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Abstract
Although the number of phylotypes present in a microbial community may number in the
hundreds or more, until recently, fluorescence in situ hybridization has been used to label, at most,
only a handful of different phylotypes in a single sample. We recently developed a technique,
CLASI-FISH for Combinatorial Labeling and Spectral Imaging – Fluorescence in situ
Hybridization, to greatly expand the number of distinguishable taxa in a single FISH experiment.
The CLASI technique involves labeling microbes of interest with combinations of probes coupled
with spectral imaging to allow the use of fluorophores with highly overlapping excitation and
emission spectra. Here, we present the basic principles and theory of CLASI-FISH along with
some guidelines for performing CLASI-FISH experiments. We further include a protocol for
creating fluorescence spectral reference standards, a vital component of successful CLASI-FISH.
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Introduction
Theory of CLASI-FISH

Molecular sequence-based surveys suggest that microbial communities may be extremely
species-rich, with hundreds of phylotypes present in each sample habitat [3,4,14]. These
studies have generated “parts lists” for many microbial communities—lists of organisms and
genes present in a microbial ecosystem [13]. Because the function of any biological system
is implicit in its structure, a full understanding of microbial community physiology requires
an understanding of the physical structure of these communities. To that end, fluorescence in
situ hybridization (FISH) using oligonucleotide probes targeted to ribosomal RNA has
proven to be an effective tool for the identification, quantification, and spatial analysis of
microbes in situ [2,6].
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Statement of the Problem
Although in principle, FISH probes specific for nearly any microbial phylotype or taxon
could be designed, in practice, the use of bandpass filters in fluorescence image acquisition
limits the number of fluorophores that can be simultaneously differentiated. This is due to
the photo-physical properties of available fluorophore reporters, namely that many organic
fluorophores have highly overlapping excitation and emission spectra. As a result, FISH has
been used routinely to distinguish only a few types of microbes in any single experiment.

The CLASI Solution
We recently reported the development of a biological labeling and fluorescence image
analysis method, which we call Combinatorial Labeling and Spectral Imaging (CLASI), and
its application to the simultaneous identification of tens to potentially hundreds of microbial
taxa in a single microscope image by FISH [16]. Our combinatorial labeling strategy entails
the labeling of a given type of microorganism with two or more fluorophores selected from a
repertoire of chosen fluorophores. With this combinatorial labeling approach we greatly
expand the number of different kinds of microbes distinguishable in a field of view (Fig. 1).

Recent advances in fluorescence spectral image acquisition and the application of linear
unmixing to spectrally-recorded image data allow the unambiguous identification of
fluorophores with overlapping spectra [18]. The simplest definition of spectral imaging is
that it is the combination of spectroscopy with microscopy, such that at every pixel in a
digital fluorescence image, a full spectrum is recorded [8]. Many different commercially
available and custom-built spectral microscope systems exist. The protocols included in this
article are written for use with commercially available Laser Scanning Confocal
Microscopes (LSCMs), which are equipped with multi-anode spectral detectors, such as
those available from Nikon or Zeiss. The general protocols of CLASI-FISH should be
compatible with spectral microscope systems from any commercial vendor.

Once a spectral image of combinatorially-labeled microbes has been acquired, every pixel in
the recorded image must be assigned its fluorophore composition. For this purpose, a
computational analysis called linear unmixing is often used [9]. If the spectra of all
fluorophores used in an experiment are known, then the unknown recorded image and the
known reference spectra may be treated as a system of linear equations and a least squares
approach is used to assign an abundance for all fluorophores used in the experiment, at each
pixel in the image (Fig. 2). Because the instrument may impart artifacts in the recorded
spectra of the unknown sample, known reference spectra should be acquired directly on the
instrument, using labeled standard specimens. Appropriate standards are non-
autofluorescent bacteria, such as E. coli, which have been labeled individually with all the
fluorophores that will be used in an experiment, and imaged using identical settings on the
instrument that are used to image the unknown sample. For this purpose, we include with
this article a protocol for creating spectral fluorescence reference standards.

Application
We have applied CLASI-FISH to study the systems-level structure of human oral microbial
communities [16]. Fifteen of the most abundant taxa in extracted human dental plaque were
labeled in a single experiment and a proximity analysis was performed to characterize the
spatial distribution of the fifteen different taxa in the biofilm. All fifteen taxa were identified
in the natural community (Fig. 3).
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Methods
Specific Considerations for CLASI-FISH

FISH protocols may be broken down into 4 steps: Sample collection and fixation,
hybridization, image acquisition, and image analysis. Established protocols such as
previously reported by Pernthaler, et al., [11], are generally appropriate for CLASI-FISH
hybridization. What follows are some considerations specific for the CLASI-FISH protocol.

Fixation
The simultaneous labeling of different types of microbes in a complex community poses the
challenge of adequately fixing microbes differing significantly in cell wall composition, e.g.
mixtures of both Gram (+) and Gram (−) organisms. Typically Gram (−) organisms are fixed
in 2–4 % paraformaldehyde (PFA) and Gram (+) organisms in ethyl or methyl alcohol.
Gram positive organisms may then be subsequently treated to enzymatically degrade the cell
wall, e.g., with lysozyme or proteinase K [12]. Several strategies have been proposed for
simultaneous or multiplexed FISH of mixed microbial communities, starting with
modifications of fixation protocols.

1. Fixation of microbial samples in 2% PFA, followed by extended hybridization time
and stringent washing [16].

2. Fixation of microbial samples in 2–4% PFA, then light enzymatic treatment, e.g.
with low concentration or for short incubation time [15].

3. Fixation with ethyl alcohol [7].

As described below, we typically use treatment with PFA followed by ethyl alcohol.

Hybridization
Modifications of hybridization protocols for CLASI-FISH are minor. Each organism is
labeled with two or more probes, rather than a single probe. At least two strategies are
available.

1. Synthesize two (or more) versions of the same oligonucleotide probe, each version
conjugated to a different fluorophore. The advantage of this approach is simplicity
—only one oligonucleotide sequence need be validated for FISH. It may be that
there exists only one oligo sequence suitable for identification of an organism in the
context of its natural community. A disadvantage of this single oligo approach is
competition between the two labeled versions of the oligo, thus reducing the
fluorescence signal in each of the labeling channels.

2. Synthesize two, or more, different oligonucleotide sequences specific for labeling a
particular organism in the context of its community. Each probe sequence targets a
different part of the 16S rRNA. The advantage of this approach is that no reduction
in probe fluorescence intensity is expected compared to a singly–labeled organism.
Another advantage is confirmation of taxon identity by independent probes. The
disadvantage is that multiple probes need to be designed and validated and there
may be difficulties in designing two or more probes that label an organism with
approximately equal efficiency under the same hybridization conditions.

Our practice to date is to begin the design of a probe set by synthesizing a single oligo in
two fluorescent versions for each taxon and to subsequently improve the probe set by
designing second or third oligos for taxa where possible.
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Spectral Image Acquisition
Spectral Image Acquisition—Singly-labeled pure samples of E. coli or other reference
microbes, labeled with the universal bacterial probe, EUB-338 make excellent test
specimens and are useful for checking spectral image acquisition set-up. If the known
samples can be unmixed correctly, that is, within an acceptable uncertainty range, using a
particular set of spectral image acquisition parameters, then those conditions should be
appropriate for imaging unknown environmental specimens.

It may be necessary to use multiple wavelength excitation to efficiently excite all the
fluorophores used in an experiment. This is because fluorophores have both characteristic
emission and excitation spectra.

At least two general strategies are available if more than one excitation wavelength is
needed to excite all the fluorophores used to label a particular sample:

1. Illuminate the specimen with all excitation wavelengths simultaneously. This is
possible with the use of lasers in laser scanning confocal microscopy or with LEDs
in widefield spectral imaging. In addition, it will be necessary to use a multi-
notched dichroic mirror if the specimen is illuminated via the epi path. Two, three,
or more wavelength notch dichroics are available. Simultaneous illumination with
multiple wavelengths may not be possible with a white light source, such as a
mercury arc or metal halide lamp, because multiple different filters would be
required to generate different excitation wavelength bands. The advantage of
simultaneous multi-wavelength excitation is simplicity—all fluorophores are
excited in one step. The main disadvantage is that the wavelength notches in a
multi-wavelength dichroic introduce artifacts in the shape of recorded emission
spectra, and can make different fluorophores appear to have similar spectral
characteristics.

2. Illuminate the specimen sequentially with each wavelength excitation. The
advantage is that no spectral shape artifacts will be introduced in the recorded
spectra due to notch filters. The main disadvantage is that because of excitation
cross-talk, fluorophores may be excited more than once—some fluorophores will
absorb light at more than one wavelength used to excite the sample. This may result
in an increase in fluorophore bleaching; it also leaves the user with the dilemma of
what to do with emission spectra recorded from more than one excitation
wavelength. To minimize bleaching, sequential excitation should start at the
longest wavelength employed, then, move progressively toward the shortest
wavelength. See the section on Image Analysis for suggestions on how to deal with
emitted light from a particular fluorophore recorded from more than one excitation
wavelength. In general, analysis is carried out with the strongest emission spectra.

Reference Spectra—In order to assign to each pixel in the image its fluorophore
composition, the linear unmixing algorithm requires, as input, the known reference spectra
for all of the fluorophores used in an experiment. See Appendix for a protocol for creating
microbial spectral reference standards.

E. coli make excellent standard specimens for CLASI-FISH. Separate aliquots of E. coli are
labeled in standard FISH reactions with a different version of the EUB-338 probe, each
version conjugated to a different fluorophore from the pool of all fluorophores used in an
experiment. Aliquots of these pure, singly-labeled E. coli cells are then spotted on separate
slides for imaging.
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Reference spectrum specimens should be treated exactly as unknown microbial specimens.
They should be mounted in the same mounting medium used for mixed environmental
communities. A mounting medium with anti-fade properties and appropriate refractive index
are crucial and many options are available from different vendors. Mounting media with
DAPI is not appropriate for reference standards, as the DAPI fluorescence will add to, and
be recorded as part of, the reference fluorophore spectrum. In addition, reference spectra
should be acquired under identical imaging conditions as unknown labeled microbial
specimens. For example, for any image of mixed microbes, reference spectra should have
been acquired on the same instrument, using the same objective and the same detector
settings. In addition, microscope specimens should always be mounted with coverslips of
0.17 mm thickness. These #1.5 coverslips are matched for modern microscope objectives

Autofluorescence—Cells from natural environments and other non-cellular debris may
exhibit autofluorescence. In this case, an unlabeled specimen may be imaged using the same
acquisition parameters as labeled images. The spectra from autofluorescent cells is recorded
and added to the fluorophore library along with the E. coli reference spectra.
Autofluorescence is thus treated as another spectral character in the labeled sample and may
be easily identified after unmixing.

Image Analysis
Linear unmixing—Once a spectral image is recorded, we wish to identify at each pixel in
the image the fluorophore composition of the recorded signal. To achieve this task, many
microscope and spectral imaging device manufacturers include linear unmixing algorithms
with their instrument software. In addition there exists a free linear unmixing plugin for
ImageJ [1]. Linear unmixing is applied to recorded images using reference spectra generated
from E. coli reference cells.

Some pre-processing of spectrally recorded images may help with linear unmixing. For
example, a low pass filter may be applied to raw spectral images before unmixing. This will
reduce noise in the image, but may cause spectral mixing of neighboring pixels which may
consist of separate spectral characters, for example, background may get mixed into pixels
of cells, especially around the edges of the cells. A second recommended processing step is
background correction for non-uniform illumination of the sample, either in software or with
the use of an image of a uniform fluorescent specimen. Both spatial filtering and background
correction may be performed on raw spectral images or on the images after unmixing,
depending upon the capabilities of the linear unmixing software used.

If multiple excitations were used sequentially to excite all the fluorophores, then each
excitation is unmixed separately. All of the reference spectra for fluorophores maximally
excited by a particular wavelength excitation are used for unmixing that spectral data set. In
addition, it may be necessary to include additional reference spectra which are more
efficiently excited at other wavelengths, but which nonetheless are somewhat excited by the
wavelength used in the imaging regime. One may then discard the unmixing results for these
off-peak fluorophores because they are redundant. The remaining image channels are then
collated as an image stack, with one channel for every fluorophore used in the experiment.

Combinatorial-label assignment—After applying linear unmixing the final image
analysis step unique to CLASI-FISH is the conversion of the unmixed image data, in which
each pixel is assigned an abundance for every fluorophore used in the experiment, to a
particle-based data set in which each particle in the image is assigned its combinatorial label,
or taxon identity. The combinatorial label assignment is a multi-step process beginning with
image segmentation.
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Image Segmentation—First, cells need to be segmented from background and from each
other. For this task, it is helpful to have an image of all the cells in the sample, for example
labeled with the EUB-338 probe conjugated to a fluorophore that does not overlap spectrally
with any of the fluorophores used with taxon-specific probes. The EUB image should then
be collected with a standard detector using a high quality bandpass filter, rather than with a
spectral detector. This is because spectral images are in general, more noisy than standard
fluorescence images because the same amount of fluorescence signal that is recorded in a
single channel with a standard detector is spread out over multiple channels with a spectral
detector.

The best image segmentation will come from an image with the highest possible signal to
noise ratio. By simultaneously labeling one’s sample of interest with both taxon-specific
probes and a general probe for bacteria, one can identify the near total number of cells in the
image and determine the fraction of total cells in the image that are labeled with taxon-
specific probes. If such an image is not possible for a specimen, then a spectral image after
linear unmixing may be used.

Many procedures for image segmentation are available in both commercial and non-
commercial image processing software. We have found the following protocol suitable for
CLASI-FISH image segmentation. Unmixed images are imported into ImageJ and a global
intensity threshold is applied. The threshold is set suitably low such that all pixels that
represent cells are brought to foreground. This process generally results in multiple touching
cells identified as one contiguous object. To separate touching cells, a watershed algorithm
is applied to the images. Local maxima are identified in the unmixed image, then, used to
skeletonize the image using the “Find maxima” command in ImageJ. The skeleton lines are
superimposed onto the thresholded image to create a segmented image in which touching
cells are separated.

Once image segmentation is complete, it becomes possible to transform the pixel-based
fluorophore data from the linear unmixing operation(s) into a cell or particle-based data set,
in which each cell is identified in its taxon identity. For this, one need analyze the average
computed fluorophore intensity of all the fluorophores used in the experiment over all of the
pixels that make up each segmented cell. The fluorophores with the highest abundance in the
cell are considered that cell’s combinatorial label, and that specific fluorophore combination
may be mapped back to a specific taxon identity. All other fluorophore intensities are
discarded as artifacts from the linear unmixing operation due to noise in the recorded
spectral image and unavoidable shortcomings of the unmixing algorithm. Although the
absolute intensities of each fluorophore in every cell may vary, the a priori knowledge that
every identified cell in the image is labeled with exactly two fluorophores allows the use of
the simple logic above to confidently assign taxonomic identity. After cells have been
identified in their taxon identity, stereological and spatial analyses may be performed using
other available software [5].

Discussion
Recent improvements in organic fluorescent reporter brightness and photostability;
improvements in microscope optics and detector sensitivity; as well as the increasing
performance to cost ratios of computer technology have fostered the development of
fluorescence spectral imaging, in which multiple fluorophores with highly overlapping
emission spectra may be simultaneously distinguished in a single image. CLASI-FISH is a
combinatorial labeling and spectral imaging technique that greatly increases the number of
different taxa of microbes that can be distinguished in a single sample.
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One requirement for successful CLASI-FISH is that of reference spectra. The linear
unmixing algorithm used to computationally assign fluorophore identities to every pixel in a
spectral image requires prior knowledge of the spectra for every fluorophore used to label an
ecological sample. To that end, we have provided a protocol for reference spectra
acquisition in the appendix to this manuscript.

A second requirement for CLASI-FISH is that the fluorescent signal from labeled microbes
must be suitably bright. With spectral imaging, the emitted light from any sample is spread
over multiple channels, resulting in lower signal to noise data compared to images collected
in one or a few channels through bandpass filters. In any single environmental microbial
sample, some cells may be bright after FISH labeling while others may show low signal
intensity, presumably due to low density of ribosomes in cells from oligotrophic
environments or to a low accessibility of the cells or probe target sites to oligonucleotide
probes [10,17]. This problem of high dynamic range in signal intensities is particularly
problematic for CLASI-FISH because images that are acquired such that bright cells are
overexposed in the recorded image in order to visualize dim cells are incompatible with
linear unmixing. Overexposed pixels impart artifacts on the recorded spectral shape and are
therefore ambiguous in their fluorophore identity. Improvements in signal amplification,
microscope detectors with improved sensitivity, and the use of adaptive optics to record high
dynamic range images will be important to make the CLASI technique more practical for
the study of microbial communities from oligotrophic environments.

Nonetheless, with suitable oligonucleotide probes and the CLASI-FISH protocols included
above, researchers in diverse fields of microbial ecology should be well-poised to begin
answering the crucial questions of microbial community composition and dynamics that
require a full ecosystems-level approach to investigation.
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Appendix

Protocol for creating E. coli spectral reference standards
Fixation

1. E. coli are grown to an approximate OD600 of 0.5 in 5 mL of Luria Bertani (LB)
broth.

2. An equal volume (5 mL) of fresh 4% PFA is added to the culture broth.

3. Cells are incubated at room temperature for 1.5 hours.

4. Cells are washed 3× in phosphate buffered saline (PBS).

5. After the first wash, cells are transferred to a 1.6 mL microcentrifuge tube and
washed 2× in 1.5 mL PBS.

6. After the third wash, cell pellet is re-suspended in 750 µL PBS. Pellet is pipetted up
and down vigorously and tube is vortex mixed to thoroughly re-suspend cells and
break up the pellet.
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7. 750 µL of 100% ethyl alcohol is added to the tube to give a final concentration of
50% PBS / 50% ethyl alcohol. Cells may be stored at −20°C for up to 6 months
before FISH.

Hybridization
Protocol modified from Pernthaler, et al [11].

1. For each reference fluorophore standard, 10 µL of fixed E. coli cells are pipetted
into a separate 0.6 mL microcentrifuge tube.

2. 90 µL of Hybridization buffer is added to each tube [0.9 M NaCl, 0.02 M Tris (pH
7.5), 0.01% SDS, 20% formamide].

3. 1 µL of EUB-338-fluorophore probe [0.2 mM] is added to the tube to give a final
probe concentration of 2 µM. The tube is immediately vortex mixed.

4. Steps 2–4 are repeated for every fluorophore needed.

5. Tubes are placed in a suitable plastic rack and covered with aluminum foil to
protect them from exposure to room light.

6. Rack is placed in a hybridization oven at 46°C and cells are incubated for 3 hours.

7. Each tube of cells is washed once in 100 µL of Wash 1 buffer [0.9 M NaCl, 0.02 M
Tris (pH 7.5), 0.01% SDS, 20% formamide] and incubated at 48°C for 15 minutes.

8. Each tube of cells is washed once in 200 µL of Wash 2 buffer [0.9 M NaCl, 0.02 M
Tris (pH 7.5), 0.01% SDS] and incubated at 48°C for 15 minutes.

9. Each tube of cells is resuspended in 100–200 µL of Resuspension buffer [0.025 M
NaCl + 0.02 M Tris (pH 7.5)].

10. A hydrophobic ring of ~1cm diameter is drawn on one Ultrastick microscope slide
(GoldSeal) for each E. coli labeltype using a Pap pen (Thermofisher).

11. 40 µL of washed cells are pipetted onto the slides within the ring.

12. Slides are placed in a humid chamber and cells are allowed to settle onto the slides
for 45 minutes in the dark.

13. Specimens are dehydrated in an ethyl alcohol series. Slides are first placed in a 50
mL centrifuge tube containing 35 mL of 50% ethyl alcohol and left in the tube for
10 seconds. Each slide is then removed and immediately placed in a 50 mL tube
with 35 mL of 75% ethyl alcohol for 10 s. Slides are then sequentially incubated
for 10 s in three tubes of 100% ethyl alcohol.

14. Slides are air dried in the dark for 10 minutes.

15. Slides are mounted in either Vectashield (Vector Laboratories) or Prolong Gold
(Invitrogen) mounting medium.

a. If specimens are mounted in Vectashield they may be imaged immediately

b. If slides are mounted in Prolong Gold they are incubated at room
temperature for 3 days in the dark to allow the mounting medium to cure.

Reference Spectra Collection
The following protocol is for E. coli reference samples labeled with the following
fluorophores: Pacific Blue, Pacific Orange, BODIPY-FL, Oregon Green 514, Alexa fluor
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532, Alexa fluor 546, Rhodamine Red-X and Texas Red-X on a laser scanning confocal
microscope equipped with 32-anode spectral detector as in Valm, et al 2011.

1. Use prior knowledge about reference spectra absorption to determine for each
fluorophore its maximum absorption wavelength available on the instrument. For
example we recommend the “Spectra Viewer” web application from Invitrogen
http://www.invitrogen.com.

a. Fluorophores and illumination wavelengths for maximum excitation are as
follows:

Pacific Blue 405 nm

Pacific Orange 405 nm

BODIPY-FL 488 nm

Oregon Green 514 488 nm

Alexa fluor 532 488 nm

Alexa fluor 546 561 nm

Rhodamone Red-X 561 nm

Texas Red-X 561 nm

2. Acquire the best possible image of Pacific Blue labeled E. coli using 405 nm
excitation. Aim for highest possible signal to noise image, using all the imaging
parameters that will be used for acquiring images of experimental samples, i.e.,
same objective, main beam dichroic, and detector bandwidth settings.

3. Acquire the best possible image of Pacific Orange with 405 nm excitation.

4. Acquire the best possible image of BODIPY-FL with 405 nm excitation. Even
though this fluorophore is better excited by 488 nm light than 405 nm, we still
acquire a reference spectrum for this fluorophore using 405 nm excitation.

5. Acquire BODIPY-FL, Oregon Green 514, Alexa 532, Alexa fluor 546, and
Rhodamine Red-X images with 488 nm excitation.

6. Acquire Alexa fluor 532, Alexa fluor 546, Rhodamine Red-X, and Texas Red-X
with 561 nm excitation.

7. Use the microscope instrument software to define a region of interest (ROI) in each
cell in each image. The software calculates the average intensity over all the pixels
in the ROI to generate a reference spectrum.

Validation of CLASI-FISH Imaging and Analysis Settings
In addition to a means for acquiring reference spectra, labeled E. coli make excellent test
specimens for CLASI-FISH. If labeled test specimens can be imaged and correctly unmixed
using a particular set of image acquisition and analysis parameters, then the user is well-
positioned to image and unmix unknown environmental samples labeled with the same
fluorophores as the test specimens.

1. Start with separate aliquots of E. coli suspended in resuspension buffer, each
aliquot labeled with a different fluorophore version of the EUB-338 probe.

2. Prepare a mixture of all the different label-types. The mixture may be an equal
mixture, in which all label-types are added in an equal amount, or it may be a
stepped mixture, in which a different volume of each label-type is added to the
mixture to give different relative proportions in the final mixture. It is important to
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know what the expected proportion of each label-type should be in the final
mixture.

3. Spot the mixture onto a slide for imaging.

4. Acquire spectral images and perform linear unmixing on the raw data as would be
done for an unknown environmental sample.

5. Analyze the image and count the frequency of each label-type in the unmixed
images. The output from the CLASI-FISH analysis should correlate with the
known input into the mixture within an acceptable uncertainty range.
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Figure 1. The power of combinations
With a relatively small number of fluorophores, it is possible to create many different
specific combinations. When the number of dyes, n, is 6, and the combination size, k, is set
to 2 there exist 15 different combinations. The binary label restriction gives a more robust
assay because the a priori knowledge that all cells in an image are labeled with exactly two
fluorophores is used when assigning objects their label-type.
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Figure 2. Spectral Imaging and Linear Unmixing of microbes
(A). 24-channel spectral image of a mixture of E. coli cells labeled either singly or in binary
combination with BODIPY-FL and Oregon Green-514. (B). Emission spectra of the two
fluorophores as recorded on the instrument used to acquire the image in (A). (C).
Pseudocolor image after application of linear unmixing. BODIPY-FL intensity is colored
green and Oregon Green 514 is red. Cells labeled with a combination of both fluorophores
appear yellow in this merged image.
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Figure 3. Example CLASI-FISH image
Images of CLASI-FISH-labeled semi-dispersed human dental plaque. Colors in the raw
spectral image (Left) represent one of six different fluorophores, used in all the possible
binary combinations to label 15 different taxa in the community. Color in the segmented
image (Right) of the same field of view represents one of each of the 15 probed taxa. Cells,
which are ambiguous in their label type because of errors in image segmentation, are
declared unknown and colored grey. Bar = 10 µm.
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