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Abstract

Microbes often live in dense, dynamic, multi-species communities whose architecture and function 

are intimately intertwined. Imaging these complex, three-dimensional ensembles presents 

considerable technical challenges, however. In this review, I describe light sheet fluorescence 

microscopy, a technique that enables rapid acquisition of three-dimensional images over large 

fields of view and over long durations, and I highlight recent applications of this method to 

microbial systems that include artificial closed ecosystems, bacterial biofilms, and gut microbiota. 

I comment also on the history of light sheet imaging and the many variants of the method. Light 

sheet techniques have tremendous potential for illuminating the workings of microbial 

communities, a potential that is just beginning to be realized.
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Main Text

Motivations

Natural microbial communities are spatially complex and temporally dynamic. Spatial 

organization can be guided by the external environment, for example the nutrient landscape 

of the gastrointestinal tract or the soil types surrounding plant roots, or by processes driven 

by the microbes themselves, for example contact-dependent killing [1] or diffusion of 

secreted metabolites [2]. Temporal variations in species abundance can similarly be driven 

by changes in external conditions or by microbial processes such as reproduction, migration, 

and metabolite exchange, giving rise to patterns as simple as monotonic growth and as 

remarkable as oscillations [3,4]. Understanding microbial communities requires 

understanding their spatial architecture and its development over time. Conversely, imaging 

these spatiotemporal dynamics can yield insights into how communities work.

For simple systems, such as bacterial monolayers on surfaces, imaging is straightforward. 

Many beautiful studies have revealed aspects of inter-bacterial killing [5], stochastic gene 

expression [6], chemotaxis [7], pilus dynamics and horizontal gene transfer [8,9], antibiotic 

resistance [10], and more with single-cell resolution. The use of fluorescent probes, 

especially genetically encoded fluorescent proteins, enables specific labelling of species or 

molecular structures, which is especially useful in the dense multicellular environments 

described below.

Most microbial communities of interest, however, are more challenging to image. The most 

obvious reason is dimensionality. Dense biofilms, gastrointestinal flora, soil microbes, and 

many other microbial systems are intrinsically three-dimensional in their organization, and 

so require methods beyond simple widefield imaging. In addition, one often needs large 

fields of view, fast acquisition speeds, and long imaging durations. Visualizing a microbial 

community, for example, may require imaging volumes hundreds of microns in extent, with 

single bacterium (~ 1 micron) resolution. Examining the effects of potentially sudden 

environmental changes or perturbations can require the rapid capture of 3D snapshots. 

Observing longer-term population dynamics, or characterizing growth kinetics, can require 

imaging for durations spanning multiple bacterial generations without appreciable 

photodamage [11]. These constraints are very difficult to satisfy with standard techniques.

Light Sheet Fluorescence Microscopy

The standard approach to three-dimensional fluorescence microscopy, confocal microscopy, 

makes use of a pinhole conjugate to the focal point along the axis of an objective lens to 

discard light from the bulk of a fluorescent specimen (Fig. 1A). While powerful and 

versatile, it suffers from intrinsic limitations with respect to speed and photodamage. As 

illustrated, at any instant information is collected from a single point. To construct a three-

dimensional image, therefore, this point must be scanned through all three spatial 

dimensions. This can be parallelized with multiple pinholes, but nonetheless creates a 

limitation on overall speed. More importantly for many biological applications, a large 

volume of the specimen is illuminated at any instant, and therefore subject to photobleaching 

and photodamage, to obtain information about a very small volume (the focal point). As this 
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point is scanned to build up a three-dimensional image, the sample as a whole is 

redundantly, repeatedly illuminated. In other words, the technique is inefficient in its use of 

light [12,13].

Light sheet fluorescence microscopy provides an alternative approach to three-dimensional 

fluorescence imaging that surmounts these limitations. Here, fluorescence excitation is 

shaped into a thin sheet, emission from which is imaged onto a camera by a perpendicular 

lens (Fig. 1B). In essence, this is simple widefield imaging, but with the thin sheet providing 

optical sectioning to illuminate a single plane. Constructing a three-dimensional image only 

requires scanning in the one perpendicular dimension. Notably, the illuminated volume is 

roughly equal to the detected volume, minimizing photodamage [12,13]. (The 

correspondence between the illuminated and imaged volume is not exact due to diffraction 

of the illumination beam into a bowtie shape, discussed below, but nonetheless the photon 

efficiency is far greater than is the case for confocal microscopy.) The lateral resolution of 

the technique (i.e. parallel to the sheet) is simply diffraction limited, and is roughly half the 

wavelength of light, or a few hundred nanometers in practice. The axial resolution depends 

on the sheet thickness (and the numerical aperture of the detecting lens), which points to one 

of the trade-offs inherent in light sheet imaging, the relationship between sheet thickness and 

field of view. The light sheet is not actually a sheet, but rather a bowtie in cross-section 

(Figure 1C) due to fundamental aspects of diffraction. The lateral extent of the sheet (the 

“Rayleigh length”) is proportional to the square of the minimum thickness; a sheet of green 

light (500 nm wavelength) that is 300 nm thick at its finest point would expand to be 600 nm 

thick 250 nm away, while a 3 micron thick sheet would have a Rayleigh length 100 times as 

long. There are clever ways of surmounting this constraint and improving the axial 

resolution of light sheet microscopy that I will briefly comment on below; in most 

applications, however, the axial resolution is a few times worse than that of confocal 

microscopy. For imaging microbial communities, this tradeoff of axial resolution in 

exchange for imaging speed, field of view, and photodamage is generally well warranted.

Light sheet microscopy is both an old and a new technique. Its first manifestation was as the 

“ultramicroscope” developed over a century ago by Heinrich Siedentopf and Richard 

Zsigmondy, in which scattering of a thin sheet of light by colloidal particles was detected 

with a perpendicular lens [14,15]. This work was impactful: Zsigmondy won the Nobel 

Prize in Chemistry in 1925, and a 1909 book review in Science noted that “To most chemists 

and physicists the work of Siedentopf and Zsigmondy is perhaps already familiar” [16]. Its 

uses for biology were also evident; a fascinating 1915 article in Scientific American, for 

example, notes its utility for examining organisms “at the limits of microscopic perception,” 

including several pernicious pathogens [17]. Nonetheless, this microscope geometry seems 

largely to have been forgotten in subsequent decades. Brief revivals, and the realization that 

sheets could be used for fluorescence excitation, occurred at various times over the 

following century, until roughly a decade ago seminal work from Ernst Stelzer and 

colleagues at the European Molecular Biology Laboratory demonstrated the ability of light 

sheet fluorescence microscopy to perform whole embryo live imaging with single-cell 

resolution over many-hour timescales [13], launching the modern renaissance of light sheet 

microscopy. Refs. [18] and [19] have good discussions of the history of light sheet imaging.
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A typical optical arrangement for a light sheet microscope, from the author’s lab, is 

illustrated schematically and photographically in Figure 1C,D. There is an enormous variety 

in light sheet designs, in both home-built and commercial instruments. This is accompanied 

by a proliferation of terminology, which appears to slowly be converging on “light sheet 

fluorescence microscopy” (LSFM) as a general term, though “selective plane illumination 

microscopy” (SPIM) is also widely used. Nearly all implementations make use of two lenses 

oriented perpendicularly to each other, one to transmit the thin excitation sheet and one to 

detect fluorescence emission. The lenses constrain the orientation of the specimen. In the 

setup shown in Figure 1D, specimens are introduced vertically; in other setups, horizontal 

arrangements, including specimens on planar coverslips, can be examined. Before 

elaborating on design issues, we’ll examine recent imaging applications relevant to 

microbial communities.

Light Sheet Imaging of Microbial Communities

The aforementioned attributes of sensitive, minimally toxic, three-dimensional imaging with 

large fields of view make light sheet fluorescence microscopy a valuable tool for exploring 

microbes in various contexts. Perhaps surprisingly, however, examples are still rare. To the 

best of my knowledge the first, predating the contemporary re-emergence of light sheet 

methods, was from Fuchs et al. in 2002 [20], who developed a “Thin Light Sheet 

Microscope” to look at bacteria in seawater, stained with a fluorescent dye. Beyond this 

initial proof of concept that demonstrated high-contrast visualization inside aqueous 

samples, there do not appear to be any published studies building on this work to investigate 

marine microbes.

More recently, Hekstra, Leibler and colleagues constructed closed ecosystems, in which 

three species coexist in a sealed chamber, and used light sheet fluorescence microscopy to 

distinguish and quantify the abundances of three microbial species, a green alga 

(Chlamydomonas reinhardtii), the bacterium Escherichia coli, and the ciliate Tetrahymena 
thermophila with multiple replicates each observed for roughly 100 days [21,22]. The high-

precision measurements of this unique study enabled analysis of the statistical properties of 

the population dynamics of this artificial community, especially the existence of correlated 

fluctuation modes among the species.

Many microbial communities form biofilms, whose structure, composition, and physical 

properties are important in natural ecosystems as well as artificial environments, such as 

medical implants. Because of their density, non-superficial characteristics of biofilms are 

difficult to measure. Very recently, Karampatzakis et al. integrated transient state 

monitoring, an optical method for measuring oxygen concentration, with light sheet 

microscopy to measure oxygen abundance inside Pseudomonas aeruginosa biofilms [23]. 

This allowed determination of the size of anoxic regions, and measurement of the extent of 

oxygen depletion near micro-colonies. The combination of optical sectioning and optical 

reporters of chemical activity promises to be a powerful one for interrogating microbial 

systems.

Höhn et al. used light sheet microscopy to study the dramatic morphological changes of the 

alga Volvox, which exists as colonies of flagellated individual cells arranged in a spherical 
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shell. As part of its asexual reproduction process, the daughter colony undergoes an 

“inversion” that turns the structure inside-out, bringing the flagella that were on the interior 

to the outside of the final structure. Using a home-built imaging system based on the 

OpenSPIM design [24], Höhn et al. were able to capture three-dimensional images with 

intervals of 20–300 seconds over few hour durations and, with this data, devise a quantitative 

model in which curvature, contraction, and elastic stretching drive the overall shape 

transition. In addition to providing interesting insights into Volvox biology, this work 

illustrates the potential of direct, three-dimensional observation for understanding the 

morphology and dynamics of multicellular microbial communities.

My own lab has been using light sheet fluorescence imaging to study the population 

dynamics of gut microbial communities, using larval zebrafish and their intestinal 

microbiota as a model system [25,26]. The gastrointestinal microbiota is a topic of enormous 

contemporary interest, as we increasingly realize that these microbes play major roles in a 

wide range of physiological processes, and that discordances in microbial community 

composition are correlated with many diseases. Metagenomic studies, typically based on 

sequencing DNA from fecal samples, have yielded remarkable insights into the microbial 

species and genes present in intestinal environments, but due to the inherent lack of spatial 

and temporal resolution in these approaches, we know almost nothing about the structure 

and dynamics of these gut communities. This lack of insight is especially important given 

the large number of microbial species that live in the vertebrate gut, whose coexistence is 

likely shaped by spatial niches, varied lifestyles, and temporal fluctuations. Zebrafish 

provide a powerful system in which to uncover both general and specific mechanisms of 

host-microbe interactions, due to their relative transparency at young ages, their small size, 

and their amenability to gnotobiotic techniques, meaning that zebrafish can be derived germ-

free and exposed to particular, controlled sets of microbial species as potential colonizers. 

Imaging the larval zebrafish gut environment poses severe challenges for conventional 

imaging approaches. Its size requires imaging a volume of nearly 1 mm x 0.2 mm x 0.2 mm 

with single bacterium resolution, with three-dimensional images captured within the roughly 

30 second interval between peristaltic contractions, over durations of several hours to 

investigate bacterial growth and competition dynamics. As described above, this is 

achievable with light sheet imaging.

Using a home-built light sheet microscope, my research group has so far explored the 

dynamics of labelled, commensal bacterial species in the larval zebrafish gut (Figure 2). 

Even single-species dynamics appear richer than might have been expected; a commensal 

Aeromonas species, for example, exists both as discrete individuals and as dense clusters 

whose growth rate is far higher than that of the planktonic cells (Fig. 2B) [25]. More notably, 

we have examined two-species dynamics between a commensal Vibrio and an Aeromonas 
species [26], as part of a broad goal of understanding mechanisms of inter-microbial 

interactions in the gut. Surprisingly, we found that competition between these two took the 

form of sudden and massive collapses of the Aeromonas population [26]. These collapses 

are driven by the peristaltic contractions of the gut, to which the densely clustered 

Aeromonas is susceptible but the planktonic Vibrio is not. These dynamics would be 

completely unknown if not for imaging, and the high spatial and temporal resolution of light 

sheet microscopy enabled construction of a quantitative, and experimentally testable, model 
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of stochastic dynamics in this system [26]. More generally, this study revealed that the 

tempestuous physical environment of the gut can be a major determinant of the population 

dynamics of gut microbes, a conclusion mirrored in recent studies of human gut microbes in 

artificial environments [27]. Ongoing work on still more zebrafish commensal microbial 

species, as well as a variety of chemical and physical perturbations, is continuing to 

highlight the importance of spatial structure and temporal dynamics.

The deep optical sectioning provided by light sheet microscopy also enables biophysical 

characterization of the environment experienced by microbial cells. Imaging the dynamics of 

both passive and magnetically driven probe particles in the zebrafish gut, for example, 

enables quantification of the viscosity of the lumenal space [28]. One could imagine similar 

approaches to studying the mechanics of, for example, bacterial biofilms.

As noted earlier, there are few studies making use of light sheet methods to investigate 

microbial communities, despite a high potential for scientific discovery. In part this is driven 

by the novelty of the method and the rather bewildering variety of approaches to the 

technique. I will describe various implementations of light sheet imaging, and then comment 

further on opportunities for future research.

Light Sheet Designs

Light sheet fluorescence microscopes exist in a dizzying number of forms, and are 

represented by both home-built setups and commercial instruments (e.g. from Carl Zeiss, 

Applied Scientific Instruments, Luxendo, LaVision BioTec, and others). In most 

microscopes, the excitation sheet is formed by rapidly scanning a laser beam [13]. In some, 

the sheet is created by focusing a wide beam through a cylindrical lens; this approach is 

sometimes, but not always, referred to as selective plane illumination microscopy (SPIM). 

The “OpenSPIM” set of instructions and tutorials for building a simple light sheet 

microscope makes use of the cylindrical lens design [24]. Many variants of light sheet 

microscopy have been devised to improve resolution or other aspects of optical quality. In 

the typical two-lens setup (Figure 1), image quality is worse on the “downstream” side of the 

excitation sheet, and also deteriorates at greater depths relative to the detection lens due to 

absorption and scattering. This has motivated the widespread use of sample rotation 

followed by registration and fusion of the different views [29]; the commercial light sheet 

microscope sold by Carl Zeiss AG makes use of a two-lens with specimen rotation setup. 

Three- and four-lens setups also exist, in which different lens pairs can be used for excitation 

and detection, for simultaneous multi-view imaging [30–32]. These methods are effective, 

but have the drawbacks of increased complexity as well as decreased space for specimens. 

Even with two lenses, different geometries are possible; in the “iSPIM” [33] and “diSPIM” 

instruments, available commercially from Applied Scientific Instruments, the two lenses are 

oriented at 45 degrees from the horizontal, allowing light sheet imaging of specimens on 

coverslips on standard inverted microscopy setups. Several groups have developed single 

lens light sheet methods (e.g. [34]), in which off-axis illumination generates an oblique 

sheet, with emission detected through the rest of the objective lens. Typically, this comes at 

the cost of reduced fields of view, smaller working distances, or instrumental complexity.
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Several instruments have integrated structured illumination with light sheet fluorescence 

microscopy [35], most notably the lattice light sheet of Betzig and co-workers [36], 

providing enhanced optical sectioning and super-resolution, though again at the cost of 

technical complexity. Multi-photon excitation [37], stimulated emission depletion [38], 

hyperspectral detection [39] and many other embellishments have also been combined with 

light sheet imaging.

Especially for experiments exploring microbial communities, this author firmly believes that 

simple, two-lens, unembellished light sheet fluorescence microscopy is sufficient to reveal 

structure and dynamics at length- and time-scales relevant to these systems. All the 

examples of microbial community imaging presented above, for example, make use of 

optically simple methods. In practice, moreover, the main challenges in applying light sheet 

techniques are not optical, but rather are associated with specimen handling and data 

analysis. Because of its use of (at least) two orthogonal lenses, standard specimen mounting 

methods are often not applicable, especially for multiple specimens. With the feasibility of 

3D printing and other rapid prototyping and fabrication techniques, however, custom 

solutions are becoming ever easier to create. Because of its high resolution over large fields 

of view, the datasets generated by light sheet microscopy can be very large, often requiring 

considerable effort to analyze to extract quantitative information. There is no generic 

solution to this challenge, but image processing libraries associated with languages like 

MATLAB and Python, as well as platforms such as FIJI [40], make custom analysis routines 

increasingly manageable. In addition, software and analysis pipelines specifically designed 

for light sheet microscopy data are beginning to emerge, such as multi-view registration 

modules [41] and a recent suite of protocols from Amat et al. that includes compression and 

visualization tools [42]. I note, however, that much of the analysis efforts of the light sheet 

microscopy community are focused on eukaryotic cell tracking, e.g. identifying and 

monitoring nuclei in developing organisms, and so aren’t necessarily applicable to imaging 

microbial communities.

Future Directions

Light sheet fluorescence microscopy is a powerful and tractable tool for examining 

microbial communities. Even within the systems described here, opportunities abound for 

further work, examining more and different microbial species, engineered strains that allow 

delineation of how specific genetic factors affect community architecture, physical and 

chemical perturbations to these communities, and more. In addition, a great many 

environments and organisms have yet to be fully explored via imaging. For example, non-

light-sheet imaging, as well as standard colony counting methods, revealed stochasticity 

inherent in microbial colonization of the gut of the model nematode C. elegans [43]; the 

dynamics would be fascinating to characterize and correlate with bacterial behaviors. The 

growth of plant roots has been beautifully imaged by light sheet microscopy [44]; viewing 

the architecture of the associated microbial communities would be informative. Viral 

populations, bioreactor communities, food-associated consortia, and more are all microbial 

systems whose study could benefit from light sheet microscopy, and the future will 

hopefully yield a steady stream of imaging-based insights into their structure and dynamics.
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Supplementary Material

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

Light sheet fluorescence microscopy (LSFM) is a powerful 3D imaging technique.

The geometry of LSFM enables imaging large fields of view with low 

phototoxicity.

LSFM has been applied to several microbial communities in recent years.

Simple LSFM methods have great potential for further microbial studies.

Parthasarathy Page 11

Curr Opin Microbiol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
(A,B) Schematic illustrations of confocal (A) and light sheet fluorescence (B) microscopies. 

Excitation light is shown in blue, focused to a point in confocal imaging and shaped into a 

sheet in light sheet imaging. In each diagram, points A and B lie in the objective lens focal 

plane, and C is outside the plane. In confocal microscopy, fluorophores outside the focal 

point are excited, but their emission light is blocked by a confocal pinhole. At any instant, 

information is collected from only a single point (point A), and three-dimensional images 

are formed by scanning across all three dimensions. In light sheet microscopy, only 

fluorophores in the focal plane are excited, and their emission is mapped onto a camera. This 

provides an image of the entire plane at any instant, and enables three-dimensional imaging 

by scanning in the one perpendicular direction. (C) Schematic illustration of a typical lens 
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geometry for light sheet fluorescence microscopy. The excitation sheet (blue) is provided by 

one lens, and emission from its intersection with a specimen (orange) is detected by a 

perpendicular lens. (D) A photograph of one of the home-built light sheet fluorescence 

microscopes in the author’s laboratory. The excitation and detection lenses are oriented as in 

(C). Specimens, in this case larval zebrafish, are mounted in agar gels extruded from glass 

capillaries, held from above by a computer-controlled stage. The specimens, and the end of 

the detection lens, are immersed in a temperature-controlled bath.
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Figure 2. 
Light sheet fluorescence microscopy images of bacteria in the larval zebrafish gut. (A) A 

single optical plane showing a GFP-expressing, commensal Plesiomonas species in the 

anterior intestinal bulb. Motile individuals (see Supplemental Movie 1) and sparse, likely 

mucus-rich aggregates are evident. (B) A maximum intensity projection of a three-

dimensional image of a commensal Aeromonas species, as in Ref. [Wiles, Jemielita, et al. 

2016]. Discrete individuals and a dense, midgut-localized aggregate are evident. (See 

Supplemental Movie 2 for a rotating 3D representation of the dataset.) Bar = 50 microns, in 

both panels.
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