage) and osmotic or biochemical stresses. 856 

 857 

 858 

 859 
 860 

Figure 6.  Methods for mechanical and structural characterization of biofilms. A: 3D 861 

imaging of biofilms and tracking all individual cells during the deformation and recovery 862 

of the biofilm upon a mechanical deformation (top) allows to computationally infer the 863 

elastic modulus of the biofilm with spatial resolution (bottom) (176). B: Schematics of the 864 

image-based elastography setup, where a biofilm sample is vibrated by a piezo-actuator 865 

in horizontal direction (top). Displacements on the surface of the sample due to thus 866 
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generated shear waves are imaged by a fast camera. With the help of reconstruction 867 

algorithms shear wave speeds are calculated and linked to the material properties. An 868 

example of a biofilm elastography sample (bottom) with a zoom in into the central area of 869 

the biofilm. Wrinkles on the surface of the biofilm are also visible in the maps of the shear 870 

wave speeds (SWS). Image courtesy J. Jordan and I. Sack, for experimental details see 871 

(178). C: Schematics of the X-ray diffraction (XRD)/fluorescence (XRF) setup, with a 872 

biofilm sample irradiated with a synchrotron X-ray beam and XRD/XRF signals collected 873 

simultaneously (top). XRD signal map of a biofilm piece, showing increased spore signal 874 

along biofilm wrinkles (marked with arrows) (bottom right). XRF signal map of the same 875 

biofilm piece (at the bottom right), revealing metal ion accumulation (e.g. Mn and Zn but 876 

not Ca) at the biofilm wrinkles (bottom left). Images reproduced from (163) with 877 

permissions of authors. Schematics of setups are not drawn to scale. 878 

6.3 X-ray synchrotron diffraction and fluorescence 879 

X-ray radiation has been used in medicine to discriminate soft from hard tissues (e.g., 880 

teeth and bone) and in scientific laboratories mostly to decipher the properties of organic 881 

crystals and inorganic minerals. Thanks to the atomic scale wavelength of X-rays, 882 

diffraction (X-ray diffraction, XRD) exposes periodic atomic structures, for example of 883 

teeth and bone (188, 189), whereas scattering (e.g. small angle X-ray scattering, SAXS) 884 

reveals dimension shape of larger scale and soft objects, such as brain tumors (190). 885 

Just like eukaryotic tissues, biofilms are soft materials and even structurally ordered 886 

molecules therein are often isotropic and therefore they are not expected to diffract. Yet, 887 

it was recently shown that mapping the X-ray scattering of whole biofilms may become 888 

handy in spatially resolving the distribution of macromolecules and water and even 889 

discriminating between the different states of water (163). 890 

Synchrotron radiation facility beamlines provide brilliant X-ray beams allowing fast 891 

mapping with remarkable spatial resolution. The experimental conditions for biofilm 892 

measurements vary depending on the synchrotron facility and the specific beamline, and 893 

the acquisition time may vary between ms/point and tens of seconds/point, depending on 894 

the photon flux and the sample thickness. The choice of a synchrotron facility and tuning 895 

the measuring conditions are therefore important for the success of an experiment, and 896 

they should reflect the balance between scanning area and the measurement resolution 897 

(for XRD) and the absorption cross-section of the elements under study (for X-ray 898 

fluorescence, XRF). Above all, given that beam-induced radiation damage biofilms may 899 

extend beyond the dimensions of the beam size, especially for hydrated samples, correct 900 

experimental conditions are crucial to minimizing beam damage (Figure 6C). 901 

 902 

Combining XRD with XRF, as is now commonly feasible in synchrotron facilities (179, 903 

180), reveals complementary knowledge on the spatial distribution of periodic structures 904 

(XRD) and metals ions (XRF) in whole biofilms (see Figure 6C top panel for schematics 905 
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and bottom panel for results). Such a combined XRD/XRF study across whole biofilms 906 

suggested that enhanced water evaporation from the surface of longitudinal biofilm 907 

wrinkles (187) assists the accumulation of metal ions in biofilms but more so along the 908 

wrinkles. Interestingly, cells displaying characteristic diffraction patterns, in this case 909 

bacterial spores, are also mapped on the positions of the wrinkles. This suggests that the 910 

evaporation driven accumulation of metal ions in the wrinkles may be a driver of 911 

sporulation (see the mapping of metal ions XRF and spore XRD signals in Figure 6C 912 

bottom left and right panels respectively). Therefore, a combination of XRD/XRF enables 913 

the direct observation of sporulation processes without requiring genetic labeling 914 

techniques or specific markers (163) along with the distribution of water and essential 915 

metal ions.  916 

 917 

While XRD/XRF mapping provides structural information on spatial heterogeneities of 918 

molecular structure and metal ion composition, the possible coupling between metal ion 919 

distribution and genetic expression on a macroscopic length scale calls for a combination 920 

of additional methods. To obtain an even more complete picture of the biofilm as the result 921 

of coordinated gene expression and secreted small molecules, information from 922 

complementary methods such as MALDI-imaging and spatial mRNA sequencing – as 923 

described above – should be considered.  924 

Conclusions 925 

 926 

The central focus of this review was to provide an overview of emerging cutting-edge 927 

technologies that are just beginning to conquer studies of bacterial populations. Although 928 

these technologies are still challenging to use, they are very useful for resolving 929 

macroscopic structures (mm range) down to micron resolution, i.e. at the level of 930 

individual microbial cells. Achieving this resolution within structured populations is only 931 

now becoming available or is still in development. But the key technologies are in place 932 

to study truly multicellular physiological traits that are the result of phenotypic 933 

heterogeneity and spatiotemporally controlled differentiation programs within structured 934 

and at least transiently stable microbial populations, giving rise to properties not observed 935 

at the single-cell level or in dispersed cultures. The current body of evidence already 936 

indicates that such emerging multicellular functions can only be detected and understood 937 

by combinations of the methods described in this review. Accordingly, research is only at 938 

the very beginning of gaining a mechanistic insight and molecular understanding of the 939 

multicellular nature of bacterial life in structured populations.  940 

 941 

This review highlights examples of the application of these techniques for resolving 942 

emergent functions in multicellular bacterial populations, with a special emphasis on 943 

bacterial colonies as a structured form of biofilms. From a physiological point of view, this 944 
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review focused exclusively on resolving the multicellular properties of bacterial colonies, 945 

i.e. a clonal form of spatiotemporally differentiated but isogenic biofilms, and their 946 

emergent functions.  947 

 948 

The exciting discoveries that are currently being made on the evolutionary questions 949 

surrounding the traits of multicellularity indicate that even for traditionally unicellular 950 

organisms, the multicellular population may be the unit for evolution and selection – at 951 

least for some multicellular functions. In this context, complexly structured biofilms and 952 

colonies can represent a multicellular organism without the individual cells having become 953 

terminally differentiated. Addressing this fundamental question promises to yield a wealth 954 

of novel insights, as anticipated from the studies outlined above. 955 
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 1425 

SI MOVIE 1. Cultivation of Priestia megaterium DSM 90 in batch culture on DSM 1 1426 

medium at room temperature for 28.5 h. Samples were harvested and fixated using a 1427 

standard formaldehyde/ethanol procedure (see standardized methods in: (59)), and 1428 

subsequently, the cellular DNA was stained with 0.24 µM DAPI (191) and cells analyzed 1429 
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using the BD Influx v7 Cell Sorter (Becton, Dickinson and Company, Franklin Lakes, NJ, 1430 

USA). The blue 488 nm Sapphire OPS laser (400 mW) was applied for forward scattering 1431 

(FSC) and a 355 nm Genesis OPS laser (100 mW) was applied for DAPI excitation. The 1432 

pictures were taken by using AxioScope A1 fluorescence microscope, equipped with a 1433 

Zeiss Axiocam MRm camera (Carl Zeiss Jena, Germany). Left above: Movie based on 1434 

samples taken from the growth curve and measured by flow cytometry as DAPI vs. FSC 1435 

2D plots. 200,000 cells per sample were measured. Each point represents one cell. The 1436 

color highlights the increasing number of cells in the virtual z-axis, with the red color 1437 

indicating the highest number of cells per bin. The movie shows the typical phenotypic 1438 

distributions during logarithmic growth, which changes rapidly. Different cell types 1439 

developed, including vegetative cells (veg_1n – veg_4n), which are cells with duplicate 1440 

chromosome copies. The ‘replicating cells’ are those that are most dominant in the log 1441 

phase of growth and contain multiple copies of finished and unfinished replicated 1442 

chromosomes, please see also (65). The strain produced different types of spores (sp_1 1443 

– sp_6). Some of the cells were less stained with DAPI for unknown reasons, but differed 1444 

in scattering and intensity of the dye fluorescence: unknown cells uc_1 – uc_4. Right 1445 

above: growth curve, measured by OD over time. The moving orange dot highlights the 1446 

sampling and is directly connected to the 2D-plots appearing on the left. Left below: a 1447 

gate template was created according to the subpopulations that develop during growth. 1448 

These subpopulations provide information about changes in the number of cells per gate 1449 

over time and also enable sorting decisions to be made using FACS. In this case, several 1450 

gates were sorted and subjected to microscopy. Right below: Phase contrast images of 1451 

sorted cells from gates that are replicating: veg_1, veg_2, ‘replicating cells’; and from 1452 

gates in which spores have formed: sp_1 – sp_6. 1453 
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