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New fluorescence microscopy methods for microbiology:
sharper, faster, and quantitative
Zemer Gitai
In addition to the inherent interest stemming from their

ecological and human health impacts, microbes have many

advantages as model organisms, including ease of growth and

manipulation and relatively simple genomes. However, the

imaging of bacteria via light microscopy has been limited by

their small sizes. Recent advances in fluorescence microscopy

that allow imaging of structures at extremely high resolutions

are thus of particular interest to the modern microbiologist. In

addition, advances in high-throughput microscopy and

quantitative image analysis are enabling cellular imaging to

finally take advantage of the full power of bacterial numbers

and ease of manipulation. These technical developments are

ushering in a new era of using fluorescence microscopy to

understand bacterial systems in a detailed, comprehensive,

and quantitative manner.
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Introduction
The power and beauty of direct observation have long

ensured microscopy a special place in the scientific tool-

box. Among microscopy methods, light microscopy is the

most versatile and accessible owing to its relative ease of

implementation and ability to image cells under native

living conditions, without the need for harsh treatments

such as fixatives or vacuum environments. By the turn of

the 20th century, the quest for the proverbial ‘picture

worth a thousand words’ helped drive the development of

optics to the point of nearly perfecting light microscopes

capable of imaging at resolutions bounded only by the

physics of diffraction. The next major breakthrough came

in the ability to fluorescently label specific proteins of

interest to determine their distributions and abundance.

This labeling was first performed using dye-conjugated
www.sciencedirect.com
antibodies and immunofluorescence, and later with

genetically encoded fluorescent proteins. Different label-

ing strategies have different advantages and disadvan-

tages. For example, immunofluorescence enables

visualization of endogenous native proteins but only in

fixed samples, whereas fluorescent proteins enable ima-

ging of dynamics in live cells but invoke potential com-

plications due to perturbations caused by the protein

fusion. The development of new labeling methods is

an active area (reviewed in detail in [1,2�]) that is con-

stantly improving our ability to simultaneously image

multiple structures, reduce the disruptiveness of the

label, report on specific protein conformations, and image

additional macromolecules such as DNA, RNA, lipids,

and carbohydrates.

In addition to advances in labeling methods, the past

decade witnessed an explosion of fluorescence micro-

scopy based approaches to image protein dynamics

and interactions. For example, protein mobility and

maturation are now routinely assayed by Fluorescence

Recovery After Photobleaching (FRAP) or with photo-

convertible fluorescent proteins [3], and physical intra-

molecular or intermolecular associations can be

monitored in both space and time through Förster Reson-

ance Energy Transfer (FRET) [4] or Bimolecular Fluor-

escent Complementation (BiFC) [5]. Though advances in

imaging protein dynamics and interactions are still being

made, these methods are now in widespread use in both

microbes and other cellular systems and have been pre-

viously reviewed elsewhere [3–5], such that they will not

be discussed further here. Rather, I will focus on three

rapidly developing areas that promise to be of particular

use for studying free-living microbes, namely advances in

improving the resolution, throughput, and quantitative

analysis of fluorescence microscopy.

Super-resolution methods image protein
localization and dynamics at near-molecular
scales
In the past decade conventional fluorescence microscopy

has been used to demonstrate that bacterial cells, like

their eukaryotic counterparts, are highly organized at the

subcellular level. Bacteria thus need to deposit specific

components at specific places in the cell in a dynamic

fashion [6,7]. For example, we now know that cyto-

skeletal filaments extend through the bacterial cell and

the cell poles are home to large macromolecular assem-

blies that function in chemotaxis and motility (reviewed

in [6,7]). But how exactly are these structures organized at
Current Opinion in Microbiology 2009, 12:341–346
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Figure 1

Two different approaches to breaking the diffraction limit. (a) STED

microscopy uses two different lasers, a conventional excitation laser

(left) and a torroidal doughnut-shaped STED laser (middle). The STED

laser deactivates the fluorescence outside of a small central zone,

thereby reducing the effective excitation area (right). (b) Single molecule

localization microscopy methods such as PALM and STORM use

photoactivatable fluorophores to successively image the localization of a

small number of molecules at a time at high precision by finding the

molecule’s centroid. The many resulting images (four are shown in the

example illustrated here) are then superimposed to generate the final

super-resolution image.
the molecular scale? The primary limitation of optical

imaging methods such as fluorescence microscopy is that

diffraction prevents structures closer than approximately

half the wavelength of light from being resolved from one

another. This physical diffraction limit of �200 nm was

long thought to be an absolute barrier to using light

microscopy to understand the organization of individual

proteins that are on the scale of �1–10 nm. The last

generation of microscopy advances such as confocal, 2-

photon, and Total Internal Reflection (TIRF) microscopy

focused on reducing the impact of out-of-focus light in

order to approach the diffraction limit in thick samples

like mammalian tissue [8]. Though powerful, these

methods provided little to no advantages for very thin

samples such as microbes. However, a series of methods,

collectively referred to as super-resolution imaging or

‘nanoscopy’, have recently been implemented to image

proteins at the subdiffraction-limited resolutions that

would be particularly advantageous for studying small

microbes. Of the super-resolution imaging methods

reported to date, two general approaches appear to be

emerging as harboring the most practical and immediate

potential. One of these approaches, Stimulated Emission

Depletion (STED), involves a new type of multi-laser

microscope, while the other approach, single molecule

localization microscopy, combines conventional optics

with clever use of repeated activation of photo-switchable

fluorescent molecules.

STED fluorescence microscopy combines two lasers to

break the diffraction limit [9]. One laser, the excitation

laser, is tuned to a wavelength that activates the fluor-

ophore of interest. The second, the STED laser, is tuned

to a longer wavelength that rapidly deactivates the fluor-

ophore. The idea is that each laser is diffraction-limited,

but by carefully superimposing a doughnut-shaped

STED beam of saturating intensity over the excitation

beam, only the fluorescent molecules in the very center

of the beams escape rapid deactivation and fluoresce in a

detectable manner (Figure 1a) [10]. This small zone of

effective fluorescence activation is then scanned over the

entire sample to produce the final image. STED has been

successfully applied to a number of animal cell types and

has been pushed to lateral resolutions of below 20 nm

[10]. Most excitingly for microbiologists, STED was

recently used to image two different protein complexes

in mitochondria, demonstrating that the TOM complex

forms distinct nanoscale particles [11��]. At only 200–
500 nm in size, mitochondria are even smaller than most

bacteria such that STED should be readily applicable to

nearly all microbes of interest. Using four lasers instead

of two, nanoscale colocalization of two different proteins

was recently performed by STED [11��], and a variant

called IsoSTED enables isotropic super-resolution in all

three dimensions [12]. STED has the advantages of

being fast (a recent study was able to image synaptic

vesicle dynamics at video-rate [13��]), suitable for live-
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cell imaging, unburdened by complicated image proces-

sing, and compatible with any type of fluorescent mol-

ecule. The disadvantages of STED largely stem from the

fact that it works by only imaging the fluorescence of a

small fraction of the fluorophores it excites, leading to

relatively high rates of bleaching and phototoxicity. The

cost and complexity of the multi-laser system have

limited STED’s widespread appeal, but its recent com-

mercialization should soon reduce the barrier to its

implementation.

Single molecule localization microscopy uses a funda-

mentally different approach to break the diffraction limit
www.sciencedirect.com
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and is referred to as Photoactivation Localization Micro-

scopy (PALM) [14], Fluorescence PALM (FPALM)

[15��], or Stochastic Optical Reconstruction Microscopy

(STORM) [16��]. The idea is that if one knows that a

given diffraction-limited area contains only a single fluor-

escent molecule, then the position of that molecule can

be determined as the center of the resulting diffracted

sphere. The number of photons collected from the mol-

ecule establishes the accuracy with which the molecule’s

position can be determined and can approach single

nanometers [17]. Photoactivatable fluorescent molecules

that can be switched on and off are used to stochastically

activate only a few molecules at a time, thereby ensuring

that only one fluorescent molecule is excited in each

diffraction-limited area. By iteratively re-imaging the

same sample, each time determining the positions of a

few molecules, and then superimposing the positions

determined in each image, a final nanoscale image can

be reconstructed (Figure 1b). Though conceptually and

technically similar, PALM has generally employed

genetically encoded fusions to photoactivatable fluor-

escent proteins such as EosFP, PA-GFP, and Dronpa,

while STORM has used antibodies coupled to photo-

switchable organic dye pairs such as Cy3–Cy5 [2�]. By

combining photoactivatable molecules that can be dis-

criminated from one another, two-color PALM and

STORM have recently been reported [18�,19,20�].

PALM/STORM can achieve lateral resolutions in the

tens of nanometers and has been used to image bac-

teria-scale structures such as lysosomes and mitochon-

dria, as well as both microtubule and actin filament

cytoskeletal arrays [14]. Several methods using optical

astigmatism, multi-plane imaging, or interferometry

have also extended the nanoscale resolution of

PALM/STORM to three dimensions [21�,22�,23]. Since

single molecule localization microscopy depends on the

superimposition of many iterated images, it is generally

performed on fixed samples to assure that the molecules

do not move between images. The need to collect,

process, and integrate many raw images to generate a

final super-resolution image also takes a long time; the

initial implementation of PALM required 2–12 h per

final image, though newer implementations can reduce

this time to the order of several minutes [14]. By

foregoing the effort to reconstruct the population’s

localization organization and instead focusing on the

dynamics of individual molecules, several studies have

used photoactivatable single molecule localization

approaches to image protein movements in living cells

[24]. These single particle tracking methods have been

applied to the bacterial cytoskeleton, namely the Cau-
lobacter crescentus MreB actin homolog [25��] and the

Escherichia coli FtsZ tubulin homolog [26], and promise

to shed new light on the mechanisms of protein traffick-

ing in all cell types. The relative simplicity of the

PALM/STORM optical set-up has led to its rapid
www.sciencedirect.com
adoption. In addition, this approach has the exciting

yet largely untapped potential to probe multi-subunit

complex organization and stoichiometry via its imaging

of single molecules.

High-throughput microscopy enables
imaging-based screens and system-level
analysis
Genomic methods such as microarray analysis and deep

sequencing have demonstrated the power of surveying

the effects of a large number of conditions on large

numbers of genes. The counterpart to super-resolution

imaging’s goal of increasing spatial resolution is thus to

increase the throughput of fluorescence microscopy to

determine the localization of every cellular protein under

many different conditions. Automated high-throughput

imaging systems for imaging large animal cells are now

commercially developed and routinely used in high-

content screens [27]. These assays simultaneously

examine the effects of small molecules or RNAi-

mediated gene knockdowns on cell morphology and

the localization and levels of both proteins and DNA.

For example, such screens have been applied to a num-

ber of pathogen–host interactions to identify mutants

that are defective in microbial pathogenesis [28,29].

However, conventional high-throughput microscopy is

performed with air immersion objectives whose spatial

resolution is far below the diffraction limit, and is there-

fore insufficient for imaging small microbial cells. While

small cells would clearly benefit from the super-resol-

ution imaging methods discussed above, even high-

throughput diffraction-limited resolution would be a

significant advance.

The first generation of solutions to the problem of high-

throughput diffraction-limited imaging came through

brute force, laboriously repeating conventional imaging

thousands of times over. In this manner, genomic studies

determined the protein localization of C-terminal GFP

fusions to most of the proteins of Saccharomyces cerevisiae
[30], Schizosaccharomyces pombe [31], and E. coli [32].

Similarly, genomic deletion libraries of S. cerevisiae and

E. coli were imaged to identify genes involved in cell

shape determination [33,34]. These pioneering efforts

yielded a series of exciting discoveries. To focus on E.
coli, for example, the genomic localization screen men-

tioned above revealed that the Tol/Pal pathway is loca-

lized to the division plane. Subsequent analysis

demonstrated that this pathway represents a previously

unappreciated division regulator [35��]. Thus, despite

decades of intensive study of E. coli cell division by other

methods, it was the high-throughput observation of Tol/

Pal localization that identified the long-elusive coordina-

tor of inner and outer membrane constriction. Likewise, a

screen of E. coli deletion mutants recently identified

RodZ as a novel conserved member of the bacterial cell

shape determination pathway [33].
Current Opinion in Microbiology 2009, 12:341–346
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The routine imaging of thousands of strains without

expending unrealistic time and effort presents the need

for more efficient methods for high-throughput diffraction-

limited imaging. Several sophisticated high-throughput

imaging solutions using either microfluidics or printing

technologies have been proposed [36,37]. However, the

complexity and difficulty of implementing these

approaches have limited their widespread use. We recently

developed a simple ‘pedestal slide’ system to image 48

separate samples at diffraction-limited resolution on one

slide, each pedestal slide containing a 6 � 8 array of agar-

ose pedestals [38��]. The 48 strains can be stamped onto

the pedestal slide and covered with a single large coverslip

since the pedestal spacing prevents cross-contamination of

neighboring strains. The cells are immobilized between

the coverslip and the agarose pedestal. By making the

pedestals with growth media, the cells can robustly grow

and divide on the slide, enabling high-throughput live-cell

time-lapse imaging. The pedestal slides can be imaged on

virtually any type of microscope and can increase the

throughput of the traditional process of imaging at maximal

diffraction-limited resolution nearly 50-fold, without any

sacrifice in image quality [38��]. Moreover, since the optics

in this system are identical to those of a conventional slide

preparation, the pedestal slide system could be readily

combined with any advanced imaging methods such

as STED or PALM/STORM. Regardless of which

method for high-throughput diffraction-limited micro-

scopy becomes widely adopted, the power of combining

genomic and imaging approaches ensures that its use will

soon be pervasive.

Quantitative analysis enhances the
information content and utility of fluorescence
microscopy
Fluorescence microscopy images contain a wealth of

readily apparent qualitative information. But these

images generally contain much more information that

can be extracted via quantitative image analysis. Fluor-

escence intensity linearly correlates with fluorophore

abundance. By calibrating fluorescence intensity to differ-

ent types of standards, fluorescence microscopy can thus

provide an assay for macromolecule concentrations in

living cells. These kinds of single-cell measurements

have been used in a wide variety of experimental systems

including assays of stochastic gene expression or protein–
protein interactions [39,40].

While total cellular fluorescence intensity measurement

is a powerful advance, even more insight can be gleaned

from measuring fluorescence intensity subcellularly and

tracking its dynamics over time. One nice illustration of

the power of this approach comes from yeast, where

careful quantitation of the localization dynamics of a

series of proteins related to actin patches showed that

different proteins associate with endocytic events at

different points in the process, thereby establishing an
Current Opinion in Microbiology 2009, 12:341–346
ordered pathway for actin-mediated endocytosis [41].

Spatially resolved quantitation can also shed light on

the mechanisms of protein targeting. For example, an

analysis of the patterns of IcsA localization in Shigella
flexneri demonstrated that this polarly localized bacterial

virulence factor is initially secreted at the cell poles and

that a polar protein gradient is maintained by the

uniformly localized IcsP protease [42].

One challenge in image quantitation is that digital images

are pixilated such that all of the points within a given pixel

are binned to produce a single intensity value. This pro-

blem becomes significant when analyzing small cells like

microbes that are generally on the scale of just tens of

pixels. Interpolation methods can subdivide pixilated

images into arbitrarily fine grids to increase the effective

image resolution. Two-dimensional interpolated contour-

ing was used to identify heterogeneities in E. coli
elongation [43�]. A recently developed image analysis

software suite termed Projected System of Internal Coor-

dinates from Interpolated Contours (PSICIC) both auto-

mates the use of interpolated contouring to determine cell

boundaries with subpixel precision and generates an

internal coordinate system that allows fluorescence data

from variably shaped cells to be readily compared and

analyzed [44�]. Experiments comparing PSICIC-analyzed

fluorescence micrographs to data collected by electron

microscopy (EM) indicated that PSICIC provides a nearly

15-fold improvement in the precision of cell border deter-

mination as compared with conventional pixel-limited

analysis methods [44�]. This result suggests that infor-

mation that was once thought to be exclusive to EM could

be accessed through careful analysis of light microscopy.

Perhaps the most powerful aspect of quantitative image

analysis is that it produces data that can be integrated with

other computational approaches. Quantitative data from

imaging experiments has fueled a wide range of theor-

etical modeling studies, including analyses of E. coli
chemotaxis signaling [45], cell wall architecture [46],

and division constriction [47]. Combined with the types

of high-throughput imaging discussed above, image

quantitation also enables the use of powerful data analysis

methods like hierarchical clustering and principal com-

ponents analysis. For example, clustering methods have

been used to identify distinct cell shape determination

pathways in animal cells treated with RNAi libraries

[48��], and PCA has been used to statistically compare

irregularly shaped bacteria cells [49,50]. In the future, the

ability to integrate quantitative cell shape and protein

localization datasets with other genomic datasets should

significantly advance our ability to understand protein

function in a systematic fashion.

Conclusions
Fluorescence microscopy can provide information about

protein levels, distributions, dynamics, and interactions in
www.sciencedirect.com
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both living and fixed cell samples, and has thus emerged

as one of the most powerful tools of the modern micro-

biologist. New advances that improve image resolution,

imaging throughput, and quantitative image analysis are

pushing fluorescence microscopy to unprecedented

depth, breadth, and utility. These advances potentially

can be combined to generate a comprehensive analysis

pipeline. Excitingly, developments such as super-resol-

ution’s ability to break the diffraction limit suggest that

the capabilities of fluorescence microscopy can be pushed

to levels that were considered impossible only a few years

ago. In the future it should be interesting to see how these

methods evolve and how the microbiology community

uses them to generate new insights into fundamental

biological questions.
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