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Biofims vs. cities and humans vs. aliens —a tale

of reproducibility in biofiims

Nuno F. Azevedo, ' Jontana Allkja, ' and Darla M. Goeres?

Biofilms are complex and dynamic structures that include many more components
than just viable cells. Therefore, the apparently simple goal of growing reproducible
biofilms is often elusive. One of the challenges in defining reproducibility for biofilm
research is that different research fields use a spectrum of parameters to define re-
producibility for their particular application. For instance, is the researcher inter-
ested in achieving a similar population density, height of biofilm structures, or
function of the biofilm in a certain ecosystem/industrial context? Within this article
we categorize reproducibility into four different levels: level 1, no reproducibility;
level 2, standard reproducibility; level 3, potential standard reproducibility; and
level 4, total reproducibility. To better understand the need for these different levels
of reproducibility, we expand on the 'cities of microbes' analogy for biofilms by
imagining that a new civilization has reached the Earth's outskirts and starts study-
ing the Earth’s cities. This will provide a better sense of scale and illustrate how
small details can impact profoundly on the growth and behavior of a biofilm and
our understanding of reproducibility.

Biofilms and cities

Due to their complexity and organization, biofiims have been likened to cities of microbes [1,2].
Under this analogy, microbial cells represent city dwellers, the matrix represents the buildings
where people live, and the land surface/atmosphere ecosystem is the interface where biofims
form. This analogy will provide context for a discussion on the reproducibility of biofilm experiments.

The issues of experimental reproducibility have been the focus of numerous debates in the scientific
community (e.g., [3,4]). The lack of reproducibility in scientific studies represents a significant eco-
nomic burden. While estimates for biofilm science alone are unknown, we can look at other areas
of biological science as a representation of the cost to the biofilm field. For example, it was estimated
that 50% of the preclinical research in the USA, at a cost of approximately US$28 billion/year, is not
reproducible [5]. There is also a scientific cost as subsequent research is often based on conclusions
from preclinical studies, and the lack of reproducibility could result in dead-end studies [6,7].
Moreover, lack of reproducibility can have an impact on public trust in science leading to major con-
sequences [8]. One area where we can see the impact of this mistrust is the current rise in
antivaccination campaigns which has led to outbreaks of preventable diseases such as measles
and mumps [9].

Biofims are complex and dynamic structures, and the apparently simple goal of growing reproduc-
ible biofilms is often elusive. Furthermore, reproducible biofilms will have different meanings for differ-
ent scientists and/or applications. Is the goal to have a similar population density, height of the biofim
structures, or function of the biofim in a certain ecosystem/industrial context? For example, if the am
of the experiment is to evaluate the efficacy of an antimicrobial compound at eradicating biofims,
then it is important to achieve similar log densities each time. Hence, the level of reproducibility
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achieved with the different ASTM (American Society for Testing and Materials)-approved methods is
appropriate [10,11]. Furthermore, in the case of biofilms involved in wastewater treatment processes,
the most important feature is their metabolism which is needed to keep the water parameters at the
outlet of the reactor below a certain threshold [12]. Hence, it is important to define reproducibility in
the context of the biofim experiment.

In this article, we categorize reproducibility into four different levels (Figure 1). Level 1 represents
no reproducibility, meaning that the biofilm varies significantly in the number of cells, structure,
and extracellular polymeric substance (EPS) components between experiments and among
different laboratories. This level of reproducibility is often associated with biofilm growth reactors
that do not currently have any standardized protocols available for them. Methods used only in a
single laboratory, untested in other laboratories, may also fit in this category.

Level 2 captures standard reproducibility, which is currently defined by regulatory agencies and
standard-setting bodies and requires consistent numbers of viable cells per surface area within
the biofilm. This level of reproducibility is validated using ring trial studies in which the same
experiment is performed across different laboratories and the reproducibility standard deviation
is calculated. If this standard deviation is deemed acceptable by organizations such as ASTM
and ISO (International Organization for Standardization), then the method is approved as a
Standard Test Method (STM). Regulatory agencies reference STMs in their guidance documents
to define the pathway that companies must follow in order to get one of the following label claims
on their product: kills, removes, or prevents biofilm.

Level 3 represents a potential standard reproducibility and encompasses similarity in not only
viable cell numbers but also the concentration of EPS components and overall architecture of
the biofilm (shape, structure). When verifying level 3 reproducibility, not only does the biofilm
need to comply with the specifications set for level 2 but the biofilm structure, architecture, and
EPS components need to be deemed statistically equivalent among experimental repeats within

¢? CellPress

@ Bacterialcell @ 3& EPS components Biofilm Surface
- 20 - 20 - 15 - 20
& 10 &0 & s & 10
- - - - e
=, v e, " s s o v -, "
-~ -~ -t -~
2 - - 2 - - > 2 - =
S 4 2o 4~ 7 =, ] 4
N » . N » . 7 \ » .
. ST oo 7 . ST o 7 . - . ST o 7
- - - - = - -
- SN e - AN e R s a o - AN e
- 8 - 18 - 14 - 20
9s 9 s N4 - @10
“e ” < = "
S -2 <
- - 2 - -
L] 8
B T e = .- .~ S
i \‘h-, \.-— - ?’q’ s‘— ¢ - <7
M o " o - o= (= - 2 Y - - AN -

No reproducibility
CFU counts, EPS protein numbers,
biofilm architecture, and surface
position are different

Standard reproducibility
CFU counts are similar but
EPS protein numbers,
biofilm architecture, and surface
position may be variable

Potential standard
reproducibility
CFU counts, EPS protein numbers,
and architecture are similar but
surface position may be variable

Total reproducibility
CFU counts, EPS protein numbers,
biofilm architecture, and surface
position are the same
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Figure 1. Levels of reproducibility. Level 1, no reproducibility. Level 2, standard reproducibility. Level 3, potential standard reproducibility. Level 4, total reproducibility.
Each box represents one level of reproducibility. The represented molecules are explained in the figure (with their sizes enlarged for easier visualization). lllustration created
by Jill Story (Center for Biofim Engineering, Montana State University, Bozeman, MT, USA). Abbreviation: EPS, extracellular polymeric substance.
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a single laboratory and among repeats across different laboratories. While this level of reproducibility
has not yet been achieved, this concept has been described before in the literature by Jackson et al.
where they discuss the possibility of growing biofilms (referred to as identical biofilms) that are
reproducible in both cell number and structure [13].

Level 4 refers to total reproducibility which, from a deterministic perspective, means that all biofilm
elements (cells, architecture, EPS components, etc.), are present at exactly the same number
and location within the biofilm when the experiment is repeated within a single laboratory and in
different laboratories. This level of reproducibility includes the location, that is, overlapping coor-
dinates of biofilm components, as an extra requirement when compared with level 3. Hence, the
biofilms not only need to have a similar shape and architecture but their components must also
have the same 3D spatial location within the biofilm each time. As with level 3 reproducibility,
this has not been achieved experimentally.

Achieving reproducible biofilms depends on the reproducibility of the methods used to grow and
study those biofilms. For example, if the observed variability is due to the growth protocol used,
even a more advanced assessment method would fail to provide reproducible results. The other
side of the coin comprises variability in the assessment method used. There is also an inherent
conviction within the biofilm community that, due to the complex nature of biofilms, there is
only so much that we can do to control biofilm heterogeneity. This belief impacts progress
towards more reproducible research.

To be able to grow totally reproducible biofilms is no doubt a tremendous task. To better explain
what is necessary in order to achieve this, and to provide a sense of scale, we go beyond the
analogy of biofilms and cities and ask for the help of friends from outer space.

Cities and aliens

Let usimagine that a new civilization has reached the outskirts of the Earth and the members of this
civilization start looking at the surface of our planet using magnifying equipment for visualization. For
the sake of argument, that magnifying equipment would allow them to have a resolution of roughly
0.1 meter, that is, only structures/features over 0.1 meter would be discriminated (Figure 2). This
would allow aliens to identify individual humans (complex 3D structures), but no individual features.
Under these study conditions, the aliens would no doubt be able to very quickly characterize alarge
number of features in a city — such as the number of human inhabitants, the volume of buildings and
parks, and the average height of the city skyline. Based on these observations, they would soon
conclude that water is an essential nutrient, and that roads provide a means of communication
for individuals and other goods [14]. Nonetheless, aliens would find it hard to understand why cities
grow at different rates and why they form at certain locations. They would also struggle to
understand the impact that each subpopulation (i.e., type of worker) would have on the overall
functioning of a city, and if and how communication between different individuals occurs.

Biofilms and humans

The choice for the resolution of alien telescopes was not random. It was selected with respect to
the resolution that we scientists use to visualize biofims. When we observe a biofilm using an
optical or epifluorescence microscope we get a sense of the general structure of the biofilm
(Figure 2). This can be improved using electron microscopy or super-resolution imaging, but
generally at the expense of some biofilm features [15].

Regardless of these limitations, a microscope quickly characterizes a large number of features in
a biofilm, such as the number of microbial cells, the volume of biomass, and the average biofilm
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Figure 2. Comparison between different visualization scales for biofilms and Earth. The scale for visualizing biofims is
based on current microscopy technologies and the known optical diffraction limit. Examples of the level of detail visible for each
scale are shown for the visualization of both the Earth and the biofilm. At 10 cm/10 km no details are visible; at 100 um/100 m
the general shape and architecture can be assessed; at 10 um/10 m the internal structure/organization can be assessed; at
1 um/1 m the individual cells/humans can be assessed; at 0.1 um/10 cm the minute components can be visualized.
Microscopy images were repurposed under the creative commons attribution license: scanning electron microscopy (SEM)
[69]; atomic force microscopy (AFM) [70]. Confocal laser scanning microscopy (CLSM) image courtesy of Kelli Buckingham-
Meyer (Center for Biofilm Engineering, Montana State University, Bozeman, MT, USA). Map images obtained from Google Maps.

thickness [16]. Other methods can measure the most relevant substrates utilized by the micro-
organisms for growth. Nonetheless, we find it challenging to predict why biofilms exposed to
the same conditions grow at different rates and in various configurations. We are only starting
to understand the effects that each subpopulation (i.e., type of microorganism) has on the overall
functioning of a multispecies biofilm [17], and how communication between different cells occurs
[18]. Hence, in terms of reproducibility, it is important that we not only assess the log density of
biofilms but also other structural and behavioral characteristics.

Humans and aliens

If aliens had arrived in 1931 they would be puzzled by the existence of a city in the middle of the
desert — Las Vegas. If water was indeed essential, what could explain the presence of a city in
such a dire location? Those familiar with history will reply that the creation of Las Vegas was a
one-off event, led by the desire of an individual to create a city where gambling regulations
did not apply. Expectedly, aliens are not groomed to learn US history, and as such they would
probably just look at Las Vegas as an oddity without a clear explanation.
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While we are not advocating that complex written rules govern the way microbes interact in
biofilms, it is clear to us that even when every single parameter of a biofilm experiment seems
to be the same, technical replicates will at times provide significantly different results, for example,
+ 1 log difference in cell counts or different architecture'. These results are not (solely) due to
experimental errors — they are also due to minute but unavoidable differences in the initial cellular
contents, physiology, and location, as well as variations in the substrate/growth surface. While
generally these differences are considered for log density numbers in level 2 devices during rug-
gedness testing', their effect on other aspects of biofilm growth is not. This might explain why a
colony is not precisely located in a specific section of a coupon, and why these structures are
not composed of the same compounds or have the same geometry for apparently the same initial
starting conditions.

Considering level 3 reproducibility, achieving a reproducible biofilm would mean that cells form
similar structures in a similar fashion. While scientists do control for different experimental condi-
tions, such as flow rate, temperature, microbe strains, and the type of material used to promote
reproducible growth [19], if we consider one of these factors, say, type of material, what are
perceived as small differences during fabrication could lead to different outcomes. For instance,
a city built on a flat surface will be completely different from one built on a hillslope. Considering
relative sizes, a 100 m hill for us corresponds roughly to a 0.1 mm surface irregularity for a
bacterium. While we typically pay little attention to these details, common materials, for example,
polystyrene, can have a different surface roughness coefficient as a result of variations in
manufacturing. Among manufacturers of polystyrene microtiter plates, the RMS (root mean
square of measured microscopic peaks and valleys of a surface) can range from 1 to 6 pm
[20]. These differences in roughness can affect bacterial adhesion which, in turn, affects biofilm
formation and leads to different experimental outcomes [21].

Moreover, 'external' or global factors may contribute to the mix. Dust blown from the Sahara is
known to help fertilize the Amazon, located more than 3000 km away. In the case of biofilms,
usually overlooked factors — such as light and sound exposure or uneven (albeit minute) distribu-
tions of oxygen and temperature in multiwell plates — may lead to variability [22]. While standard
laboratory practices are obviously followed, researchers should consider recording more variables
and employing additional analytical methods to ensure that variability is kept to a minimum.

The road to total reproducibility

The analogy with aliens observing Earth was meant to illustrate how daunting the task to obtain
totally reproducible biofilms is. Even at the planktonic state, where cells supposedly face identical
conditions (unlike biofilms), they are known to have bias towards each other, that is, cellular
noise [23]. Clearly, aiming for absolute control and prediction of biofim formation is distant, but
new strategies are being developed that might have the potential to generate more reproducible
results (Box 1).

One approach to improve reproducibility is to focus on biofilm growth reactors. Most reactors
achieve only level 2 reproducibility (Figure 1). Many of them already have been validated for
STMs by ASTM for specific microorganisms and applications, most recently, the drip flow reac-
tor. Data generated in a ten-laboratory ring trail using this device resulted in a reproducibility stan-
dard deviation (SD) = 0.27 for the growth of Pseudomonas aeruginosa biofims [10,24]. However,
in order to aim for level 3 reproducibility, the overall structure and architecture of the biofilm needs
to be considered. As this is not a current criterion for STM validation by ASTM and other standard
setting organizations, no tests have been performed to investigate the reproducibility of the struc-
ture and architecture of biofims in any reactors. Hence, we do not have a current reproducibility
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Box 1. Improving biofilm methods
Biofilm formation methods

Level 1 devices have generally not been tested for standard methods validation, meaning that their reproducibility, that is, among laboratory variability, is unknown;
however, their repeatability, that is, within laboratory variability, has been assessed. For example, the simplest and most widely used of these methods relies on multiwell
reactors or microtiter plates where the biofim is grown in a batch system, meaning that there is no flow of nutrients into the system [35]. Their repeatability was assessed
for different characterization methods in two separate studies, but the overall observation was that the microtiter plate was not robust [19]. Flow cell reactors, which grow
biofilm under a continuous flow of nutrients, is another example of a level 1 device. Its repeatability has been investigated by Heydorn et al. where they assessed the
repeatability of biofilm thickness for different P. aeruginosa strains across different coupons on different experimental days [36].

Reproducibility of level 2 devices has been validated through a ring trial. The simplest of these is an alternative to the microtiter plate, the Calgary or minimum biofilm
eradication concentration (MBEC) device, where the microtiter lid has been modified to contain pegs [37]. The reproducibility of the MBEC system has been evaluated
for disinfectant efficacy testing on P. aeruginosa biofilm using the CFU count method through an eight-laboratory collaborative (ring trial) study [38]. The Center for
Disease Control (CDC) biofilm reactor and drip flow biofilm reactor grow biofilm under continuous flow [24,39]. Both of these reactors have been approved by ASTM
as standard biofilm methods [10,11].

While no level 3 reproducibility has yet been achieved, microfluidics devices show promise [40]. These are low-volume flow reactors (10°~10"" pl) with a very small
adhesion surface area (10 mm?~10~° mm?). They allow investigation of the effect of fluid dynamics in a more controllable manner as experimental conditions
(temperature, flow rate, pressure, pH, O, level) can be better regulated compared with existing techniques, but their application is limited to early stages of biofilm
formation [41].

In all the reactors mentioned herein, advances in nano-surface technology allow us to model the topography (roughness, porosity) of the surface to the micro and
nanoscale. This could help to improve reproducibility for all devices previously mentioned; surfaces could be modified or modeled to inhibit or stimulate adhesion, or
to direct cell growth in a specific direction [26]. To go a step further, droplet printing of micropatterned bacterial communities was recently achieved by Kumar et al. Their
work demonstrated the impact that micro-scale spatial location and structure differences can have on biofilm structure and the interactions within it [42].

Biofilm characterization methods

Level 1 characterization methods widely rely on dyes such as crystal violet and resazurin, which are generally used on microtiter plate grown biofilms, and rely on
an optical density or fluorescence-emission reading [35]. Additionally, omics-based characterization methods have risen in popularity in recent years. Through
next-generation sequencing techniques it is possible to run single- or multi-omics analysis —such as metagenomic, metabolomic, proteomic, transcriptomic,
and lipidomic — on biofilm samples [43,44]. These methods provide information on the ecology of biofims and the behavior of different species within it.

The most widely used level 2 characterization method is the CFU count method, which is the method of choice in the ASTM approved biofilm methods [10,39].
Guidelines exist for acceptable reproducibility standard deviations for viable plate counts'”.

In order to go past level 2 reproducibility, the ability to investigate the location and spatial organization of the biofilm and its components is crucial. Microscopy provides
information on the spatial organization of biofilms and the individual bacteria within them [17]. They can also provide information on the behavior of the biofim and the
social interactions between different bacterial species in mixed biofilms [45]. Additionally, microscopy can be used to quantify biofilm structures by measuring areal
porosity, fractal dimensions, and average diffusion distances [46].

Light-based imaging, using epifluorescence and confocal laser scanning microscopy (CLSM), remains the most widely used approach in the field [47]. However, the use
of more advanced microscopy aiming at surpassing the optical diffraction limit is becoming increasingly popular. Examples include scanning electron microscopy (SEM),
transmission electron microscopy (TEM), atomic force microscopy (AFM) and super-resolution microscopy techniques [48]. The latter are an advancement in the field of
light-based microscopy and allow imaging at resolutions past the optical diffraction limit (~50 nm or less) [49]. Moreover, the use of the Mesolens microscope to image
Escherichia coli biofilms made possible the imaging of intracolony microchannels and tracking of the uptake of fluorescently labeled microspheres, hinting at the possible
role of these microchannels in biofim formation and stability [50].

Additionally, microscopy techniques mentioned here require a labeling method in order to be able to image the biofilm and its various elements. Some labeling methods
could be used to label the organisms, for example, CLASI-FISH (combinatorial labeling and spectral imaging fluorescence in situ hybridization) and GFP [51,52].
More advanced methods allowing for single-molecule labeling are also available, for example, BiFC-PALM (photoactivated localization microscopy with bimolecular
fluorescence complementation) and STORM (stochastic optical reconstruction microscopy) [53,54].

Alternatively, label-free imaging techniques, such as Raman and mass spectrometry imaging (MS-I), can also be used to image biofims [55,56]. Another promising label-
free technology for use in biofilms is X-ray imaging, reaching resolutions as low as 0.01 nm [57].

standard for these criteria. Nonetheless, new reactors such as microfluidics devices, which
allow for better control of the growth environment, conditions and surface, could potentially
help to reach level 3 [25]. Recent advances in surface modification technologies have also
allowed for improved control on the initial site of cell attachment and can also potentially improve
reproducibility [26].
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Another approach is to focus on biofilm characterization methods. While some of these methods
enable quantification of the biofilm as a single entity, others look at one specific element of the
biofilm. The former can reach only level 2 reproducibility, as they provide no information on the
composition and spatial location or arrangement of components within the biofilm. Furthermore,
being able to characterize and quantify specific elements of the biofilm, coupled with microscopy,
could help us to get closer to level 3 reproducibility. Recent breakthroughs using these
techniques in other fields provide insights on how they may be applied to biofilm research. For
example, combining advanced microscopy techniques such as cryo-SMLM (single-molecule lo-
calization microscopy) and cryo-SEM (scanning electron microscopy) has made it possible to
image whole mammalian cells in 3D. This has allowed for the visualization of cell ultrastructure
to unprecedented details, down to the visualization of individual proteins, their location within
this structure, and how they interact with the different organelles and each other [27].

Furthermore, we must not neglect the importance of data analysis. Regardless of how detailed or
sophisticated a method is, if the data are not processed and interpreted correctly we cannot eval-
uate ‘true’ reproducibility (Box 2). Moreover, while advances in microscopy have allowed us to vi-
sualize samples in greater detail, quantitative data analysis protocols are needed to fully take
advantage of these new technologies. If we consider the requirements for level 3 reproducibility,
then the application of spatial statistics becomes paramount to biofim reproducibility in 3D. For
example, in a recent work by Shi et al., an algorithm was developed which could extract each
cell’s directional information, within the biofilm, in relation to neighboring ones. This allowed
them to calculate association matrices, a form of quantification for the spatial organization of
the biofim that can be compared across different biofilms [28].

Box 2. Bioinformatics tools and modeling strategies

As new technologies are being developed it is particularly important to keep in mind the value of reliable downstream data
analysis. This is essential for techniques such as omics and microscopy where the outputs need to be analyzed through
different software. For image analysis, with each new application and acquisition method, new image analysis protocols need
to be validated and developed [46]. Tools such as BiofimQ have been recently introduced; they can be used to quantify
shape, volume, biomass, cell coordinates, and more [58,59].

Similarly, the data analysis issue cannot be ignored for omics methods. Many different commercial and open-source software
packages exist for the quality assessment, assembly, qualitative, and quantitative analysis of single-omics techniques, such as
MEGA-X [60], CLC Genomics Workbench [61], MetaboAnalyst [62], and many others. Issues with primer bias and lack of com-
plete and accurate gene libraries for biofims need to be addressed in order to improve reproducibility and data analysis [63].

Biofilm modeling

Mathematical modeling uses mathematical formulas and concepts to describe a system based on existing experimental
evidence and make predictions accordingly. They can be applied to investigate the dynamics of biofilm formation [64].
D’Acunto et al. developed a mathematical model to run simulations on the dispersal of bacterial cells from biofims. The
model looks at the motility of dispersed cells as different environmental cues are applied and can predict dispersal
occurrence at different locations of the biofilm [65].

There are different types of computer modeling, such as individual-, agent-, and atomistic- based modeling. Individual-
based modeling accounts for the differences between specific individuals in the biofilm community and may be used to
predict all the different outcomes of an experiment. Individual models can be combined with population models to simulate
all the different stages of biofim formation and behavioral patterns in a specific model [29].

Agent-based modeling simulates the interactions and behavior of autonomous agents within a model system. It is often
either used in conjunction with, or mistaken for, individual-based modeling due to the similarities. This type of modeling
can help simulate the behavior of a biological system such as biofims at the molecular level [66].

Atomistic modeling is a very novel type of computer modeling. It can model interactions at the atomic level and look at in-
teratomic forces in materials [67]. Moreover, machine-learning and deep-learning methods can help in the processing of
high-throughput data, such as microscopy and omics data, more reliably and detect patterns within these large datasets.
They can also speed up the process through automation [68].
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Currently, no laboratory method can reach level 3 or 4 reproducibility. The application of mathe-
matical and computer modeling could be the way to achieve this seemingly impossible task.
These models allow for the control of every aspect of the experimental set-up such as number
of cells, area of growth, environmental conditions, nutrient molecules, and many more variables
[29]. While, at present, no models that are able to fully mimic what occurs in nature exist, data
from totally reproducible models have been used to start understanding how altering one seem-
ingly insignificant factor could affect biofilm growth and behavior. The data obtained from these
models can, in turn, be used to help us design better laboratory experiments with improved re-
producibility. However, as most models rely on experimental data as a reference, they are depen-
dent on the information available and its quality [30]. Moreover, since these models are
computationally demanding and time-consuming, it is not feasible to model large-scale systems.
Hence, most models analyze a chosen subset of the biofilm which does not account for every-
thing in the system [29]. Examples of different modeling systems can be found in Box 2.

Alternative approaches to tackling reproducibility

Advances in the methodologies mentioned earlier are not the only solution to the problem of re-
producibility. Alternatives are available to address other issues pertaining to reproducibility, such
as poor reporting and unavailability of raw (untreated) experimental data [3]. For instance, existing
initiatives, such as the BiofOmics database, can be used to store raw data from various biofilm
studies, thereby improving accessibility [31].

Furthermore, initiatives such as the minimum information about a biofim experiment (MIABIE)"
guidelines can help to improve the reporting of biofilm experiments in the literature [32,33]. To im-
prove compliance with the guidelines, the information that MIABIE asks researchers to report is
easily obtained by most laboratories working in this area. For instance, regarding the surface
where the biofim is grown, only the type of material and the manufacturer of the surface must
be reported. However, to achieve level 3 reproducibility, a map of the surface showing both its
topography and composition should be provided. While this is not achievable for most research
groups, some publications already provide a general term (e.g., roughness) as a topography in-
dication. For example in the work by Borch et al., material composition and synthesis descriptions
are provided in detail [34]. Additionally, the new ontology initiative by the National Biofilms Innova-
tion Centre (NBIC)" can help in standardizing the terminology used across different biofilm-related
publications. This will help to avoid ambiguity in the vocabulary used, thus increasing the effec-
tiveness of minimum information guidelines.

Concluding remarks

Biofilms exhibit a chaotic behavior popularly known as 'the butterfly effect’. Small changes in initial
conditions can lead to significantly different outcomes, affecting scientific conclusions. Hence,
the ability to perform reproducible biofilm experiments is crucial. One can ask if it is necessary that
biofims achieve total reproducibility. The answer to this question depends on the aim of a study.
For many applications, achieving level 2 or level 3 reproducibility will be sufficient. Nonetheless,
achieving total reproducibility would enable us to study effects caused by miniscule changes in
the system. The development of more reliable and reproducible biofim methods is necessary to
reach this goal (see Outstanding questions). In the meantime, we can strive to minimize sources
of variation and rely on statistical methods that enable us to quantify the chaotic behavior of biofims.
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Outstanding questions

Is the lack of reproducibility more
heavily reliant on the biofilm growth
reactor used, characterization method,
or data analysis approach? How can
we assess the specific impact each of
them has on reproducibility?

Which type of biofilm reactors will be
able to provide level 3 reproducible
biofilms?

How does the study’s aim determine
what level of reproducibility is
acceptable? Is level 4 always the
goal, or for some applications will
level 2 always be acceptable?

Are spatial statistics sufficient to
assess reproducibility of microscopy
data? What other statistical tools
need to be developed to assess
reproducibility from different types of
analytical methods?

So far, total reproducibility is only
feasible using computer modeling. Is
it possible to reach in wet laboratory
biofilm experiments?
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