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Abstract

Optical density (OD) is an important indicator of microbial density, and a commonly used variable in growth curves to express
the growth of microbial culture. However, OD values show a linear relationship with bacterial concentration only at low
concentrations. When the cell density is high, the relationship loses linearity, and serial dilution is needed to obtain readings of
better accuracy. Here, we show that measuring OD values using shorter light paths is in close equivalence to measuring OD
values of the cell culture with corresponding dilution. By measuring three different light paths simultaneously, accurate OD
values can be easily obtained from low to high cell density. Using this method, growth curves of Escherichia coli, Staph-
ylococcus aureus, and Pichia pastoris are measured with higher accuracy. To further simplify the process, an L-shaped cuvette
and a corresponding turbidimeter are designed specifically for OD value measurement based on the multi-light path trans-
mission method.
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Impact statement

Although the measurement of microbial cell density is one of the simplest experiments, it has troubled microbiologists and
related industries for more than half a century. An ideal measurement technique should have the features of high accuracy,
high throughput, easy operation, and noninvasion. The current method cannot even meet the requirements of high accuracy
and high throughput at the same time. Multi-light path transmission method, however, is a solid step toward this goal. The
solution to this problem will certainly help improve the efficiency of microbial experiments and promote the development of
the fermentation industry by reducing costs and improving production and quality.

INTRODUCTION

Measurements of microbial density have widespread usage
in both microbiology research and related bio-industry. Op-
tical density (OD) is often used to express the turbidity of
microbial cultures, which is a representation of the cell
density. Standard OD readings are obtained from spec-
trophotometers by detecting a light source of around 600 nm
wavelength (ODggg) after passing through 10 mm of sus-
pension’?. The principle behind this method is the
Beer-Lambert law, which states the relationship between the
molar concentration of the solute in the uniformly distributed
solutions and the absorbance of light as A =ecl, where c is
the molar concentration, ¢ is the molar extinction coefficient,
and A is the absorbance®. The term optical density is used in
place of absorbance when describing microbial densities as

uniformly distributed cell particles in suspensions scatter in
addition to absorbing light. Spectrophotometers are ideal for
measuring microbial concentrations as they provide simple,
efficient, and inexpensive OD readings.

However, the ratio of OD readings to cell densities is
approximately constant only at relatively low cell densities.
As the cells multiply and their density becomes higher, the
relationship between OD readings and the cell densities
gradually deviates from linearity. Since light deflected away
from the beam by one particle can be scattered back by
another particle, OD readings (apparent OD) could be much
lower than they should be at high turbidities. This makes it
possible for cell densities to be significantly under-
estimated**.
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Many efforts have been made to deal with the problem
that Beer-Lambert law does not apply to high cell-density
conditions. A recent study reported that a plate reader cali-
brated using silica microspheres showed higher precision®.
Laser speckle imaging was used to perform real-time mon-
itoring of bacteria growth kinetic in liquid culture media’.
Deep-learning Al-based live tracking of bacterial growth also
exhibited the potential for improved measurement®. The
most common practice in microbiology labs is to dilute the
cell culture before measurement when accurate OD values
are required at high turbidities.

In this study, we found that the OD values measured with
the shorter light paths were equivalent to those mesured with
the corresponding dilution method. Based on this discovery,
ODs of three different light paths were measured and com-
bined as a weighted average, accurately measuring OD
values in a large range from low to high density. Using this
method, growth curves of Escherichia coli, Staphylococcus
aureus, and Pichia pastoris were measured with higher ac-
curacy than using only a 10 mm light path. To achieve en-
hanced process simplification, an L-shaped cuvette and its
corresponding turbidimeter were designed for OD value
measurement via the multi-light path transmission approach.

RESULTS

Shorter light paths are equivalent to
corresponding dilutions in the measurement of
ODGOO

Overnight culture of E. coli with ODggg of 2.431 was first
serially diluted to produce a series of samples to be tested.
When measured on a standard spectrophotometer, these
samples gave an ODggg ranging from 0.007 to 2.431. Each
sample was then further split into two groups and measured
in different ways: the samples of the first group were further
diluted two times and five times, respectively, and measured
on the spectrophotometer in a cuvette with a 10 mm light
path. The samples of the other group were measured on the
spectrophotometer in cuvettes with 5 and 2 mm light paths,
respectively. The ODggy values obtained by different
methods clearly indicated that low cell-density measure-
ments with a 10 mm light path cuvette and without dilution
gave a better accuracy than both dilutions and shorter light
path methods. Data obtained by the latter two methods
showed some fluctuation and even gave zero value at the
lowest density. This is understandable as the signal at low
density is weak and both dilution and shorter light path result
in an even weaker signal that may approach or be below the
detection limit of the spectrophotometer. At higher densities,
however, the latter two methods began to give better results
since the standard method obviously underestimated the
ODggo. The equivalence between dilutions and their corre-
sponding shorter light paths is striking. Double dilutions al-
ways gave a result very close to that of the 5 mm light paths,
which are just one-half of the 10 mm light path. Quintuple
dilutions also gave a result very close to that of the 2 mm light
paths, which are just one-fifth of the 10mm light path.

Equivalence between the two measurement methods was
also observed when we studied S. aureus, a Gram-positive
bacterium. These data strongly suggest that the shorter light
path method can readily replace the dilution method to
measure the ODggo Of the high-density bacterial culture
to save time and labor (Figures 1A-D, S1A-D, S2A-D, and
Tables S1 and S2).

Previous studies have shown that cell size is also an im-
portant factor affecting the measurement of ODggo. TO make
clear if the equivalence of the dilutions and the corre-
sponding shorter light paths also apply to the cells of larger
size, we measured ODgog Of P. pastoris cultures just as we
did with E. coli. Since the preliminary experiment indicated
that the deviation from linearity at high densities was much
more serious for P. pastoris than for E. coli, higher dilution is
necessary. We decided to use 2.5x and 10x dilution and the
corresponding 4 and 1 mm light paths. In these cases, the
equivalence of the dilutions and the corresponding shorter
light paths are roughly held. The shorter light path readings
were slightly smaller than those of the corresponding dilu-
tions. This, however, could be easily corrected by multiplying
by a coefficient since the relationship is linear. With this
correction, the shorter light path method can also replace the
dilution method to measure the ODggo of the high-density
culture of larger cell size (Figures 1E,F, S1E,F, S2E,F, and
Table S3).

The weighted average OD of the three light paths
represents the accurate ODgo, from low to high
cell densities

The results above clearly indicate that it would be ideal to use
the method of a shortened light path when measuring higher
densities of cell cultures. But there remains the question of
when we should change the length of the light path. If the
change begins at a specific point on a growth curve, there
will be a jump or gap between the data obtained before and
after the light path is changed. For the graph to be
smoothened, we decided that the best strategy is to measure
the ODs of three different light paths and calculate their
weighted average. The OD value of the longest path (usually
10 mm) will be of the highest importance at lower densities
and decreases as density increases. Consecutively, data
measured from the path of middle length will obtain the
highest importance when the density is in the midrange and
the ODs of the shortest light path at higher densities. To fulfill
this purpose, we formulate equations as follows:

wy = X1/(X1 + bXE + CX3F)
W = bXoE /(X; + bXoE + cXaF)
ws = cXa /(X + bXoE + cXof)
WOD = wyXj + woXo + W3 X3,

w4, Wo, and wjs represent the weight of each light path, re-
spectively. X4, X5, and X3 represent the OD values obtained
with each light path, and b, ¢, E, and F are empirical
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Figure 1. The shorter light path method is equivalent to the dilution method. (A, B) The ODgqq values of Escherichia coli culture obtained from
1:2 and 1:5 dilution are linearly correlated with 5 and 2 mm light paths, respectively, with a slope =1.0. (C, D) The ODggg values of Staph-
ylococcus aureus culture obtained from 1:2 and 1:5 dilution are also linearly correlated with 5 and 2 mm light paths, respectively, with
approximately a 1.0 slope. (E, F) The ODgqq values of Pichia pastoris obtained from 1:2.5 and 1:10 dilutions are linearly correlated with 4 and
1 mm light paths, respectively, with a slope <1.0. Each experiment was performed in triplicate, yielding consistent linear equations (The second
and third repeats are shown as Figures S1 and S2).
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coefficients based on the data obtained for a specific mi-
crobe. The weighted average OD (WOD) value is then cal-
culated by using the last equation. For E. coli culture, if we
have b=4,c=8, E=2, and F =3, the weighted averages are
easily calculated. The results clearly showed that at low
densities the WOD values were very close to the 10 mm light
path readings and that at high densities they approached
closely to the value of the 2 mm light path readings. In the
case of P. pastoris cultures, the deviation from linearity is
more serious at high densities, thus we need a faster-growing
weight for the 1 mm light path. We set b=c=4, E=2, F=4
and calculated the weighted averages from low through high
densities. Again, the results unambiguously suggest that our
strategy also applies to the culture of larger cell size.

The WOD value of the three light paths is linearly
correlated with dry weight

It was reported that the dry weight of the bacteria can reflect
the concentration of the bacteria®. To verify that the WODsgqp,
which means ODggg value obtained from the weighted
average of the three light paths of 10 mm, 5 mm, and 2 mm,
can accurately reflect the concentration of bacteria, the dry
weight and the corresponding WODgoo were measured.
Plotting these WOD values against the dry weight gave a
straight line, which indicated that the WODgqo value can
accurately detect the concentration of bacteria (Figure 2).

The WOD of the three light paths gives much
better growth curves for both E. coli and P.
pastoris

Monitoring of microbial growth curves is one of the most
common practices in microbiology laboratories. To determine
if the multi-light path transmission method gives a more ac-
curate result of the growth curve, the WODgqq of three growing
E. coli cultures was measured using 10, 5, and 2 mm cuvettes
through an 8-h time span. Growth curves were then plotted
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Figure 2. The linear relationship between WODg( value and dry weight.
the three light paths (or WODegqg) are linearly correlated with dry weight.

deviations were calculated. WODgqo, weighted average ODggo.

based on the WOD value of the three light paths and the OD
value of 10 mm path alone, respectively (Figure 3A). As ex-
pected, growth curves obtained by the two methods overlap
well at low cell densities but gradually separate when the cell
density gets higher. Graphs measured using the 10 mm cuv-
ette exhibit an earlier and much lower stationary phase.
Graphs obtained from the WOD value of the three light paths
suggest that the actual stationary stage begins later at a much
higher ODggo. Two groups of curves begin to deviate at an
ODgqo of 1.0, which means that for an ODggg higher than 1.0 to
be measured accurately, the suspension must be diluted or
measured using a shorter light path. The 10 mm cuvette only
measured ODggg Up to roughly above 2.0, whereas ODggg
calculated using the weighted averages was measured up to
roughly 3.5, the ODgq Of the real stationary phase. This im-
plies that if we measure ODgqg using only a 10 mm cuvette, we
would observe a false stationary phase.

Similarly, growth curves of P. pastoris were also measured by
two methods mentioned above and compared. The graph
plotted shows a distinct difference between the ODgoo measured
using 10 mm cuvettes and the weighted averages (Figure 3B).
The deviation between the graphs measured by two different
methods is much more significant than those measured for E.
coli. Graphs measured using the 10 mm cuvette exhibit an even
earlier and lower stationary phase ending at an ODggg Of just
above 2.0. However, graphs measured using the weighted
averages suggest that the curve is still in the exponential phase
and the much later stationary phase at an ODggg of around 10.0.
The deviation is great enough to underline the necessity of using
this new method of measurement when measuring suspensions
that contain particles of a large size.

An L-shaped cuvette and a corresponding
turbidimeter are designed to simplify the
measurement

Measurement using the multi-light path method is still a te-
dious procedure just as the dilution method. To further

(B)

Dry weight (mg/ml)

35

3.0

25

2.0

15

1.0 1 y =0.353x - 0.075
R?=0.9994

0.5 -

T T T T 1
0 2 4 6 8 10

WwoD

The WODgqq values of Escherichia coli (A) and Pichia pastoris (B) of
Each experiment was performed in triplicate; means and standard



mlLife

(A)
4 pa—
—@— WOD (culture 1)
WOD (culture 2)
@®— WOD (culture 3)
3 -
08
(o]

OD (culture 2)
—4A\— 0D (culture 3)

Time (h)

569
(B)
10 —
—@— WOD (culture 1) /
8 o WOD (culture 2)
—@®— WOD (culture 3) /
o 6 -
(e}
— A OD (culture 1)
4 oD (culture 2)
— A OD (culture 3)
2 - el dir
I I I I 1
0 2 4 6 8 10
Time (h)

Figure 3. The WOD value of the three light paths shows a more reliable growth curve. (A, B) Growth curves based on the WOD value of the
three light paths and OD value of 10mm light path of E. coli (A) and P. pastoris (B). The OD group shows the OD values of the three cultures
(cultures 1-3) of E. coli (A) and P. pastoris (B) detected directly by using the curette with a light path of 10 mm. The WOD group shows the WOD
values of the cultures obtained by using the cuvettes with the light path of 10, 5, and 2 mm.
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Figure 4. An L-shaped cuvette is designed to simplify the meas-
urement. The cross-section (A) and picture (B) of an L-shaped cuv-
ette with three different light paths are shown.

simplify the process, we expanded our idea to the design and
production of an L-shaped cuvette (Figure 4) and a corre-
sponding turbidimeter. The L shape makes it possible to
measure three different light paths (10, 5, and 2 mm) of a
single suspension using only one cuvette. The corresponding
turbidimeter shoots three beams of 600 nm light nearly si-
multaneously, each with a 0.5s difference. The readings of
each light path are then collected, the weighting of each
value is obtained using the above-shown equations, and the
weighted averages are calculated using the function
(WOD=w1X1 + woX> + w3X3) and displayed on the screen for
the record. To verify that the WODgqq value obtained from the
turbidimeter accurately reflects the culture density, dry
weight, and bacterial numbers of E. coli, S. aureus, and P.
pastoris cultures, a series of WODgqo readings were meas-
ured, respectively. Plotting all these WODgq values against
the dry weight gave a straight line. A linear relationship was

also observed between WODggg values and bacterial num-
bers of E. coli, S. aureus, and P. pastoris. These data indicate
that the WOD value can accurately reflect the concentration
of bacteria (Figure 5A-F). It is worth noting that S. aureus
usually takes on the form of grape clusters'®. This charac-
teristic may interfere with the process of number counting by
flow cytometry, thus causing a certain degree of deviation
from the ideal linear relationship between the real number of
the bacteria and the WODgqq value (Figure 5E, R? = 0.97774).

Growth curves for E. coli, S. aureus, and P. pastoris were
measured using our L-shaped cuvette and turbidimeter
(Figure 5G-I). As expected, the result is much better than the
conventional spectrophotometer in all three cases because
conventional spectrophotometer always underestimates the cell
density at high values. The curves obtained by our turbidimeter
are smoother than the dilution method with smaller error bars. It
is noteworthy that P. pastoris can grow to an ODgg value be-
yond 15 in a shake flask. The 2mm light path still has the
problem of underestimating cell density at this high value for P.
pastoris. A new L-shaped cuvette with 10, 5, and 1 mm has been
designed and is in production to deal with cases like P. pastoris.

DISCUSSION
The ideal method for measurements of microbial density should
include high accuracy, convenience, and high throughput.
Meeting all these three criteria has thus far been proven to be
difficult. The common practice of serial dilution can give an OD
value of high accuracy but is tedious and limited in throughput.
Microtiter plate readers have long been used to monitor the
growth of cultures in the wells of a microtiter plate, permitting
high throughput measurements with ease of use'". However, this
technique loses accuracy at high cell densities and makes
dilution impossible.

In this study, we found that the multi-light path trans-
mission method is an alternative to dilution to achieve high
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Figure 5. The validity of the turbidimeter is verified in E. coli, S. aureus, and P. pastoris. (A—C) The WODgqq values of E. coli (A), S. aureus (B),

and P. pastoris (C) obtained from the turbidimeter with the L-shaped

cuvette linearly correlated with their dry weight. (D-F) The WODgqg values

of E. coli (D), S. aureus (E), and P. pastoris (F) obtained by the instructions above linearly correlated with the bacterial numbers obtained by the

flow cytometer (FCM for short). (G-I) Growth curves of E. coli (G),

S. aureus (H), and P. pastoris () measured by the traditional method of

dilution, without dilution, and using an L-shaped cuvette and turbidimeter. Each experiment was performed in triplicate; means and standard

deviations were calculated.

accuracy. The L-shaped cuvette and a corresponding tur-
bidimeter offer a technique of high accuracy that is easy to
use. Growth curves measured by this method have high
quality from low to high cell densities and may potentially
reveal some characteristics of the microbes at a later stage of
growth, which may not be revealed by the microtiter plate
readers. Besides ODgqq value, other wavelengths could also
be included to monitor the production of a specific metab-
olite. Light paths shorter than 1 mm, such as 0.5mm and

even 0.1 mm, may make measuring cell density as high as
ODggo of 50-100 possible. The advantages of the multi-light
path transmission method also mean additional applications
beyond plotting bacterial growth curves. Fermenters and
bioreactors equipped with this function can monitor industrial
fermentation processes in real-time. A shaker with this ca-
pability can report any time cell density in each shaking flask.
In addition, microbial ecology studies and water pollution
monitoring are also potential application scenarios.
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comparison of E. coli and P. pastoris.

It is worth noting that in the case of measurement of
P. pastoris, which is larger than the cell of E. coli, the shorter
light path readings were slightly smaller than that of the cor-
responding dilutions. This could be explained by the inter-
action between a beam of light and cells of different sizes. E.
coli cells have a size roughly comparable to the wavelength
of 600 nm. There would not be a shadow behind a cell. But
in the case of P. pastoris, things are quite different. Its cell
size is about 10-20 times larger than 600 nm, thus can
cause a shadowlike area in a beam of light. The cells oc-
casionally in the shadow would scatter less light than the
cells outside the shadow, leading to a lower ODggq reading.
In the diluted culture, however, the distance between the
cells is greatly increased, and the number of cells inside
shadows thus significantly decreases, giving a higher ODgqg
reading. Fortunately, this effect could be easily corrected by
multiplying a coefficient based on the preliminary experi-
ment (Figure 6A,B).

In conclusion, our study provides a novel method to
measure accurate OD values of cell cultures from low to high
cell density. Although our strategy lacks high throughput,
based on the same principle, it is possible to design a mi-
crotiter plate with multiple light paths and the corresponding
readers to achieve high accuracy, ease of use, as well as high
throughput at the same time.

MATERIALS AND METHODS
Strains and cultures

The E. coli strain BL21 (DE3) and S. aureus were lab-preserved
and cultured in an incubator at 37°C with 200 rpm in sterilized
Luria-Bertani medium (LB), containing 1% peptone, 1% yeast
extract, and 0.5% NaCl. The P. pastoris GS115 was a cour-
tesy gift from Professor Hou Jin. It was inoculated in a shaker

at 30°C with 260 rpm in yeast potato dextrose (YPD) medium
(2% peptone, 1% yeast extract, and 2% glucose).

Spectrophotometry in shorter light paths and
dilutions

For the spectrophotometry assay, the chloramphenicol at a
final concentration of 50 ug/ml was added into the overnight
cultured E. coli and incubated for another 2 h to completely
stop the growth of bacteria. Then, the bacteria were serially
diluted into different concentrations by adding sterile water.
The concentrations of the diluted bacteria were analyzed on
a spectrophotometer at a wavelength of 600 nm by two dif-
ferent methods: (1) The bacteria were transferred into quartz
cuvettes with optical path lengths of 10 mm, 5 mm, and 2 mm
for measurement. Because the spectrophotometer is de-
signed for a 10 mm light path, readings for the 5 and 2 mm
are multiplied by 2 and 5, respectively, to get the real ODs. (2)
The bacteria were further diluted to obtain final 1:2 and 1:5
dilutions and transferred into quartz cuvettes with an optical
path length of 10 mm for measurement.

A similar procedure was also used to perform S. aureus
and P. pastoris spectrophotometry assay with some mod-
ifications as follows. ProClin 300 at a final concentration of
3% (v/v) was added into 36-h cultured P. pastoris and in-
cubated for another 2 h to completely stop the growth. The
yeast samples were then serially diluted into different con-
centrations by adding sterile water and transferred into
quartz cuvettes with optical path lengths of 10 mm, 4 mm,
and 1 mm for measurement. Readings for the 4 and 1 mm are
multiplied by 2.5 and 10, respectively, to get the real ODs.
Then the yeast aliquots were further diluted to obtain a final
1:2.5 and 1:10 dilutions and transferred into quartz cuvettes
with optical path length of 1 cm for measurement.
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Growth curve detection

The growth curve was used to determine if the multi-light
path transmission method gives a more accurate reflection of
the cell growth state. A single E. coli or S. aureus colony was
inoculated in 15 ml LB broth and incubated overnight; 10 ml
of overnight cultured E. coli or S. aureus was added into
500 ml LB medium in a conical bottle and was incubated at
37°C with shaking at 200 rpm. At time zero, 10 ml of bacteria
was sampled to measure the absorbance at ODgqg in quartz
cuvettes with optical path lengths of 10 mm, 5mm, and
2 mm, respectively. At each designated time point, this me-
dium was measured by the same procedure. Similarly, the
growth curve of yeast was also measured except the optical
path lengths used were 10 mm, 4 mm, and 1 mm.

Dry weight analysis

To analyze the dry weight of the E. coli, S. aureus, and yeast
cells, the overnight-cultured microorganisms were harvested.
Briefly, 9 ml of each culture were transferred into centrifuge
tubes and centrifuged for 15min at 9600g, respectively.
Then, the harvested cells were resuspended using 5 ml sterile
water and then centrifuged for another 15 min at 9600g. Fi-
nally, the harvested cells were fully dried at 65°C overnight
and the dry weight was determined using electronic balance.

Flow cytometry analysis

Cell counting for E. coli, S. aureus, and P. pastoris was car-
ried out on an Accuri™ C6 Plus (BD Biosciences) flow cy-
tometer; 1,000,000 events of all samples were acquired with
a low flow rate of 14 pl/min. Data analysis of the cytometric
files was performed by Flowjo software; a polygon gate was
drawn and the events in the polygon were then counted
using this software.
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