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Multispecies biofilms represent the dominant mode of life for the vast majority of 
microorganisms. Bacterial spatial localization in such biostructures governs ecological 
interactions between different populations and triggers the overall community functions. 
Here, we discuss the pros and cons of fluorescence-based techniques used to decipher 
bacterial species patterns in biofilms at single cell level, including fluorescence in situ 
hybridization and the use of genetically modified bacteria that express fluorescent proteins, 
reporting the significant improvements of those techniques. The development of tools 
for spatial and temporal study of multispecies biofilms will allow live imaging and spatial 
localization of cells in naturally occurring biofilms coupled with metabolic information, 
increasing insight of microbial community and the relation between its structure and 
functions.
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The importance of analyzing spatial distribution in polymicrobial biofilms
Biofilms are complex and dynamic systems constituted by surface-attached bacteria embedded in a 
self-produced extracellular polymeric matrix [1]. This matrix is a highly hydrated structure composed 
of polysaccharides, proteins, glycoproteins, glycolipids and extracellular DNA and is important 
for biofilm surface attachment, cohesion, nutrient acquisition and protection [2]. The majority of 
laboratory studies are performed with single species biofilms, which are more reproducible and easier 
to analyze than their multispecies counterparts. While these studies provide important glimpses 
of how microorganisms behave in biofilms, they do not reflect what happens in real-case scenarios. 
In fact, it is now well accepted that the majority of naturally occurring biofilms are composed of 
multiple species, and many excellent reviews on this topic were published very recently [3–5]. These 
biofilms are a combination of different bacterial species or different microorganisms including 
bacteria, microalgae, protozoa or fungi that can compete for nutrients or use them synergistically 
in a more efficient manner.

Because polymicrobial biofilms are ubiquitous, synergistic interactions may prevail over antago-
nistic interactions [1,6]. The interactions between different species present in the biofilm are mediated 
by specific molecules such as proteins, DNA and metabolites. These interactions play a critical role 
in biofilm formation, in its global organization, stability, extracellular polymeric matrix composition, 
antibiotic resistance, virulence and ability to degrade pollutants [2,3,7–10].
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The identification of the microorganisms 
present in a biofilm can be performed using 
methodologies that compromise the structure 
of the biofilm, such as qRT-PCR [11,12], next-
generation sequencing [13,14] and mass spec-
trometry [15]. However, knowledge about the 
localization of the microorganisms within this 
complex architecture can provide crucial infor-
mation to understand the underlying micro-
bial ecology of these sessile communities and 
their functions. For example, in a dual-species 
biofilm composed of Acinetobacter sp. and 
Pseudomonas putida, formed in the presence 
of benzyl alcohol as the sole nutrient source, 
Acinetobacter sp. was found to be located in the 
upper layer of the biofilm closer to the nutrient 
source, whereas P. putida was localized in the 
deeper layers [16]. This spatial organization was 
attributed to a faster uptake of benzyl alcohol 
by Acinetobacter sp., which would then convert 
the substrate into benzoate, a compound that 
could in turn be used as a substrate by P. putida. 
Another example of the importance of local-
izing microorganisms within biofilms can be 
found in the study by Gantner et al. [17], in 
which authors measured the ‘calling distance’ 
between two different strains of P. putida, that 
is, the maximum distance at which two differ-
ent bacterial cells can communicate through 
quorum sensing. This distance was determined 
by combining single cell fluorescent imaging 
with a geostatistical analysis and was estimated 
to be in the range of 4–78 μm.

An even more detailed and trustworthy 
understanding of the metabolic activity of indi-
vidual populations in biofilms can be gained 
by coupling spatial localization techniques and 
metabolic activity tracking at an individual cell 
level. This allowed, for instance, Lucker et al. 
to establish a key role of Nitrotoga-like bacteria 
in the oxidation of nitrites in wastewater treat-
ment plants [18]. Their conclusions were based 
on the agreement of two data sets: one indicat-
ing that spatially, Nitrotoga co-aggregated with 
bacteria that carried out ammonia oxidation 
processes and the other that showed that car-
bon fixation by individual cells of Nitrotoga was 
nitrite-dependent.

As illustrated above, biofilms are not just a geo-
metric tridimensional assemblage of microorgan-
isms, they have a dynamic spatial organization 
that responds to local environmental variations 
and confers unique genetic and physiological 
properties to their matrix cohabitants.

How to visualize specific microorganisms 
at single-cell scale in polymicrobial 
biofilms?
Ultrastructural microscopy techniques such as 
scanning electron microscopy can provide an 
indication of species distribution in biofilms, 
but solely when microorganisms are morpho-
logically very distinct. In addition, the diversifi-
cation of morphotypes for certain bacteria such 
as Lactococcus lactis, which can generate both 
ovoccoids and filaments in biofilms depending 
on the cell local microenvironment [19], pre-
vents a more general use of these techniques. 
Chemical-imaging technologies, which include 
Raman spectroscopy, can also be a promising 
alternative for the mapping of fully hydrated 
biofilms. Nonetheless, at this time point the 
methodology has been only sparsely applied 
in the identification of microorganisms in 3D 
structures [20], which reflects technical limita-
tions of the method associated with the speed 
of analysis and also the intensity of the Raman 
signal [20,21].

The large majority of techniques used to 
assess the spatial organization of biofilm species 
are based on the application of dyes or fluoro-
chromes combined with optical microscopy. 
These colorimetric or fluorescent dyes vary in 
their ability to discriminate populations. Some 
dyes, such as those used in Gram-staining, allow 
the discrimination between Gram-positive and 
Gram-negative bacteria, whereas unspecific 
nucleic acid dyes such as DAPI and Syto™ are 
used for the visualization of the entire popula-
tion [22]. These dyes can also be used in com-
bination with species-specific fluorescent anti-
bodies [23], but technical constraints such as 
antibody cross-reactivity, poor penetration into 
the biofilm matrix and the difficulty in gener-
ating appropriate antibodies for nonpathogenic 
strains, make this technique unpractical in most 
situations faced by biofilm researchers.

Arguably, two of the most powerful and 
widely used methods to study strains or species-
specific spatial organization in biofilms are based 
on the labeling of microorganisms using fluores-
cent proteins (FP) or with fluorescently labeled 
nucleic acids (fluorescence in situ hybridization 
[FISH]). FP labeling and FISH have their own 
distinct features that imply a different utiliza-
tion of these techniques by the biofilm researcher 
(Figure 1). For instance, unlike with FP labeling, 
which implies genetic modifications of the 
microorganisms, impairing its use in natural 
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Figure 1. Example of multispecies biofilm visualization using (A) fluorescence in situ hybridization or (B) fluorescent protein 
labeling. The most relevant advantages and disadvantages of each method are also identified. (A) The confocal laser scanning 
microscopy image of fluorescence in situ hybridization represents a dual-species biofilm of Listeria monocytogenes (green) and 
Salmonella enterica (red) formed in Tryptic Soy Broth under static conditions. (B) The real-time confocal laser scanning microscopy 
frames represent green bacilli swimmers expressing green fluorescent protein forming transitory pores in a mature biofilm of S. aureus 
(counterstained in red with a universal bacterial probe). 
EPS: Extracellular polymeric matrix. 
(A) Reprinted with permission from [42].
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Figure 2. Limitations (blue-filled boxes) and alternatives (white boxes) to fluorescence in situ 
hybridization and fluorescent proteins labeling. The dashed line depicts a potential combination 
of techniques that would result in a better understanding of biofilm microdomains. 
BONCAT: Bio-orthogonal non-canonical amino acid tagging; CARD: Catalyzed reporter deposition; 
CLASI: Combinatorial labeling and spectral imaging; DOPE: Double labeling of oligonucleotide 
probes; FISH: Fluorescence in situ hybridization; FP: Fluorescent protein; HCR: Hybridization chain 
reaction; LNA: Locked nucleic acid; MAR: Micro-autoradiography; NanoSIMS: Nanometer-scale 
secondary-ion mass spectrometry; PNA: Peptide nucleic acid.
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environments, FISH can be used to assess natu-
ral populations without the need of genetic 
manipulation of strains [5]. On the other hand, 
FP labeling generally does not compromise the 
biological activity of the biofilm as it does not 
require a fixation step, enabling real-time and 
noninvasive imaging and making it extremely 
useful for lab-grown biofilms [24].

FISH and FP labeling share many of the same 
goals when applied to biofilm research: they both 
strive for enhanced signal intensity, to differenti-
ate as many subpopulations as possible in a single 
experiment (multiplexing) and to be applicable 
in a wide range of situations (different physico-
chemical conditions and biofilm thicknesses) 
while maintaining their specificity. Additionally, 
they should be amenable to coupling with other 

techniques that provide additional spatial infor-
mation about the biofilms (e.g., cell activity and 
other biofilm components location, together 
with the determination of oxygen, pH or other 
local physico-chemical conditions).

Nonetheless, each technique has its own spe-
cific limitations and ways to circumvent them 
while addressing these goals (Figure 2). These 
aspects will now be discussed in detail, first for 
FISH and then for FP labeling.

FISH
FISH is a technique that typically targets the 
ribosomal RNA of microorganisms using fluo-
rescently labeled oligonucleotide probes [25]. To 
perform this technique, cells have, in the major-
ity of cases, to be fixed and permeabilized in 
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order to allow both the maintenance of its struc-
ture and the access of the probe into the cell. 
Once inside the cell, the probe has to hybridize 
with its target (e.g., 16S rRNA), a process that 
occurs in well-defined conditions of pH and 
temperature. If hybridization occurs, the spatial 
location of the microorganisms in the biofilm 
can be analyzed, for instance, by confocal laser 
scanning microscopy (CLSM) [25]. When FISH 
started to be applied to biofilms in the early 
90s, it provided the first glimpses of the rela-
tive abundance of populations in waste water 
and river-water biofilms [26,27]. These stud-
ies were however limited in assessing spatial 
organization, as presumably the method and 
detection equipment (i.e., CLSM) had not been 
sufficiently optimized for thicker 3D biofilm 
structures. In addition, physiological activity 
was typically determined by correlating signal 
(fluorescence) intensity with ribosomal content, 
which proved for most environmental settings 
to be a poor indicator [28]. In the following sec-
tions, the most relevant features of FISH will 
be presented.

●● Signal intensity
Microorganisms with low ribosomal content 
or probes targeting mRNA may account for 
low levels of FISH signal. To overcome this 
technical limitation a variation of FISH was 
developed, named catalyzed reporter deposition 
(CARD-FISH), which uses horseradish perox-
idase-labeled oligonucleotide probes, in which 
each probe catalyzes the deposition of multiple 
fluorescently labeled tyramide molecules, lead-
ing to signal amplification and increased sensitiv-
ity [29]. Nonetheless, the diffusion of the protein 
through the biofilm brings an additional barrier 
to the application of CARD-FISH to thick bio-
films. A simpler alternative is the use of fluoro-
phores with higher extinction coefficients and 
quantum yields that will translate into brighter 
signals [30]. Nonetheless, this only provides a 
modest improvement in signal.

A new approach named double labeling of 
oligonucleotide probe-FISH was developed, in 
which a single probe is labeled with two fluoro-
chromes, which leads to an increase of approxi-
mately twofold in the signal and avoids constrains 
associated with CARD-FISH such as low probe 
penetration [31]. Similarly, multilabeled oligo-
nucleotide-FISH, where probes can be labeled to 
up to four fluorophores, was recently described 
as an approach to enhance signal intensity. Using 

as a model a marine worm that is nutritionally 
dependent of a consortium of different symbiont 
bacteria, the authors were able to demonstrate 
that signal intensity increased several times [32]. 
A more recent technique that allows improving 
signal intensity without the need of an enzyme 
for molecular amplification is the hybridization 
chain reaction (HCR)-FISH. HCR-FISH uses 
an initiator probe, with a sequence specific for 
the target, and in most of the cases two fluores-
cently labeled RNA hairpin nucleic acid probes 
to provide signal amplification (see [33] for more 
technical details). This technique was success-
fully used in the detection of multiple organisms 
in seawater, sediments and sludge samples [34,35], 
and in the study of the spatiotemporal gene 
expression patterns in a symbiotic partnership 
between a squid and bacteria [36]. However, in 
the case of Gram-positive bacteria, a permeabi-
lization step may be still required, and the han-
dling of the RNA probes can be problematic 
due to its labile nature. Regarding this last issue, 
more stable DNA-HCR probes were successfully 
tested more recently [35].

●● Multiplexing
In classical FISH, the simultaneous visualization 
of different types of microorganisms is gener-
ally limited to three, in order to prevent spectral 
overlapping of fluorophores during microscopic 
analysis of the biofilms. Recently, a FISH vari-
ant named combinatorial labeling and spectral 
imaging (CLASI)-FISH was developed for the 
study of multispecies biofilms. It uses two probes 
with different associated fluorophores for each 
species, creating in that way multiple combi-
nations of colors. After multispectral imaging 
analysis, the simultaneous identification and vis-
ualization of different species is possible. Using 
the dental plaque biofilm as a model, Valm et al. 
were able to image up to 15 different taxa simul-
taneously [37,38]. Nonetheless, if two different 
probes are directed to the same sequence within 
the target species, the signal intensity will be 
distributed by both labels, decreasing its sensi-
tivity by half. On the other hand, if the two 
probes target different sites in the species of 
interest, probes might have different affinities 
to their target sequences, which will negatively 
affect the efficiency of hybridization. To over-
come the potential loss of sensitivity due to the 
use of two different probes in the CLASI-FISH, 
double labeling of oligonucleotide probes-FISH 
can be used. Using multicolored, double-labeled 
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oligonucleotides probes to achieve multiplexing, 
Behnam et al. were able to detect up to six micro-
organisms in a single FISH experiment [39]. Also, 
the aforementioned multilabeled oligonucleo-
tide-FISH can accurately detect up to seven 
different microorganisms, using multilabeled 
probes directed to only one site in the RNA [32]. 
Nonetheless, the number of different micro-
organisms that can be detected simultaneously 
by these two approaches is still significantly 
lower than when using CLASI-FISH.

●● Versatility & robustness
While many of the early concerns about stand-
ard FISH have been solved and this technique is 
now the most widely used to discriminate micro-
bial populations, several limitations have yet to 
be addressed. For a start, the need for cell fixa-
tion will presumably kill all cells in the biofilm, 
precluding further in vivo analysis, meaning that 
only snapshots of a biofilm can be obtained for 
each individual experiment. Artifacts in the bio-
film structure can also occur due to a number of 
factors of which the most important are likely to 
be: sampling method ologies for naturally grown 
biofilms (in lab-grown biofilms analysis can be 
directly performed on the surface); fixation 
procedures, which involve changing the solvent 
from water to ethanol or formaldehyde; tem-
perature increase associated to the hybridization 
process; and diffusion limitations of the probe 
through the biofilm matrix and cell envelope. 
The first, second and third factors may cause 
biofilms to deform, while the fourth leads to 
poor visualization of the cells, particularly those 
found in the inner layers of the biofilm or with 
thick cell walls.

To overcome part of these drawbacks, a new 
generation of more efficient and degradation-
resistant nucleic acid mimics was developed. 
Examples of such mimics are peptide nucleic 
acid (PNA) and locked nucleic acid [40,41]. The 
use of PNA-FISH associated with CLSM was 
reported in several works that study both the 
multispecies biofilms composition and the spa-
tial organization of the microorganisms, such as 
in a mixed biofilm of Salmonella enterica, Listeria 
monocytogenes and E. coli [42]. In this study, the 
probe was able to penetrate into a thick biofilm 
without apparent loss of signal, a feature that 
may be due to the uncharged nature of PNA. 
Locked nucleic acid-FISH probes have been used 
at more uncommon conditions such as acidic pH 
and 37°C, with the aim of detecting H. pylori 

directly in the stomach [43]. This procedure, 
named fluorescence in vivo hybridization, paves 
the way for direct application of FISH in real-life 
settings, whether they are clinical or environ-
mental, without extensive modification of the 
microenvironment surrounding the biofilm. 
While hybridization of nonfixed cells has been 
also already described elsewhere [44,45], there are 
still many doubts regarding the cellular viability 
during the whole procedure and the adaptabil-
ity of FISH to work in a continuous timeframe. 
Another positive side of this approach is that it 
has the potential to enable DNA analysis after 
FISH since the compromising step of DNA 
crosslinking during fixation is avoided [45].

●● Functional analysis of biofilm populations
To assess the contribution of different microbial 
populations to the biofilm metabolic activity 
micro-autoradiography-FISH (MAR-FISH) can 
be used. In MAR-FISH, the metabolic activity 
is assessed using radioisotope-labeled substrates 
that are incorporated into individual cells and 
detected. This technique was used for example in 
the study of multispecies nitrifying biofilms [46]. 
Nevertheless, analysis of single-cell activity in 
complex biofilms can be complicated, especially 
if cells are located above each other, or mixed in 
clusters. Also, radioisotopes with an appropriate 
half-life must be used (e.g., 3H, 14C, 32P and 35S) 
and the technique may be unsuitable for environ-
mental analysis. It also has the disadvantage of 
not being amenable to nitrogen and oxygen 
labeling, two major components of the organic 
matter. Variations of this technique that allow 
stable isotope-based analysis were reported and 
used in the study of complex microbial commu-
nities. One of these techniques is the nanometer-
scale secondary-ion mass spectrometry, which 
uses multi-isotope imaging mass spectrom-
etry [47,48]. Another similar technique, named 
Raman-FISH, combines fluorescence micros-
copy and Raman imaging, and can be used to 
demonstrate the relevance of a specific micro-
organism in a community. An example of its use 
is the work of Wagner’s lab, where a combina-
tion of Raman microscopy and FISH was used 
to define the dominant microorganisms through 
the analysis of physiologically active cells [49]. 
This enabled the identification of microbes in the 
mouse cecal microbiota that respond to altera-
tions in mucin and sugars, which in turn lead to 
a better understanding of the overall functions 
of the microbial populations [49]. In contrast 
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to MAR-FISH, Raman-FISH and nanometer-
scale secondary-ion mass spectrometry require 
specialized and expensive instrumentation that 
is not available in the majority of the research 
labs. More recently, the bio-orthogonal non-
canonical amino acid tagging technology was 
described [50]. This technique is based on the 
in vivo incorporation of the noncanonical amino 
acid L-azidohomoalanine (AHA), which is a sur-
rogate for L-methionine, followed by fluorescent 
labeling of L-azidohomoalanine-containing cel-
lular proteins by azide-alkyne click chemistry. 
The procedure can be combined with FISH 
for establishing a link between taxonomy and 
translational activity in environmental biofilms 
at a single-cell level. This approach, which cir-
cumvents the need for isotopic labeled samples, 
was successfully used in the study populations 
from oral microbiome, pond water and anoxic 
sediments [50].

Another valuable tool to relate individual 
organisms to their activity and biological function 
is mRNA-FISH, which can target the sequence 
of specific genes whose expression is associated 
with the activation of a certain metabolic path-
way, providing information about the micro-
organism physiology. This technique was devel-
oped to work in conjugation with rRNA-FISH, 
and was successfully used to study the expression 
pattern of a gene involved in methane oxidation 
by aerobic methane oxidizing bacteria [51]. Since 
then, mRNA-FISH was used to clarify the activ-
ity and biology of several environmental micro-
organisms [52,53]. However, due to the nature of 
its target, mRNA, problems with signal intensity 
may exist, as the low mRNA copy number that 
the cell is producing at a certain time point can 
result in low levels of signal intensity.

FP labeling
FP labeling is based on the insertion of a gene 
coding for an FP in the microorganism under 
study. This protein will then, under certain cir-
cumstances, be expressed, and the FP detected 
by flow cytometry (at the single cell scale but 
with no spatial information), epifluorescence 
(2D information) or other laser-based micro-
scopies (3D, CLSM being the most widely used 
technique in biofilm research). The history of FP 
labeling starts in the 60s when a GFP was first 
isolated, with pivotal steps in the late 70s with 
the unraveling of the chromophore structure. 
Bacterial FP labeling was only possible much later 
after the gene was successfully cloned (already in 

the 90s). Soon after, different FPs with different 
colors and enhanced properties became available, 
enabling higher operational flexibility and the 
possibility of multiplexing. If each specific species 
is labeled with a different color, the formation 
of the mixed biofilm can be followed noninva-
sively with real-time CLSM. Those approaches 
demonstrated pattern differentiation during 
biofilm formation [54–57] and cooperation or 
competition between populations [58]. Based on 
real-time CLSM time series of biofilms formed 
with FP reporter strains, Bridier et al. proposed a 
new model-based method to detect interspecific 
interactions during biofilm development [59]. In 
the following sections, the most relevant features 
of FP labeling will be presented.

●● Signal intensity
In FP labeling, higher signal intensity can be 
obtained both from the biological specimen, by 
using enhanced variants of FPs, and/or by increas-
ing the FP expression in the cells [60]. Increasing 
FP expression can be obtained by careful design 
of the expression vector, which can be achieved by 
choosing the appropriate promoter and gene dos-
age or by performing codon optimization among 
other strategies [61]. Other concerns in FP labeling 
are related to the photostability of the protein, as 
all FPs eventually photobleach after extended exci-
tation time. Other problems are associated with 
protein oligomerization and toxicity, as original 
FPs needed to oligomerize and tetrameric ver-
sions may be toxic to some cells. Additionally, the 
fluorescence yield of FPs is severely affected by 
their physico-chemical environment (pH, oxygen 
content) [30]. The use of optimized GFP variants 
can tackle most of those limitations [60], but these 
variants must be carefully selected to address the 
specific challenges in each application.

●● Multiplexing
Despite the comprehensive list of FP spectral 
variants that are currently available [60], multi-
species FP labeling experiments typically involve 
less than three colored populations to ensure suf-
ficient signal to noise ratio for single cell scale 
resolution. However, using the right filter settings 
on CLSM, and combining each target with two 
FPs, would enable the detection of more popu-
lations. This raises further concerns related to 
protein expression limitations (transcription and 
translational limitations and protein stability) and 
the increased metabolic burden for the host strain 
with severe impact on its ‘natural’ physiology [61].
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●● Versatility & robustness
Arguably, the main disadvantage of FP labeling is 
not being suitable for analysis of naturally occur-
ring biofilms. Because this approach involves 
genetic modification of the organisms, this meth-
odology can also affect bacterial behavior and bio-
film properties, for instance when expression plas-
mids are used [62]. The use of fluorescently labeled 
proteins requires oxygen for protein maturation, 
which can also be a limiting factor in the case of 
dense or anaerobic biofilms [63,64]. However, mat-
uration of some FPs is accomplished at low oxy-
gen concentrations enabling fluorescence meas-
urements after the samples have been exposed to 
air for brief periods [60]. Efficient expression of 
FPs is also pH dependent and highly limited in 
strongly acidic environments (pH below 5). This 
can become problematic with biofilms involving 
lactic acid bacteria and other acid producers [64,65], 
although the use of a buffered growth media may 
be sufficient to overcome this limitation [66]. In 
addition, genes expressing the FP are frequently 
inserted on plasmids. This has potential limita-
tions such as plasmid stability, homogeneity of 
expression within the population and the need 
to maintain antibiotic selection pressure in the 
strains [67–69]. Most of those limitations can be 
overcome by integration of the FP genes in the 
chromosome, which is most often more labori-
ous than working with plasmids [61]. Another 
alternative is the use of the above discussed bio-
orthogonal noncanonical amino acid tagging 
technology, which is suitable for environmental 
microorganism species analysis, in a pH, O

2
, and 

temperature independent manner [50].

●● Functional analysis of biofilm populations
FP-labeled strains reporting gene expression in 
biofilms enable visualization of specific spatio-
temporal patterns of expression in these organ-
ized communities. These approaches contributed 
to the discrimination of cell types in biofilms that 
were linked to specific biofilm behaviors, such 
as tolerance to stresses and antimicrobials [70,71]. 
FP-labeled strains were used to demonstrate 
that some genes were only expressed in certain 
regions and at certain stages of biofilm forma-
tion [72–75]. Multiplexing fluorescent reporter 
systems in Bacillus subtilis demonstrated the 
stratification of different cell phenotypes express-
ing flagella, matrix-producing and sporulating 
cells, in complex colony biofilm models [76,77]. 
Another interesting possibility is to use FPs for 
dynamic gene expression studies. In this case, 

dynamic measurements are often hampered by 
the high stability of GFP and therefore the use 
of destabilized GFP variants is a possibility [78].

Visualization of biofilm local 
microdomains
Besides the identification of the microbial spe-
cies present in a biofilm and the assessment of 
their spatial organization, there are several other 
parameters that can be analyzed locally, such as 
differences in matrix composition, pH, chemical 
species distribution and their oxidative state, co-
adhesion strength and oxygen tension [79]. The 
analysis of these parameters can generate valu-
able data to obtain a more complete picture of the 
biofilm behavior. Soon after FISH was developed, 
the technique was used in conjugation with O

2
 

and NO
3

- microsensors in the study of nitrifying 
biofilms, which enabled the identification of the 
profile of ammonia and nitrite-oxidizing bacteria 
in the biofilm [80]. These analyses are performed 
sequentially in the same biofilm, and are hence 
unable to provide exact spatial correspondence 
between both sets of data. In fact, at this point 
there are not many examples of robust and simul-
taneous observation of these technologies with 
either FISH or FP labeling. Nonetheless, some 
techniques, such as the use of fluorescently labeled 
silica nanoparticle sensors detected by fluorescence 
tomography (to assess pH gradients) [81], require 
fluorescence-based equipment for detection and 
as such are likely amenable to coupling, as long as 
care is taken in the selection of the correct fluoro-
phores. On the other hand, scanning electro-
chemical microscopy has been used to assess the 
local concentrations of certain molecular species, 
such as hydrogen peroxide and the redox-active 
signaling molecule pyocyanin [82,83]. However, 
because the detection method is based on an 
electrochemical detector, coupling with FISH or 
FP labeling is likely to be more complex. Other 
nondestructive techniques that can be used to 
assess differences in chemical composition and 
that might be amenable to coupling are synchro-
tron radiation-based Fourier transforms infrared 
microspectroscopy [84], Raman spectroscopy [85,86] 
and MALDI-TOF-FISH [87].

Under the context of the spatial distribu-
tion of biofilm components, software that can 
be combined with either FISH or FP imaging 
is of crucial importance. Different solutions are 
available for this purpose. A telling example is 
the digital image analysis in microbial ecology, 
which can quantify microbial co-localization, 
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determine whether the pairwise arrangement of 
the analyzed microorganisms is random, attrac-
tive or repulsive, and correlate species localization 
with physiological functions or physico-chemical 
microdomains [88,89].

Conclusion & future perspective
The vast majority of biofilms are multi species, 
and given their importance in the clinical, 
industrial and environmental contexts, it is cru-
cial to obtain a deeper characterization of these 
biostructures in all their relevant aspects. FISH 
and FP labeling, the most relevant techniques 

enabling the identification and spatial localiza-
tion of microorganisms in multispecies biofilms, 
share a number of common features (multiplex-
ing, versatility and robustness, among many 
others). Due to the specific aspects of each 
technique, the strategies to improve their perfor-
mance differ with the application under study. 
For instance, FP labeling is more adequate for 
studying dynamic events (such as those involved 
in the initial adhesion and biofilm formation), 
whereas biofilms with more than five species 
will likely require a variant of the FISH-derived 
technique, such as CLASI-FISH.

EXECUTivE SUMMARY
The importance of studying multispecies biofilms

 ●  The majority of naturally occurring biofilms are multispecies.

 ●  Both the composition and organization of the multispecies biofilms impact on the entire biofilm behavior.

Major fluorescent-based techniques to identify & study multispecies biofilm spatial organization

 ●  Fluorescence in situ hybridization (FISH).

 ●  Genetically modified fluorescent bacteria.

Major features associated with improvement of multispecies biofilms study techniques

 ●  Signal intensity:

 -  FISH: Catalyzed reporter deposition-FISH, double labeling of oligonucleotide probe-FISH, multilabeled 
oligonucleotide-FISH, hybridization chain reaction-FISH.

 -  Fluorescent protein (FP) labeling: use of enhanced variants of fluorescent proteins, and increased expression of FP in 
cells.

 ●  Multiplexing:

 -  FISH: Combinatorial labeling and spectral imaging-FISH, double labeling of oligonucleotide probe-FISH, 
multilabeled oligonucleotide-FISH.

 -  FP labeling: Careful choice of microscopic fluorescent filter settings combining each target with two FPs.

 ●  Versatility and robustness:

 -  FISH: Peptide nucleic acid-FISH, locked nucleic acid-FISH.

 -  FP labeling: Bio-orthogonal noncanonical amino acid tagging.

 ●  Functional analysis of biofilm populations:

 -  FISH: Micro-autoradiography-FISH, nanometer-scale secondary-ion mass spectrometry, Raman-FISH, bio-
orthogonal noncanonical amino acid tagging, mRNA-FISH.

 -  FP labeling: Dynamic gene expression studies.

Future perspective

 ●  Use of fluorescence in vivo hybridization to multispecies biofilm study.

 ●  General development of fixation-free FISH techniques.

 ●  Use of high resolution fluorescent microscopy.

 ●  Probes transmitted through different microbial generations.

 ●  Combined use of FISH and FP labeling.
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It will be interesting to observe how each 
technology will cope with its specific limita-
tions in the future and tries to acquire some of 
the positive aspects of the other. As an example, 
and as discussed above, FISH is being explored 
to enable the in vivo observation of biofilms and 
overcome the fixation step. In fact, there are very 
recent reports demonstrating that H. pylori can 
be labeled directly within the mice stomach 
using nucleic acid mimics in combination with 
FISH [90]. For the detection of the labeling, 
stomachs had to be collected for observation 
ex vivo under standard epifluorescence micros-
copy, because the sensitivity of confocal laser 
endomicroscopy was not sufficient for in vivo 
detection. Overcoming current limitations will 
involve improvements not only on the FISH 
methodology, to include better probe delivery 
in the absence of fixation, but also at the level 
of the endomicroscopy equipment. As another 
example, FP labeling can now be used to analyze 
patterns of gene expression within the biofilm 
with single cell resolution, establishing the con-
nection between cellular activity and species 
identification, albeit in non-natural environ-
ments. FP labeling can also benefit from the 
emergence of high resolution microscopy that 
enables the combination of species identification 
with subcellular localization [91].

A longer-term goal of both techniques would 
be to provide a robust, highly multiplexed and 
activity-coupled strategy to detect live micro-
organisms directly in naturally occurring 
biofilms (i.e., in vivo) and with time. Ideally, 
probes would be transmitted through different 
microbial generations, providing information 
of biofilm dynamics at longer time scales. In 
the meantime, a more encompassing strategy 
for the spatial characterization of polymicrobial 

biofilms requires the combined use of both FISH 
and FP labeling. It is nonetheless desirable that 
a single unified methodology or alternative 
method ologies could emerge in the near future, 
in order to better unravel the complexity of these 
fascinating microbial structures.
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