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Abstract

Fluctuation assays are widely used for estimating mutation rates in microbes growing in liquid environments. Many cultures are each inoculated
with a few thousand cells, each sensitive to a selective marker that can be assayed phenotypically. These parallel cultures grow for many
generations in the absence of the phenotypic marker. A subset of cultures is used to estimate the total number of cells at risk of mutations (i.e.,
the population size at the end of the growth period, or Nt). The remaining cultures are plated onto the selective agar. The distribution of observed
resistant mutants among parallel cultures is then used to estimate the expected number of mutational events, m, using a mathematical model.
Dividing m by Nt gives the estimate of the mutation rate per locus per generation. The assay has three critical aspects: the chosen phenotypic
marker, the chosen volume of parallel cultures, and ensuring that the surface on the selective agar is completely dry before the incubation.
The assay is relatively inexpensive and only needs standard laboratory equipment. It is also less laborious than alternative approaches, such
as mutation accumulation and single-cell assays. The assay works on organisms that go through many generations rapidly and it depends on
assumptions about the fitness effects of markers and cell death. However, recently developed tools and theoretical studies mean these issues
can now be addressed analytically. The assay allows mutation rate estimation of different phenotypic markers in cells with different genotypes
growing in isolation or in a community. By conducting multiple assays in parallel, assays can be used to study how an organism's environmental
context affects spontaneous mutation rate, which is crucial for understanding antimicrobial resistance, carcinogenesis, aging, and evolution.

Video Link

The video component of this article can be found at https://www.jove.com/video/60406/

Introduction

In 1901 the Dutch botanist Hugo de Vries coined the term mutation1. Twenty-six years later, when Hermann Joseph Muller discovered the
mutagenic action of X-rays2, mutations were already perceived as one of the driving forces of evolution. However, the nature of mutations was
not clear. To answer the fundamental question of whether mutations emerge spontaneously (i.e., a spontaneous mutation) or in response to
selection (i.e., an induced mutation), a method was needed to observe mutational events. Such a method would measure the expected number
of mutations per cell division or what was already known as a mutation rate3,4.
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Figure 1: Schematic illustration of how to perform the fluctuation assay with a microbial strain in a 96 deep well plate. (A) Inoculate
and acclimate cells in 50 mL tubes containing five different environments ('red', 'blue', 'green', 'purple', and 'orange' assays). (B) Prepare
parallel cultures with a small number of sensitive cells in a 96 deep well plate. The 'red' assay has 20 parallel cultures, whereas the 'blue',
'green', 'purple', and 'orange' assays all have 19 parallel cultures. The positions of the parallel cultures on the 96 deep well plate are random.
Randomization can be done with the Supplementary LayoutGenerator.R script or by some other tool. The layout on the top right is the
randomization result. (C) Incubate the 96 deep well plate and allow the cells to divide and spontaneously mutate. Six cultures from deep wells
A1, B1, C1, E1, F1, and G1 show how the number of mutants fluctuates: 4, 0, 2, 2, 1, and 4 red cells after the third cell division, respectively.
The number of mutants differs not only because of the different number of spontaneous mutations (0, 1, or 2 as shown by the first red cell), but
also because it is important when during a culture cycle a resistance mutation spontaneously emerges (cell division 1, 2, or 3). (D) After the
incubation of the 96 deep well plate the number of mutants is determined by plating 81 parallel cultures. On the layout these are circles without
bolded edges. The entire parallel culture is plated on one well of a 6 well plate containing a selective agar. (E) The remaining 15 cultures are
diluted and plated on the non-selective agar to determine the average number of cells (Nt). On the layout these are labelled as Ntwells and have
bolded edges. For each assay Nt is averaged over three parallel cultures. On the bottom right is a Petri dish containing a non-selective agar plate
with 25 CFUs of a diluted culture grown in a deep well D1 (part of a 'green' assay). (F) After incubation of the selective 6 well plates the number
of observed mutants were counted and the expected number of mutational events, m, was estimated using a Maximum Likelihood estimator. (G)
Knowing both the number of mutations, m, and the number of cells per assay, Nt, the mutation rate was estimated as m/Nt. Please click here to
view a larger version of this figure.

Salvador Luria and Max Delbrück in 1943 provided an ingenious solution to this problem with the fluctuation assay5 (see Figure 1). The assay
starts with multiple populations (named parallel cultures) that are initiated with a small number of microbial cells (Figure 1A,B). After growth in
a benign, non-selective environment (Figure 1C), parallel cultures are transferred on plates containing a selective marker (phages, antibiotics,
etc.), where only cells with a resistance mutation survive and can produce a colony (Figure 1D). The main expectation was that if resistance
mutations are induced, the number of cells that carry a mutation should be distributed among different populations with the mean equal to the
variance. What Luria and Delbrück found with the fluctuation assay is that the number of mutants fluctuated drastically and that the variance
in the number of mutants among different populations was considerably greater than the mean. Luria and Delbrück thereby demonstrated that
mutations are spontaneous. They showed that mutations spontaneously emerge whenever the DNA is replicated, and the number of mutants
depends on when the mutation occurs during the growth of the population. See Figure 1C, where six populations, each initiated with a microbial
cell (in blue), experience none, 1, or 2 single mutations. Populations A1, E1, and F1 experienced one single mutation (first red cell), but because
a single mutation spontaneously emerges at various time points during a culture cycle, populations ended up with a very different number of
observed mutants (four, two, and one, respectively). On the other hand, populations C1 and G1 ended up with the same number of observed
mutants as E1 and A1, despite experiencing two mutational events rather than one. The fluctuation of observed mutants among populations not
only gave the assay the name, but also showed that a mutant frequency (i.e., the proportion of mutant cells) is an inadequate indicator of the
mutation rate.

The overall goal of the fluctuation assay is to estimate the spontaneous mutation rate of a particular genotype of bacteria or other single-
celled organism growing in a particular liquid environment. The fluctuation assay remains the most appropriate tool for studying environmental
dependency of microbial mutation rates and allows rapid and inexpensive mutation rate estimation. Alternative approaches to mutation rate
estimation, such as maximum-depth sequencing6, population sequencing7, mutation accumulation experiments8, or comparing genome
sequences of an offspring to those of the parents9 are much more laborious, and thus poorly suited to potentially detecting environmental
dependencies. However, dynamic aspects of a mutation's generation and repair are largely inaccessible to a fluctuation assay or to any of the
methods of assaying a mutation rate listed above. To study how the number of mutations changes in time, space, or among individual cells
within a population, single cell approaches11,12 are necessary, which, in addition to being more laborious than fluctuation assays, require highly
specialized skills and equipment.
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In practice, a fluctuation assay is counting cells gaining a phenotypic marker due to a mutation that occurs in an environment lacking selection
for that marker. The meta-analysis of hundreds of published assays10 shows that at least 39 different phenotypic markers have been used since
the assay's inception in 1943. The fluctuation assay can be used to compare averages and environmental dependency of mutation rates among
laboratory, clinical, nonmutator, and mutator strains growing in permissive environments. The assay allows for the mutation rate estimation in
cells with different genetic backgrounds growing in either minimal or rich environments. The assay is suitable not only for populations growing as
a monoculture but can also be used for studying the effects of cell-cell interactions on mutation rates11. When the strain of interest is cocultured
with a second strain, and a neutral marker is used to distinguish the strains, mutation rates can be assayed for two strains in the same tube at
the same time.

Fluctuation assays have revealed that the spontaneous mutation rate depends upon both a cell's genotype and its environment12 and is a trait
that itself evolves13. Whenever the mutation rate of one particular genotype changes with the environment, it is described as mutation-rate
plasticity11. Plastic mutation rates have been most thoroughly addressed for stress-induced mutagenesis (SIM)14. In addition, using fluctuation
assays, it has been recently shown that the density to which a population of cells grows (typically a batch culture at carrying capacity) is closely
associated with mutation rates across bacteria and unicellular eukaryotes. The mutation rate per genome per generation decreases in dense
populations by as much as 23-fold10,11. This density-associated mutation rate plasticity (DAMP) can depend on a quorum-sensing system15 and
act independently of SIM16.

Here, a detailed protocol is presented for the fluctuation assay used to study Escherichia coli strain K-12 gaining resistance to the antibiotic
rifampicin in a glucose minimal media environment. However, this protocol should be viewed as a basic template that can be utilized to study
a wide variety of microbes by simply modifying the culture conditions and phenotypic markers of mutation. The protocol has evolved from its
inception5,17,18,19,20,21,22,23,24,25,26,27,28,29 through its use on a wide range of microbes and even cancer cells30 and has been modified to increase
the throughput, which was essential for properly testing environmental dependencies of microbial mutation rates10,11,16. The protocol described
here does not cover all the methodological and analytical issues of the fluctuation assay that have been already well discussed in the literature,
particularly fitness effects of resistant mutations31, phenotypic delay32, cell death33, and the suitability of various algorithms available to estimate
mutation rates26,34. This can be important, for instance, when the environmental dependence of fitness effects can give rise to erroneous
variation in the mutation rate estimates35. However, we note that the analytical tools that we use here can deal with the variation in mutant fitness
and cell death. As addressed in the notes and discussion, it is also recommended that multiple phenotypic markers that are unlikely to have the
same environmentally dependent fitness effects be considered. This protocol will enable people to routinely assay environmental dependencies
of mutation rates in the diversity of microbial strains and environments. Assaying mutations in different environments has not yet been thoroughly
tested and once population density is considered, fluctuation assays can give a more precise estimate of mutation rate10. This protocol will
enable more fluctuation assays to be performed, as is necessary for understanding the mechanisms underpinning mutation rates, which in turn is
vital for understanding evolution, carcinogenesis, aging, and antimicrobial resistance.

Protocol

1. Day 1: Inoculation and Acclimation of Cultures

1. Inoculate 3 mL of liquid lysogeny broth (LB, see Supplementary Table 1) with a scrape of ice from the E. coli MG1655 glycerol stock (18%
glycerol, -80 °C). Shake the LB culture at 120 rpm for ~7 h at 37 °C.
 

NOTE: In this experiment, E. coli K12 MG1655 growing in LB is used, but this assay can be performed with any E. coli strain or any other
culturable microbial species. Incubation temperature, incubation times, and nutrient level of the growth media may all be subject to variation
by species or strain.

2. Dilute the culture 2,000-fold using the saline solution. Add 100 µL of the diluted solution to three 50 mL screw cap conical bottom polymer
tubes (50 mL tubes) with 10 mL of liquid Davis minimal medium (DM, see the Supplementary Table 1), respectively containing 80 mg/L, 125
mg/L, or 250 mg/L of glucose. This is the same medium (i.e., environment) in which the mutation rate will be estimated. Shake the cultures at
120 rpm overnight at 37 °C.
 

NOTE: The choice of media is subject to variation by species, strain, or research question.

2. Day 2: Generation of Mutants in Parallel Cultures

1. First, prepare the environments in which the bacteria will be cultured. Always prepare 10% more than required (i.e., twenty 1 ml cultures
require 22 mL). Prepare 22 mL of 1) DM with 80 mg/L of glucose, 2) DM with 125 mg/L of glucose, 3) DM with 250 mg/L of glucose, 4) DM
with 80 mg/L of glucose, and 5) DM with 250 mg/L of glucose in five 50 mL tubes. Label them as GLC-80A, GLC-125, GLC-250A, GLC-80B,
and GLC-250B, respectively.

2. Prepare inocula for the environments. Ensure that the inoculum for 1 mL of the environment contains 1,000−5,000 cells. Do this by
following the steps below.

1. Measure the optical density (OD) of overnight cultures (from step 1.2) at 600 nm.
2. Dilute each overnight culture in order to reach a final density of 1,000-5,000 cells per mL of DM with glucose. In our hands, if the OD

measured in 2.2.1 is 0.3, this means making a 100-fold dilution (in saline solution) of the overnight culture, then adding 11µl of this
solution to the 22 mL environment.

3. Prepare parallel cultures.
 

NOTE: This protocol is written for one 96 deep well plate, performing five fluctuation assays (the maximum reasonable number on one 96
well plate), using three environments. With experience, multiple deep-well plates may be run in parallel.

1. Create a random layout of parallel cultures for one 96 deep well plate. The Supplementary R script LayoutGenerator.R (see the
layout in Figure 1B) can be used for this. Position each parallel culture on the 96 deep well plate according to the layout.
 

NOTE: Running the LayoutGenerator.R will ensure that the first assay has 20 parallel cultures, and that the second, third, fourth, and
fifth assays have 19 parallel cultures each.
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2. Transfer 1 mL of inoculated media into each well of a 96 deep well plate according to the randomized layout.
3. Fix the lid of the deep well plate with the tape. Do not fix the lid tightly, because the culture growth is sensitive to the amount of

aeration.
4. Weigh the entire plate with the lid and the tape and shake the plate at 250 rpm for 24 h at 37 °C. Place 2 L of distilled water in the

incubator to stabilize the amount of evaporation among experimental sets.

4. Determine the inoculum size by plating 10 µL of each of the inoculated media on the non-selective Tetrazolium (TA) agar plate (see
Supplementary Table 1). Use a sterile L-shaped spreader until the agar surface is dry. Incubate TA agar plates lid down overnight at 37 °C.
 

NOTE: TA agar is a rich agar that contains the sugar L-arabinose and the water-soluble dye 2,3,5-triphenyltetrazolium chloride, which is
colorless in its oxidized form. When bacteria reduce the dye, it turns red due to the formation of formazan. Colonies on TA agar that cannot
utilize L-arabinose are dark red. Other strains, such as MG1655, are pinkish. Use of TA agar rather than standard LB agar is recommended
because colored bacterial colonies are easier to spot, which makes colony counting more reliable and quicker.

5. Prepare selective TA agar containing rifampicin in 6 well plates. Pipette 5 mL of the selective TA agar into each well of the 6 well
plates. Prepare the antibiotic rifampicin just before it is added to the TA agar.

 

NOTE: When cycloserine is used as a marker, use Davis minimal medium with 250 mg/L of glucose supplemented with agar and L-
arabinose and 2,3,5-triphenyltetrazolium chloride as a selective agar. Namely, TA agar does not select only cells that are resistant to
cycloserine, because tryptone and yeast extract (both the essential components of TA agar) contain the amino acid D-alanine. This amino
acid antagonizes the antimicrobial effect of the cycloserine and allows all cells to make a colony.

1. Leave the selective and remaining non-selective plates in the dark (e.g., in a box) at room temperature.

3. Day 3: Plating Cultures on Selective and Non-selective Agar Plates

1. Count colony forming units (CFU) on the non-selective agar plates and determine the size of the inocula by multiplying CFU by 100. This is a
ratio between a volume of the parallel culture (1 mL = 1,000 µL) and the plated volume (10 µL).
 

NOTE: If non-selective plates are stored refrigerated the CFU can be counted later.
2. After 24 h of incubation, weigh the entire deep well plate to determine the amount of evaporation. This is likely to be around 10%.
3. Calculate the average volume of a parallel culture after 24 h of incubation (V[24h]) in microliters using a starting volume V[0h] = 1,000 µl and

the plate's weight converted into microliters, where the density of the growth medium is measured in mg/µl. This study uses a density of 1 mg/
µl:
 

4. Transfer the three randomly chosen cultures per assay (15 in total, highlighted with a black circle in the layout in Figure 1B) into labeled
microcentrifuge tubes. Leave them on the bench to be used later (see step 3.6) for determining the final population size (or Nt).

5. Plate the remaining 81 parallel cultures from the deep well plate onto the selective TA agar containing rifampicin. Pipette one entire
parallel culture from the 96 deep well plate into one well of a 6-well plate. Ensure that any 6 well plate contains parallel cultures
from more than one fluctuation assay.

1. Remove the lids from the selective agar plates, and leave uncovered in sterile conditions. Dry out all the liquid on the surface of the
selective TA agar.
 

NOTE: The agar being completely dry is critical. However, do not overdry the selective TA agar, because it must not be allowed to
crack.

6. While the selective TA agar plates are drying, which can take up to several hours, determine Nt of the 15 cultures prepared in step
3.4 using colony forming units (CFU).

1. Determine CFU by diluting the cultures from the microcentrifuge tubes. Use five 10-fold dilution steps, mixing and vortexing 900 µL of
saline solution with 100 µL of the culture on each step. Plate 40 µL of the last dilution (with a dilution factor of 105) on the non-selective
TA agar and incubate plates lid down overnight at 37 °C.
 

NOTE: The dilution series in 96 well plates can be performed with a multichannel pipette, which can increase the speed of this step.

7. Once all the wells on a 6 well plate are free of the culture liquid, put the lid back on and place the 6 well plate with the lid down on the bench
until all 6 well plates are dry. Once all are dry, incubate the plates lid down at 37 °C for 44-48 h.
 

NOTE: For other markers (nalidixic acid, cycloserine, hygromycin B, or 5-FOA) incubate the plates for 68-72 hours. Make sure that the
humidity in the incubator is high. It is critical that the selective agar plates not dry out during the incubation period.

4. Day 4: Determination of the Number of the Cells in the Cultures

1. Count the CFU on the non-selective agar plates. Estimate the number of viable cells in the culture by multiplying the CFU with the dilution
factor (105) and ratio between the calculated average volume V[24h] in microliters (see step 3.3) and plated volume (40 µl):
 

2. Nt of a particular genotype growing in a particular environment is the mean of these values from the three cultures.

5. Day 5: Estimation of the Mutation Rate

1. Count the number of colonies resistant to the antibiotic on the selective TA agar plates (i.e., the numbers of resistant cells that
arose through spontaneous mutation in the deep-well plate on days 2−3). Record the distribution among parallel cultures of the
observed number of mutants for a particular assay (e.g., 16 or 17 values, including zero counts).

 

NOTE: If selective plates are stored refrigerated, colonies resistant to the antibiotic can be counted later.
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1. Use each distribution to estimate the number of mutational events, m, using the R-package flan36.
 

NOTE: There is also the R-package rSalvador with similar functionality29.
2. Save the distribution of the observed mutants for one assay in a text file as a single column.

2. Use Shinyflan software (http://shinyflan.its.manchester.ac.uk/) to estimate m as detailed below.
1. In the tab Hypothesis Testing leave values as defaults (i.e., Unknown Fitness ticked, Estimation Method = Maximum Likelihood

(ML), Distribution of Mutant Lifetime = Exponential (LD model), Winsor Parameter = 1,024, Mutation Number and Fitness = 1,
Confidence Level = 0.95, Number of Class and Maximal Value = 100).

2. Click Browse and select the text file with the distribution of observed mutants. Try first with the Supplementary Data file.
3. After uploading the file, click on Perform Test. On the right side under the Result of the Test, under the One Sample ML-Test (LD

model), find the Mutation Number. This is m, the expected number of mutational events.
4. Under the 95 Percent Confidence Interval for the Mutation Number find the upper and lower bound of m.

3. Once m and Nt (determined by CFU) are available, estimate the mutation rate of a particular genotype in a particular environment

as . Divide the upper and lower bounds on m by Nt in the same way to generate confidence intervals on the mutation rate (NB this does not

account for the uncertainty in Nt).
 

NOTE: Results are presented as the mutation rate per rpoB locus per generation. Mutation rate per base pair is generated by dividing the
mutation rate per rpoB locus by 79, which is our current knowledge of how many point mutations within an rpoB gene confer resistance to
rifampicin37. Multiplying the mutation rate per nucleotide by the size of the chromosome (E. coli K-12 MG1655 = 4,639,675 bp), gives the
mutation rate per genome.

4. Repeat steps 5.1−5.3 with the remaining four fluctuation assays.

Representative Results

Results were gathered with the reported protocol in four different weeks by three different individual researchers, where each week a 96
deep well plate was used to generate five mutation rate estimates. Altogether three 96 deep well plates generated 15 mutation rate estimates
(± 95% confidence interval, CI) in E. coli K-12 MG1655 (Figure 2A, as used in the protocol), while one 96 deep well plate was used for
five estimates (± 95% CI) of E. coli K-12 BW25113 ΔmutT mutant (Figure 2B). In Figure 2 the median precision with interquartile range of
estimating m is 17.5% (1.00%−28.9%, n = 20). Precision is a coefficient of the variation of the expected number of mutational events (m)
calculated as σm / m x 100% (where σ is calculated as shown previously38). Raw data for Figure 2 is available in the Supplementary Data File
"Krasovec_etal_JoVE_data.csv". The Supplementary Data File is accompanied by an R script to generate Figure 2. See also Supplementary
Table 2 for more details on bacterial strains, and Supplementary Table 3, where columns in the data file are explained. Data points acquired
with rifampicin and nalidixic acid were previously published in Krašovec et al.10 and have the same IDs here as when first published.

In Figure 2A the MG1655 mutation rates of three different phenotypic markers, cycloserine, rifampicin, and nalidixic acid are presented. Here,
mutation rates were assessed in Davis minimal medium with 80, 125, and 250 mg/L of glucose, as explained in the protocol. In one case 1,000
mg/L of glucose was used (Figure 1B). In practice, any initial glucose concentration can be used. As expected, mutation rates were higher for
cycloserine resistance, lowest for nalidixic acid resistance, and the rate of rifampicin resistance was in the middle. This is in accordance with
the known target sizes for these three resistances, where the largest is for the cycloserine and the smallest for the nalidixic acid. The discussion
and Figure 3 give details on how to exploit the target sizes, volumes of parallel cultures, and level of nutrients in the environment to optimize the
measuring of microbial mutation rates with the fluctuation assay.

The fluctuation assay clearly shows which strain is a constitutive mutator and which has normal mutation rates. The ΔmutT strain had an
approximately 50x higher mutation rate to nalidixic acid resistance (Figure 2B) as MG1655 (Figure 2A). However, to determine the mutation rate
of a particular genotype in different environments, doing at least five replicates per genotype per environment using only one phenotypic marker
is recommended. For a detailed outline of the statistical methods previously used to analyze this type of experiment, see the supplementary
information in Krašovec et al.10.
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Figure 2: Representative figure of mutation rates estimated by the fluctuation assay in Escherichia coli populations. (A) The mutation
rate as determined by the reported protocol in wild type MG1655 (circles). The figure shows the mutation rates in the presence of rifampicin (light
blue circles), nalidixic acid (red circles), and cycloserine (dark blue circles) resistance. For nalidixic acid, larger culture volumes of 10 mL were
used (see Supplementary Data File). Data for rifampicin and nalidixic acid is replotted from Figure 2a in Krašovec et al.10. (B) The mutation
rate to nalidixic acid resistance in the Keio39 ΔmutT mutant (red triangles). Note the logarithmic scale on the mutation rate axis. Error bars = 95%
confidence intervals calculated as explained in the protocol. Data is replotted from Figure 4a in Krašovec et al.10. Please click here to view a
larger version of this figure.

 

Figure 3: A flowchart for troubleshooting the fluctuation assay. The flowchart is to be followed from the top, addressing the three questions
in the yellow diamonds in turn, adjusting the protocol according to the contents of the resulting green boxes, and implementing the protocol as
indicated in the red ovals. See the first three paragraphs of the discussion for more details on how to troubleshoot. Please click here to view a
larger version of this figure.

Supplementary Table 1: Formulas for the media used in the protocol. Please click here to view this table (Right click to download).

Supplementary Table 2: Bacterial strains. Please click here to view this table (Right click to download).

Supplementary Table 3: Detailed description of the columns in the raw data file Krasovec_etal_JoVE_data.csv. Please click here to view
this table (Right click to download).

Supplementary Data Files. Please click here to download these files.

Discussion

Any estimate of a mutation rate needs to maximize the precision achieved in order to ensure repeatability and reproducibility within and
between studies34. For a fluctuation assay, there are three critical considerations. The first two have been set in the protocol given but will
need troubleshooting (see Figure 3) if the protocol is adapted to work with different strains or environments. First is to choose the appropriate
phenotypic marker. For bacteria, it is recommended to estimate rates at one of two marker loci, rpoB or gyrA, conferring resistance to antibiotics
rifampicin and nalidixic acid, respectively. The target size for mutations to antibiotic resistance at these two loci is different. There are 79 and
20 unique mutations conferring resistance to rifampicin37 and nalidixic acid40 respectively. In practice, this means that on average, rifampicin
resistant mutants are more frequently observed. So, the first question (Q1 in Figure 3) that needs to be answered is whether or not the strain is a
mutator. When constitutive mutators are studied, where many observed mutant colonies are expected, it is better to use a marker with a smaller
target size (e.g., nalidixic acid). See Figure 2B, where mutation rates of the constitutive mutator E. coli K-12 BW25113 ΔmutT were estimated
using nalidixic acid as a marker. When working with nonmutator bacterial strains that have a wild type (i.e., normal) mutation rate, rifampicin
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is a better choice (see Figure 2A). If for some reason more observed mutants are needed, a relevant marker is resistance to a cycloserine.
For this marker, resistance mutations can emerge in more than ten genes41, meaning that the target size is even larger than for rifampicin.
When studying yeast and archaea it is recommended to estimate mutation rates in 25S ribosomal proteins and URA3, conferring resistance to
hygromycin B and 5-fluoro-orotic acid (5-FOA), respectively.

The second critical consideration is the volume of parallel cultures. Which volume to use depends on the actual number of observed mutants.
The expected number of observed mutants is affected by the target size for the chosen phenotypic marker, the strain's capacity to repair and
avoid mutations (the average mutation rate), and the carrying capacity of the environment, which is affected both by the media used and the
culture volume. If no parallel cultures contain mutant colonies resistant to rifampicin, then cycloserine should be used or the number of plated
cells should be increased. This can be achieved by adding more glucose to a minimal medium or by growing cells in a richer (or complete)
environment. However, in many cases, such an increase in population density is associated with a reduction in mutation rate, resulting in limited,
if any, increase in the number of mutant colonies observed10. If increasing the nutrients is not a solution, then increasing the number of cells by
increasing the volume of each parallel culture is an option. When the environment includes minimal salts with sugar as the only source of carbon
and energy (i.e., the answer to Q2 in Figure 3 is "minimal medium"), then volumes between 0.5 and 1.5 mL should be used. If the environment is
rich, then volumes of parallel cultures should be between 0.35−1 mL. The last question concerns the median number of resistant colonies. If too
few mutant colonies are observed (i.e., the answer to Q3 in Figure 3 is 0) and the environment is not to be modified, then the volume of parallel
cultures should be increased or the antibiotic with a larger target size (e.g., cycloserine) should be used. On the other hand, if a lot of mutant
colonies are observed on all selective plates (more than ~150 per plate, see Figure 3), then the number of plated cells should be decreased,
which usually means using a lower volume or switching to an antibiotic with a smaller target size (e.g., nalidixic acid).

Once the volume is chosen, it is best that all parallel cultures on one 96 deep well plate have the same volume. That allows more precise
determination of the actual volume of parallel cultures from the weight of the plate. When mutation rates of a particular genotype are compared
between different environments, it is again best to use the same volume of parallel cultures in all environments. If nalidixic acid is used for
estimating wild type (i.e., normal) mutation rates or some other phenotypic marker is used that has an even smaller target size than nalidixic
acid, the volume must be increased even more. One option is to make parallel cultures in 50 mL tubes with volumes of up to 15 mL. For
instance, 10 mL parallel cultures were prepared in 50 mL tubes when estimating the E. coli K-12 MG1655 mutation rate to nalidixic acid (see
Figure 2A). The parallel 10 mL cultures were then plated on the selective TA agar and poured into large 150 mm plates instead of standard 90
mm Petri dishes. The downside of preparing parallel cultures in 50 mL tubes is that the throughput is considerably lower compared to assaying
mutation rates in a 96 deep well plate. One solution is to decrease the number of parallel cultures. However, this will affect the precision for
the estimate of m, which depends on the expected number of mutational events and the number of parallel cultures26. Obtaining a distribution
of observed mutants with 14−17 parallel cultures (as was done in Figure 2), is a good balance between a solid throughput and an acceptable
precision level26 of 20%. A median precision level of 17.5% is similar to the median precision with an interquartile range of 16.4% (5.7%−38.9%,
n = 580) calculated from a much larger data set10. Thus, it is recommended that when preparing parallel cultures in 96 deep well plates or
50 mL tubes the distribution of observed mutants is obtained with at least 14 parallel cultures. When mutation rates are estimated in different
environments it is recommended to test precision levels by doing a multiplate experiment, where all 96 parallel cultures on one plate are grown
in the same environment. In addition, when preparing parallel cultures, it is critical that inocula contain a low number of cells, because it reduces
the chances of any resistant cells being present in the inoculum. Preexisting resistant mutants are not wanted in the inoculum, because they
will increase in numbers and create a lawn on selective plates and estimation of the mutation rate will not be possible. For instance, in most
nonmutator E. coli populations, mutation rate to rifampicin resistance is in the order of ~10-8. Thus, to avoid inoculating the culture with a
preexisting resistant mutant, one must inoculate with fewer than 108 cells (e.g., 103−104 cells). The final critical step is to ensure that before
selective agar plates are incubated, the surface on the selective agar is completely dry. Spreaders cannot be used if 6-well plates are used and
the initial volume of a parallel culture is 1 mL, for example. Plates must be left uncovered in sterile conditions to let the surface liquid dry out. The
time this takes can be highly variable, dependent on ambient conditions and the condition of the plates. This time should be minimized but can
be up to several hours.

The fluctuation assay has inherent constraints. It assays phenotypic markers of mutation only in a small subset of the genome. The assay thus
requires large populations that go through a sufficient number of generations to observe enough mutations to estimate a rate at all. This means
that fluctuation assays can only be used on organisms that are capable of going through a large number of generations rapidly, like bacteria,
baker's yeast42, or liquid-culture mammalian cells30. Also, mutations are rare events occurring in the specific biochemical circumstances of
a particular cell. The fact that fluctuation assays look across large populations of cells over time means that those circumstances can differ
substantially. Using this assay, it is thus difficult to study the progression of mutation rates of a particular population from the lag phase to early
and late exponential phase and finally to a stationary phase. Any differentiation of mutation rates among single cells within the population are
completely hidden from the fluctuation assay. Single-cell mutation dynamics can be studied with a single-molecule tracking of DNA repair protein
MutS43 or by counting foci of accumulated MutL proteins44. Recent advances in high-throughput sequencing have also made it possible to
directly estimate mutation rates from parent-offspring trios9,45 and multigeneration pedigrees46. Such methodological advances are beginning
to permit the direct counting of mutations occurring within a single generation. However, this direct approach needs expensive and state-of-
the-art technologies like fluorescence microscopy, microfluidics, or whole-genome sequencing. On the other hand, the fluctuation assay is
relatively inexpensive and only standard laboratory equipment is needed. Doing more fluctuation assays will also facilitate the generation of
novel hypotheses that may be tested with more direct single-cell approaches.

There is a long-standing interest in the study of mutations, so the fluctuation assay will likely remain a widely used method. The number of
citations of the seminal paper by Luria and Delbrück5 in the last 4 years (2015-2018) have all been among the top five for citations of this paper.
However, due to a large amount of precise manual work needed for properly carrying out a fluctuation assay, most studies only conduct a handful
of fluctuation assays. This, however, is insufficient to reveal the environmental dependencies of the mutation rate. By streamlining fluctuation
assays using multiwell plates, as explained in this paper, the current maximum throughput possible is 11 deep well plates (55 fluctuation assays)
in parallel, as described here. Running two sets of fluctuation assays staggered by a day in parallel, allows carrying out up to 110 assays per
week. Another step change in throughput may yet be possible by automating various steps of the fluctuation assays from the purely manual
protocol given. Also, for studying environmental dependencies of the mutation rate, population density needs to be taken into account. Previous
results10 show that when known factors that affect mutation rate are accounted for, controlling for population density can reduce variation in
mutation-rate estimates by more than 90%. To control the density, we recommend that Nt (used for estimating mutation rate) be determined
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independently from the method used to determine population density. In bacteria, Nt can be determined by CFU and density, for instance, with an
ATP-based luminescence assay10.

High throughput and controlling density are both essential when studying how an organism's ecological context affects spontaneous mutation
rate. Knowing the existence of mutation rate plasticity is important, but understanding its causes and effects are key challenges that need to
be met if mutation rate plasticity is to be incorporated into a wider biological context. The fluctuation assay is a great tool that can be used
to test many hypotheses, because results are obtained rapidly, and assays are inexpensive relative to other methods. The stage is set, for
instance, to study environmental dependencies of mutation rate in bacterial communities and microbiomes. Adapting the fluctuation assay to
cocultures can test the hypothesis that strains influence each other's mutation rates via small molecules. Doing thousands of fluctuation assays
with cocultures can determine if strains vary both in their ability to modify each other's mutation rates and in their susceptibility to have their
mutation rate modified by others. Perhaps variation among strains in susceptibility to mutation rate manipulation is attributable to specific genetic
variation. This may transform our views on how evolution works in complex communities, not least in examples of wide importance such as how
antimicrobial resistance emerges.
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