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Bacterial growth is a central concept in the development of modern microbial physiology, as well as in the investigation of cellular dynamics at
the systems level. Recent studies have reported correlations between bacterial growth and genome-wide events, such as genome reduction
and transcriptome reorganization. Correctly analyzing bacterial growth is crucial for understanding the growth-dependent coordination of gene
functions and cellular components. Accordingly, the precise quantitative evaluation of bacterial growth in a high-throughput manner is required.
Emerging technological developments offer new experimental tools that allow updates of the methods used for studying bacterial growth. The
protocol introduced here employs a microplate reader with a highly optimized experimental procedure for the reproducible and precise evaluation
of bacterial growth. This protocol was used to evaluate the growth of several previously described Escherichia coli strains. The main steps of
the protocol are as follows: the preparation of a large number of cell stocks in small vials for repeated tests with reproducible results, the use

of 96-well plates for high-throughput growth evaluation, and the manual calculation of two major parameters (i.e., maximal growth rate and
population density) representing the growth dynamics. In comparison to the traditional colony-forming unit (CFU) assay, which counts the cells
that are cultured in glass tubes over time on agar plates, the present method is more efficient and provides more detailed temporal records

of growth changes, but has a stricter detection limit at low population densities. In summary, the described method is advantageous for the
precise and reproducible high-throughput analysis of bacterial growth, which can be used to draw conceptual conclusions or to make theoretical
observations.

Video Link

The video component of this article can be found at https://www.jove.com/video/56197/

Introduction

Microbiological studies often start with the culture of bacterial cells and the assessment of the bacterial growth curves, which represent a
fundamental phenomenon of bacterial physiology1'2’3. Basic culture principles are widely available in the published research literature and
textbooks because bacterial culture is a fundamental methodology. At the bench level, substantial attention has traditionally been focused on
optimizing growth media and culturing conditions, but controlling the growth rate, which would likely provide even greater understanding of
microbial physiology, has not been extensively studied®. For exponentially growing bacteria, a key ;Jarameter of the cellular state is the growth
rate, which has been reported to be coordinated with the genome, transcriptome, and proteomes’s' 8 Thus, quantitative evaluation of bacterial

growth is crucial for understanding microbial physiology.

To evaluate bacterial growth, the experimental methods used to estimate biomass are well established®'® and are based on the detection

of biochemical, physical, or biological parameters, such as optical turbidity. In addition, the analytical methods used to capture the dynamic
properties of growth changes are commonly based on established nonlinear models11'12’13, for example, logistic equations. Growth dynamics
are generally acquired by timed sampling of cell growth in culture by either measuring optical turbidity or performing colony-forming unit (CFU)
assays. The limitation of these culturing and detection methods is that the data points are not a true reflection of population dynamics because
the measurement intervals are often in hours and because the culture condition (e.g., changes in temperature and aeration) is disturbed at

the time of sampling. Culture and analysis techniques must be updated using recent developments in technology and understanding. Recent
advances in microplate readers allow the real-time observation of bacterial growth and significantly decrease labor costs. Using these advanced
devices, the latest studies on bacterial growth have reported analytical methods for high-throughput measurements'*'°.

The purpose of this protocol is to evaluate the precise growth dynamics in a high-throughput manner, which will be valuable for quantitative
studies that ultimately address the questions of how the growth rate is determined and what factors affect the growth rate. The protocol
addresses all factors that should be taken into account for the repeatable and precise quantitation of bacterial growth. The experimental method
and analysis are described in detail in the main text. This method permits the precise and reproducible analysis of bacterial growth in a high-
throughput manner. Microbiologists can use this protocol to derive additional quantitative results from their experimental evidence. This protocol
can also be used for studies in systems biology that attempt to draw conceptual conclusions or to achieve a theoretical overview of growth.
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1. Preparing the Growth Medium

NOTE: The chemical composition of minimal medium M63 is as follows: 62 mM KoHPO4, 39 mM KH,POy4, 15 mM (NH4)2SOy4, 1.8 uM FeSOy, 15
pM thiamine-HCI, 0.2 mM MgSQ,, and 22 mM glucose. M63 is made by mixing three stock solutions: Five X solution, 20% glucose and MgSO,
thiamine solution. Store all solutions at 4 °C.

1. Preparing the Five X solution

1.

2.

3.

To prepare FeSO, solution, use an electrical pipette and a disposable serological pipette to add ddH,O to a 50-mL centrifuge tube. Use
a P-200 to add 0.06 mL HCI to obtain 0.01 M HCI. Add 36 mg FeSO,4-7H,0 and mix well.

Measure 160 mL ddH,O in a measuring cylinder and add it to a 500-mL beaker. Add the following in this order: 10.72 g K;HPOy, 5.24 g
KH,POy, 2.0 g (NH4)2S0O4, and 0.5 mL FeSO, solution (prepared in step 1.1.1).

Using a precision pH meter, adjust the pH to 7.0 by adding 2 M KOH. Pour the solution in a measuring cylinder and add ddH,O to a
total volume of 200 mL. Sterilize the solution using a 250-mL filtration unit (PVDF, 0.22 uM).

2. Preparing the 20% glucose solution

1.

Measure 200 mL ddH,0O in a measuring cylinder and pour it to a 500-mL beaker. While mixing using a magnetic stirrer, add 50 g of
glucose. Dilute the solution in a measuring cylinder to a total volume of 250 mL. Sterilize the solution as described in step 1.1.3.

3. Preparing the MgSO, thiamine solution

1.

Add 150 mL ddH,0 to a 500-mL beaker. While mixing with a magnetic stirrer, add 1.0 g of thiamine-HCI and 10 g of MgSO,4-7H,0.
Dilute the solution in a measuring cylinder to a total volume of 200 mL. Sterilize the solution as described in step 1.1.3.

4. Preparing minimal medium M63

1.

2.
3.

Place the Five X solution, the 20% glucose solution, the MgSO, thiamine solution, an electronic pipette, a P-200 pipette, and 200-pL
pipette tips on a clean bench.

Measure 155.8 mL ddH,0 in a measuring cylinder and pour it into a 500-mL beaker.

Using the electronic pipette and disposable serological pipette, add 40 mL of Five X solution and 4 mL 20% glucose solution to the
measured ddH,0. Then, add 0.2 mL MgSO, thiamine solution with the P-200. Sterilize the solution as described in step 1.1.3.

2. Preparing the Glycerol Stock

1. Cell culture
NOTE: The bacterial strains (e.g., W3110 and its reduced genomes) are available from strain bank organizations. The strains are usually
obtained in the form of colonies on agar plates.

1.

2.

3.

7.

8.

Place five sterilized glass tubes with silicone rubber stoppers, an electronic pipette, P-1,000, 1,000-pL pipette tips, P-200, 200-uL
pipette tips, and the target strains (colonies on plates) on a clean bench.

Expose the mouth of the glass tube to a Bunsen burner before opening the silicone rubber stopper. Expose the silicone rubber stopper
to the flame after the tube is opened, and then lightly place the cap back on the glass tube.

Use the electronic pipette and disposable serological pipette to add 5 mL M63 to one of the glass tubes and 4.5 mL M63 to the other
four tubes.

Use the P-200 tip to pick a colony and inoculate it in the glass tube containing 5 mL M63.

Vortex the tube to make a suspension. Then, dilute the solution 10-fold by transferring 0.5 mL of this solution to one of the four tubes
containing 4.5 mL M63.

Repeat the process described in step 2.1.5 for the remaining tubes. A dilution series with five different concentrations (dilutions of 1,
10, 100, 1000, and 10,000) is now ready.

Sterilize the mouths of the glass tubes and the silicone rubber stoppers as described in step 2.1.2. Cap the tubes with the stoppers.
Avoid contamination by not wrinkling the silicone rubber stoppers.

Place the five tubes in a pre-warmed shaking incubator at 37 °C and shake at 200 rpm. Incubate the culture overnight or for 10 to 30 h.

2. Selection of the culture for the glycerol stock

1.
2.

3.
4.

Place the pre-warmed room temperature M63 medium, P-1,000, 1,000-uL pipette tips, and a disposable cuvette on a clean bench.
Add 1000 pL M63 to a disposable cuvette with a P-1,000. Place the disposable cuvette in a spectrophotometer, start the program at a
fixed wavelength of 600 nm, and measure the blank.

Move the five glass tubes from the shaking incubator to the clean bench.

Discard M63 from the disposable cuvette and add 1,000 yL culture to the same disposable cuvette with a P-1,000. Measure the optical
turbidity of the cell culture (ODgq) as described in step 2.2.2.

NOTE: To avoid any contamination and to achieve a precise measurement, expose the glass tubes and the stoppers to the flame as
described and vortex the culture before sampling. To ensure reliable results, repeated measurements are recommended, particularly
when the cell density is low.

Of the five cell cultures, choose one that is in the early exponential growth phase (ODggo= 0.01 - 0.05) for the glycerol stock.

NOTE: If multiple cultures have densities within the optimal range, the one closest to 0.05 is commonly selected.

3. Make the glycerol stocks for repeated tests.
NOTE: This is described for preparing ten stocks. Larger or smaller amounts can be made according to the experimental requirements.
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1. Place the sterilized 60% glycerol solution, ten sterilized 1.5-mL microtubes, P-1,000 and P-200, 1,000- and 200-pL pipette tips, and a
microtube stand on a clean bench.

2. Add 250 pL sterilized 60% glycerol solution and 750 uL of the selected cell culture to the 1.5-mL microtube and mix by pipetting.
NOTE: The stock volume is variable, but always maintain a 1:3 ratio of 60% glycerol to cell culture; this results in a final concentration
of 15% glycerol.

3. Place the remaining nine microtubes in the microtube stand and dispense 100 uL of the mixture prepared in step 2.3.2 to each tube.
There are now ten identical glycerol stocks for future use.

4. Store the stocks in a deep freezer at -80 °C.

3. Acquiring the Growth Curves

1.

2.

Setting up the microplate reader.
NOTE: The terms shown in quotation marks show the specific phrasing used on the plate reader used here (see the Table of Materials).
1. Open the software. Open "Protocols" in "Task Manager" and choose "Create New". Choose "Standard Protocol".
2. Open "Procedure”, and adjust the settings. Open "Set Temperature", and select "Incubator On". Set "Temperature" to 37 °C and
"Gradient" to 0 °C. Check "Preheat" before continuing with the next step. Open "Start Kinetic", set "Run time" for 24:00:00 or 48:00:00,
and "Interval" for 00:30:00 or 01:00:00.
NOTE: It takes approximately 1 min to read an entire 96 well plate.
3. Open "Shake" and set "Shake Mode" as "Linear". Check "Constitution Shake" and set "Frequency" at 567 cpm. Open "Read", check
"Absorbance", "Endpoint/Kinetic", and "Monochromators." Set "Wavelength" to 600.
4. Click "Validate" to confirm that the procedure is correct. Click "Save" to save it as a new program for future use.

Real-time recording of growth
1. Draw a 96-well plate pictogram (8 x 12 table) to indicate the positions of the inoculated culture samples on the 96-well plate. Print out
the table and use it as a reference for the experiment.
NOTE: The wells located on the edges of the microplate should only contain blank medium because of evaporation.
2. Place a sterilized 96-well flat bottom microplate with lid, P-1000, 1000-uL pipette tips, P-200, 200-uL pipette tips, several 1.5-mL
microtubes, an 8-multichannel pipette, a sterilized reagent reservoir, room temperature M63, and the glycerol stocks (prepared in step
2.3) on a clean bench.

3. Add approximately 25 mL M63 to the reagent reservoir. Use this reservoir stock for all the following steps.

4. Add 900 pL M63 to the microtubes in preparation for making serial dilutions.

5. Thaw the glycerol stock at room temperature. Add 900 uL M63 to the thawed glycerol stock and vortex. This results in a 10-fold dilution
of the original glycerol stock.

6. Transfer 100 pL of the 10-fold dilution to another microtube containing 900 uL of M63 and vortex. This results in a 100-fold dilution.

7. Repeat step 3.2.6 until the desired number of dilutions are achieved.

8. Fill the wells at the edge of the microplate with 200 pL M63 using an 8-channel pipette (P-200).

NOTE: These wells can be used as the blank.

9. Load 200 pL of each diluted sample prepared in steps 3.2.4 - 3.2.7 to the microplate wells according to the reference table (step 3.2.1).
Vortex the diluted samples prior to loading and load the same sample in multiple wells at varied locations on the plate.

10. Place the 96-well microplate on the plate reader.

11. Open "Read Now" in "Task Manager" and choose the program (section 3.1). Click "OK" to start measuring. Save the recording as a
new experimental file for data analysis (section 4).

4. Data Analysis

PoN

Export the results of the real-time growth-rate data (section 3.2) to a USB memory stick as a text file.

NOTE: A 96-well formatted results (curves) will display on the plate reader in real-time. The hourly records (OD values) can be exported as a
table; the rows and columns represent the well numbers (e.g., A1, B1) and the measuring time (e.g., 00:00:59), respectively.

Open the text file with a spreadsheet software.

Copy the hourly ODgqq reads of the 96-well microplate to a new worksheet for further analysis.

Subtract the background reads at time zero from the hourly reads of each sample well.

NOTE: For convenience, the mean value of the blank wells containing M63 (step 3.2.8) can be used as the background value.

Calculate the mean of five consecutive ODgq reads to estimate the maximal population density.

NOTE: The largest mean value of the five consecutive ODgq reads is defined as the maximal ODg(( of the corresponding growth curve.
Calculate the growth rate, py (h'1), by applying the following equation for all pairs of consecutive values of ODggq:

Cs
n=LNCED /(b — )
NOTE: In this equation, C; and C;.1 represent the ODg values of any two consecutive time points (t; and t..4, respectively). LN indicates
natural logarithm.
Calculate the changes in the growth rate over time based on the hourly ODggg reads according to step 4.6. Calculate the mean and the
standard deviation of five consecutive growth rates to estimate the maximal growth rate.
NOTE: The largest mean with the smallest standard deviation is defined as the maximal growth rate of the corresponding growth curve.
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5. Confirming the Global Bias of the 96-well Reads (Optional)

NOTE: Both the plate reader and the consumable 96-well plate can cause biased measurements. To achieve highly precise and reproducible
quantitative results, confirming the global bias of the 96-well plate is highly recommended.

1. Prepare the 96-well plate and the plate reader for the bias test as described in section 3.2.2.

Add 20 mL M63 to a sterilized 50-mL centrifuge tube. Add the glycerol stock to the same centrifuge tube and vortex. Transfer the suspended
solution to a sterilized reagent reservoir.

Use an 8-channel pipette to transfer 200 pL of the suspended solution to the 96-well plate.

Place the 96-well plate on the plate reader and start the measurement.

Record the hourly ODggg reads and analyze as described in section 4. Compare the calculated maximal growth rate and population density of
each well to determine locational bias of the 96-well reads.

Representative Results

The described method provides a means to capture dynamic bacterial growth in a continuous, high-throughput manner by utilizing a 96-well
format reader that takes multiple optical density measurements at various time intervals (from minutes to hours to days). The growth curves of
an assortment of E. coli strains expressing various genomes can be precisely acquired in a single experiment (Figure 1A). In comparison to the
described method, the traditional method (the CFU assay) generally requires longer sampling time intervals (Figure 1B) and is labor intensive
if multiple culture is required. In addition, each culture sampling time for the CFU assay requires the use of a small volume of cell culture that
cannot be used for repeated measurements. Additionally, limited numbers of time points for detection may miss the sampling points that are
needed for the correct calculation of the growth rate and the maximal ODgq. However, the CFU assay has a lower detection limit, 10®- 10*
cells/mL, making it at least two orders of magnitude more sensitive than the optical turbidity assay (ODggo= 0.001, which has a detection limit of
approximately 10°- 10° cells/mL). The described method provides a practical and efficient experimental tool for systems-level studies on growth
dynamics.

ok w

A key advantage of this protocol is that it takes repeated measurements from a common glycerol stock. Having multiple cell cultures at various
dilution rates in early exponential growth phase is highly useful because it allows researchers to determine the culture time at any timescale
and avoids having saturated cultures due to unpredictable events. Repeated culturing and measurements of the common stocks, which were
prepared from one of the five cultures initiated using different dilution rates as described in Protocol section 2.2 (Figure 2A), presented highly
similar outcomes of the growth dynamics analysis. Multiple growth curves of repeated and independent measurements (N= 6) overlapped well
(Figure 2B, top panel), with little variance (Figure 2B, bottom panel), particularly during the exponential phase (Figure 2B, shadowed area).
These results suggest that the described method delivers highly reproducible results.

Estimating the global bias of the 96-well reads is highly recommended. In the present method, the global bias is estimated by monitoring the
growth of the wild-type E. coli strain W3110 as described in Protocol section 5. For example, the growth rates calculated from the growth curves
showed significant variation among the 96 wells (Figure 3A), representing the global fluctuation derived from both the data manipulation and
the device errors. These errors can be masked by loading the same sample into multiple wells at varied locations on the plate. By contrast,

the maximal ODggq showed a clear location-dependent bias for the results, as gradual changes were observed along the vertical direction,

that is, the maximal ODgqq gradually increased from the wells of column 2 to those of column 11 on the 96-well plate (Figure 3B). To avoid

the biased results, the same sample is recommended to be loaded into the wells located on the both sides of the 96-well plate for repeated
measurements. The locational bias in maximal ODgqg values is assumed to result from the variation in evaporation rates, which are determined
by both heating and sealing efficiencies. Compared with the wells in the middle of the 96-well microplate, the wells located at the edges tended
to show relatively higher values, reflecting the varied evaporation rates resulting from the sealing effect of the microplate. In addition, since
other 96-well microplates subjected to the same bias test showed similar directional changes based on where the well was located on the plate,
the extent of the bias might depend on the plate reader. Thus, it is important to evaluate the global bias of the 96-well reads in studies that
determine maximal population density. Commercially available plate readers all have their specific global bias caused by the heating and shaking
efficiencies, and the 96-well microplates are largely differentiated by sealing efficiency.

This method is designed for the systematic analysis of bacterial growth, and it can be used to analyze two major parameters, i.e., growth

rate and cell density, that are commonly applied in a wide variety of fields, such as systems biology, evolution, and ecology16'17. The manual
calculation using spreadsheet is introduced to show the processing of the raw reads to produce the evaluated parameters of growth rate and

cell density. The hourly growth rates are first calculated from the raw reads of the growth curve (Figure 4A) according to Protocol section 4.6

as a data set of sequential changes in growth rates (Figure 4B). The means and standard deviations of every five consecutive growth rates are
acquired sequentially (Figure 4C-D), and the largest mean growth rate with the smallest standard deviation is defined as the maximal growth
rate of the growth curve (Figure 4C-D, highlighted). The maximal cell density (ODgq) is analyzed similarly (Figure 4E-F). The calculated growth
rate and cell density are subsequently subjected to further analysis. Note that the described calculations can be automatically performed using
computational platforms (programming languages), e.g., R and Python.
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Figure 1 Growth Curves Acquired with Diverse Methods. (A) Multiple acquisitions of growth curves. Growth curves of four different E. coli
strains expressing various genomes were obtained in a high-throughput manner. The E. coli cells were grown in minimal medium M63, and

the changes in ODgg( reads were recorded by a microplate reader at 1-h intervals. The strains from left to right are the wild type E. coli W3110
(Number 0) and its reduced genomes numbers 1, 10 and 18 (described previously5), respectively. (B) Growth curve obtained by using the

CFU assay. The wild-type E. coli cells (Number 0) were cultured and were sampled at the indicated time points over several hours. The growth
changes were estimated using the CFU assay. Open circles indicate the recording or sampling points. Please click here to view a larger version
of this figure.
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Figure 2. Reproducible Repeated Measurements. (A) Overnight cultures of varied dilution rates. The E. coli cells were inoculated in tubes

at multiple dilution rates, which varied from 1- to 10,000-fold, as indicated. The cells were cultured at 37 °C with shaking at 200 rpm for
approximately 12 h. The final ODggq values of the five cell cultures (from left to right) were 1.51, 0.74, 0.05, 0.008 and 0.001, respectively. The
culture with ODgq of 0.05 was used for the common glycerol stock. (B) Highly reproducible measurements. Six independent growth curves (top,
gray lines) of the same E. coli strain were acquired and calculated from six positions on the microplate and two vials of the common glycerol
stock. The black line represents the average of the six growth curves. The coefficients of variation (CV) of the six repeated measurements were
calculated (bottom), and the steady low points are shadowed in pink. Please click here to view a larger version of this figure.
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Figure 3 Global Bias of the 96-well Format. (A) Heat map of growth rates. The E. coli cell stock was suspended in minimal medium M63

and loaded equally in the 96 wells of the microplate (represented as a 12 x 8 table). The changes in ODggg were obtained using the microplate
reader, as described in section 5 of the protocol. The gradation from white to red indicates the growth rates from 0.7 to 0.9 h'. (B) Heat map of
the maximal ODggg. The gradation from white to red indicates the maximal ODgq values from 0.9 to 1.2. The calculations for the growth rate and
maximal ODgqp are as described in Figure 4. Please click here to view a larger version of this figure.
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Figure 4 Analysis of the Growth Curves. (A) Raw data of growth curves. The hourly ODgy reads are plotted against the culture time. Open
circles indicate the sampling times. (B) Temporal changes in growth rates. Hourly growth rates between two consecutive ODg reads are
calculated according to the equation described in 4.6. (C) Mean growth rates. The mean of five consecutive growth rates are calculated to

give smooth growth rates. (D) Standard deviations of mean growth rates. The standard deviation of the same five consecutive growth rates is
calculated. The maximal growth rate with the smallest standard deviation is highlighted in red. (E) Mean ODgqo. The mean of five consecutive
ODgqq values is calculated to determine the smooth ODgg. (F) Standard deviations of mean ODggq values. Standard deviation of the same five
consecutive ODgg values is calculated. The maximal ODggq with the smallest standard deviation is highlighted in red. Please click here to view a
larger version of this figure.

Critical steps in the protocol include the preparation of a common stock of exponentially growing cells and the replication of the same samples
in multiple wells at various positions on the microplate. Previously, microbiologists started the culture from an overnight pre-culture. While this
method may reduce the lag time of bacterial growth, it is difficult to achieve reproducible growth curves. As shown in Figure 2, the independent
measurements using the common glycerol stocks resulted in nearly identical growth curves, which provide reproducible and precise results. As
shown in Figure 3, wells at various locations give slightly different reads, which is considered the global background of the measurements. For
the quantitative evaluation of bacterial growth, this background should be considered. Inoculation of samples to multiple wells at varied plate
locations for experimental replication is highly recommended to account for global bias.
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In addition to handling errors, the modification and troubleshooting derived from the experimental devices and supplies should be considered.
Several advanced microplate readers are commercially available. They show a wide variation in characteristics, such as the method of adjusting
the light wavelength, the mode of heating or cooling, and the manner and frequency of shaking. Based on our experience, evaporation should be
addressed in high-throughput studies because changes in liquid volume greatly influence ODgg reads. Evaporation is caused by the method of
heating used by the microplate readers and the architecture of the microplates. The two modes of heating commonly implemented in commercial
microplate readers are heating by warm air and heating with a hot plate. The microplate reader used in this protocol used the hot plate as a
heating method to decrease evaporation because the medium in the microplate would quickly dry up in the blowing warm air. The microplates
should also be carefully selected. Different 96-well microplates (with lids) cause different levels of evaporation. The described method utilizes the
plate format with a deep covered lid, which reduces evaporation.

Moreover, if the study requires stationary phase analysis of the growth curve, then the manner and frequency of shaking in the microplate reader
should be taken into account. Shaking during culture ensures that the growing cells are suspended uniformly in the media. Improper shaking or
low frequency may cause the cells to stack around the well edge or in the center at a high density, resulting in false reads that are either lower or
higher than actual reads. The described method uses linear, bidirectional shaking. While the 8-shaped shaking mode is probably sufficient, we do
not recommend the circular mode of shaking.

The major limitation of this method is the evaporation of the cell culture medium. Since the maximal culture volume is small, i.e., 200 pL,
incubation at 37 °C causes significant evaporation. Thus, this method is unsuitable for culturing longer than 48 h. Additionally, cell cultures of low
density should be avoided because optical detection (ODgqg) is limited at these densities. When considered together, very slow growing cells/
strains or very low initial concentration cultures are not preferred, as they require longer time and are below the detection limit of ODgqo.

This method yields precise, high-throughput measurements, which are highly advantageous for systematic surveys. As a representative result,
this method allows to evaluate an assortment of E. coli strains with various genomic sequences and/or medium easily and reproducinyS.
When compared to traditional methods of culturing in tubes and manually measuring samples at different time points, the described method

is less labor and time intensive. Future applications and development of the method are assumed to involve the automation of experimental
manipulation and computational analysis. Automatic measurement and robotics application will lead to a highly efficient and reliable method of
evaluating cell growth and performing survival tests using bacterial and mammalian cells.
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