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A B S T R A C T

The different morphological characteristics of five bacterial pathogen strains were analyzed through transmis-
sion electron microscopy for addressing the particular relationship between optical density and colony-forming
units for each strain. Generated linear equations will allow a reliable calculation of bacterial concentrations
through simple optical density measurements.

Nearly a million original research papers with “bacteria” in the title,
abstract or keywords were published in the last five years according to
the Scopus database, mainly in the areas of Medicine, Biochemistry,
Genetics and Molecular Biology, and Immunology and Microbiology.
This information highlights the relevance of these microorganisms to
either find control strategies or facilitate their manipulation for bio-
technological purposes. In this sense, the study of bacteria will allow
researchers to screen and test for antibiotic resistance, antagonistic
compounds, and antimicrobial activity of novel compounds (Aisha
et al., 2017; Bae and Lee, 2017; Moon et al., 2017; Severino et al.,
2015). However, one problem arising in these type microbiological
investigations is the need for defining an accurate number of bacterial
cells used in a test.

In the field of microbiology, different methods are used to de-
termine the number of bacteria in order to perform tests for evaluating
the effect of a certain treatment. One of the methods widely used on a
daily basis is the estimation of colony-forming units by measuring ab-
sorbance at 600 nm (Mytilinaios et al., 2012). Nevertheless, this esti-
mation depends on bacterial size and shape, where different cell den-
sities can present the same optical density value, leading to
inappropriate estimations. This relation differs according to the strains'
particular morphometric characteristics, which can accurately be

determined by electron microscopy combined with negative staining
(Golding et al., 2016). Thus, the information derived from electron
micrographs can be related to the ratio of optical density and bacterial
concentrations in order to make more reliable estimations. Table 1
summarizes the advantages and drawbacks of current approaches and
other commonly used methods for general bacterial quantification that
mainly differ but are not limited to the accuracy, access to laboratory
facilities, cost of reagents and supplies, technical training, and time to
get the results.

Escherichia coli O157:H7, Salmonella spp., Staphylococcus aureus, and
Listeria monocytogenes are among the main foodborne-related patho-
gens. Due to their importance in food safety, these bacteria are widely
used as model microorganisms in diverse research studies (Adhikari
et al., 2018; Cho et al., 2016; González-Pérez et al., 2019; Moon et al.,
2017). Therefore, any method or technique that facilitates the calcu-
lation of viable cells would be of great help and would decrease the
time of experimentation.

In this study, transmission electron microscopy (TEM) was used to
relate the morphometric characteristics of model pathogenic bacteria to
the ratio of optical density and colony-forming units. The bacteria
studied were Listeria monocytogenes ATCC7644, Staphylococcus aureus
ATCC6538, Escherichia coli O157:H7, Salmonella Saintpaul, and
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Salmonella Typhimurium ATCC14028. This research can provide a tool
for facilitating the calculation of colony-forming units in experiments
involving the tested bacteria by using easy linear equation models.

Each type of bacteria was grown in Brain Heart Infusion (BHI) broth
for 18 h at 37 °C. Bacterial cells were recovered by centrifugation
(10,000×g, 10min, 4 °C) and were washed twice with phosphate-
buffered saline (PBS) pH 7.4. A range of optical densities (OD) (0.01 to
1.00) was measured at 600 nm (OD 600 nm) in a spectrophotometer
(Shimadzu BioSpec-1601). To determine the colony-forming units per
milliliter (CFU/mL) at each OD tested, serial dilutions in PBS were
plated on BHI and incubated for 24 h at 37 °C. All determinations were
performed in triplicate. The relation between OD and CFU/mL was
analyzed through linear regression analysis in the R software version
3.5.1 (R Core Team, 2018), which generated the proposed linear
equations.

The morphology and size of bacteria were determined using images
obtained with a JEM 2010F transmission electron microscope (TEM)
with an operating voltage of 200 kV (JEOL, Ltd., Tokyo, Japan). For
TEM observations of bacterial pathogens, negative staining was used.
Five microlitres of a solution of each bacterium (7×109 CFU/mL) was
spread on silicon monoxide type-A (300mesh) copper TEM grid and
dried. After that, a drop of 1% phosphotungstic acid was spread on the
TEM grid for 5min and the excess was removed. All samples were
subsequently dried in vacuum before observation. The morphometric
parameters were determined using ImageJ (NIH) and
DigitalMicrograph™ software. The results were expressed as the
mean ± SD of 60 representative cells according to Bratbak (1993),
who mentioned that for populations with similar sizes a minimum
count of 50 cells is necessary.

Results showed that each bacterial strain exhibits different behavior
in terms of optical density and bacterial concentration, parameters that
can be related to the amount of light that cells can absorb depending on
their size and shape. The linearity at OD 600 nm occurs when

absorbance values are< 1.0, so that these variables can be related to a
linear equation (Y=mX+b), obtained by means of the least squares
method, where “Y” represents CFU/mL and “X” the optical density.
Table 2 shows the different equations for the bacteria used in this study.
In all the cases, linear models fit the experimental data (Supplementary
material S1) with R2 values higher than 0.9. Interestingly, for most of
the tested pathogens, lower OD values exhibited a substantially lower
variation in the bacterial concentrations. In this research, PBS washes
were performed but if determinations were made in growth media, the
linearity would not be affected as long as they were done in a short
period of time, and with the medium as a blank.

In order to validate the proposed equations, theoretical CFU/mL
values at OD of 0.05 and 0.5 were compared against experimentally
obtained total viable count values (Supplementary material S2). All the
comparisons showed good accuracy, except for the trial with the higher
E. coli OD, where the mean experimental value was slightly below the
99% confidence interval. Hence, for the proper estimation of E. coli
concentrations, it is advised to work with OD600nm lower than 0.5. Also,
preliminary results suggest these equations are able to predict the
bacterial concentration after lytic treatments (data not shown).
However, they are not recommended for evaluating treatments that
irreversible damage the bacterial cells but without lysing them, because
they would be non-viable cells that would still be able to absorb light.

The analyzed strains differ in shape, length, and width sizes
(Table 2), which can be directly related to the particular generated
equations. Morphological parameters (shape, length, and width) ob-
tained are comparable with previous reports (Fernandez Escartin, 2000;
Parra et al., 2002). The slope of the equations for determination of
CFU/mL number decreased when increasing bacterial size. The smallest
slope was found in the equation for E.coli O157:H7, which corresponds
to this bacterium having the largest size. In addition, the aforemen-
tioned bacterium and S. Typhimurium have flagella, which may likely
increase the surface area absorbing light from each colony-forming

Table 1
Methods for estimation of bacterial concentrations.

Approach Advantages Limitations / drawbacks Accuracy Reference

Standard microbiological culture methods by
serial dilutions and direct agar-plate
counting

− Affordable costs of reagents and
supplies

− Conventional and common
laboratory equipment

− Time-consuming (24 to 72 h)
− Not appropriate for cells in a dormant

physiological state (VBNCa)

− Good Cabrera-Díaz et al.,
2018

Microscopy-based techniques − Able to detect VBNCa cells and
differentiate living and dead cells

− Little time to get results (minutes or
hours)

− Specialized equipment and materials
required

− Often requires colony plate counts
following cultivation

− ATTb required

− Good Jung and Lee, 2016

Coulter counting − Able to detect VBNCa cells
− Very little time to get results

(minutes)

− Specialized equipment required
− ATTb required

− Very
good

Vembadi et al., 2019

Flow cytometry − Able to detect VBNCa cells
− Little time to get results (minutes to

hours)

− Specialized equipment required
− High cost of reagents
− Requires variable times for sample

processing prior to measurement
− ATTb required

− Very
good

Raymond and
Champagne, 2015

qPCR-based techniques − Able to detect VBNCa cells
− Little time to get results (hours)

− Specialized equipment required
− High cost of reagents
− ATTb required

− Very
good

Takahashi et al., 2017

Equations proposed in the present work − Calculations made from direct
absorbance readings of the bacterial
solution

− There is no need of plate inoculation
nor incubation times

− Very little time to get results
(minutes)

− No cost
− Useful for bacterium with similar

morphometric characteristics

− Not appropriate for VBNCa cells
− Not appropriate for the evaluation of

bacterial concentrations under non-lytic
treatments.

− Good This research

a Viable but not culturable=VBNC.
b Advanced technical training=ATT.
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Table 2
Morphologic characteristics of foodborne-related pathogens and equations to determine the number of colonies forming units from optical densities.

Bacteria Shape Length (μm)a Width (μm)a Equation to determine colony-forming unitsb R2

Listeria monocytogenes Bacillus 1.41 ± 0.19 0.56 ± 0.06 Y= (12.98×108) X – 1.71× 106 0.96
Staphylococcus aureus Coccus 0.89 ± 0.07 0.89 ± 0.07 Y= (9.164×108) X+24.1× 106 0.92
Salmonella Saintpaul Bacillus 1.64 ± 0.3 0.55 ± 0.04 Y= (9.365×108) X – 9.62× 106 0.97
Salmonella Typhimurium Bacillus 1.88 ± 0.29 0.71 ± 0.11 Y= (6.895×108) X – 0.319× 106 0.95
Escherichia coli O157:H7 Bacillus 2.11 ± 0.41 0.97 ± 0.14 Y= (5.841×108) X – 5.04× 106 0.98

a Mean ± standard deviation of 60 measured cells.
b Y=Colony forming units; X=Optical density at 600 nm.

Fig. 1. Electron micrographs of foodborne bacterial pathogens. A) Listeria monocytogenes; B) Staphylococcus aureus; C) Salmonella Saintpaul; D) Salmonella
Typhimurium; E) Escherichia coli O157:H7.
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unit, in part explaining why equations for these two strains showed the
smallest slopes. On the other hand, the similarity among L. mono-
cytogenes, S. aureus, and S. Saintpaul cell sizes is reflected in the similar
generated equations.

Fig. 1 shows electron micrographs of the bacteria used in this work.
Staphylococcus aureus is cocci-shaped while the other bacteria are rod-
shaped. The different lengths and widths among the bacterial strains
can be related to the given equations in Table 2, suggesting the greater
the bacterial size is, the lower the slope of the equation. Additionally,
among the studied strains, the equation generated for S. aureus resulted
with a positive “b” value in the linear equation. It would be interesting
to address if the cocci-shaped morphology of these bacteria is related to
this observation. The morphometric results agree with previous reports
showing the characteristics of the studied bacteria through electron
micrographs with negative staining (Golding et al., 2016; Mahmoudi
et al., 2016; Nataro and Kaper, 1998). Overall, results showed that the
slope in the equations has a direct relationship with the CFU but is also
inversely proportional to bacterial cell size; therefore, besides the op-
tical density values, an adequate estimation of CFU should also consider
the slope and intercept value.

In conclusion, this research provides important tools to calculate the
number of colony-forming units by only measuring optical densities.
These tools are linear models that relate optical density at 600 nm with
bacterial concentrations, which will allow an easy and reliable calcu-
lation of CFU/mL by measuring optical densities at this wavelength.
Furthermore, this relationship was addressed through transmission
electron microscopy, which revealed that the slope in the equations
defined in this work is a relevant indicator of cell size in terms of length
and width.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mimet.2019.105691.
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