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Pa3paboran GHOJIOMUHECHEHTHBIIT METO sl OBICTPOr0 KOHTPOJIS KadecTBa GaKTepu-
AJIbHBIX MUTATEJbHBIX CPell H CTAHAAPTHBIX MITAMMOB O0akTepmii mo onpeneiennio AT®,
ompeiesieHO COOTHomeHne Me:xkay ypoBHeM AT® u KoJIM4eCTBOM OaKTepHii, H3MepeH-
HbIM METO/IOM pa3BelleHHil 1 MeTOAOM cyeTa KoJIoHHeoOpasyromux eaunuu. Mccaenona-
Ha KuHeTHKa pocta E. coli B cpenax, copep:kamux OpH/ISIMAHTOBBIN 3e/IeHbIH U JAKTO3Y,
yKa3aHHbIX B opunuaibHbiX crangaprax Mekcuku (Mexican Official Norms (NOM)). Uc-
ciaenoano Bausinue pH, uoHHOI cuibl U Temnepatypbl Ha poct E. coli m cmemaHHoii
KyJbTypbl E. coli u Pseudomonas spp. AT® onpeaesisiun OHOJIOMHHECIIEHTHBIM METOIOM
nocjiae 00padoTKH KJETOK JUMETHICYJIb(OKCHIOM; OJHOBPpeMeHHO ¢ u3MepeHueM AT®
KOJIM4ecTBO OaKTepuii B o0pa3uax ompejaeasiyii MeTOJAOM CYeTa KOJIOHUH HAa 4yamKax H
MeTo0M pa3BedeHuii. Bce u3MepeHHble mapaMeTphl /sl CPaBHEHHsI pocTa OakTepuii B
cpeaax, colep:kammx OpM/VIMAHTOBBIN 3e/leHblil U JaKTO03y, ObLIM CTATHCTHYECKH 3HAYM-
Mbl. CHJIbHOe HHTHOHPOBAHUE POCTAa 0aKTepHii B 00eHX cpelax HAO/I0JAIOCH B MPHUCYT-
creun 5% NaCl. OrmeueHo yBeanueHue yjaejabHoro pocra E. coli B mpucyrcrBum
Pseudomonas spp. Iloka3zano, 4To Ha0/I0AA€TCA XOPOIIAs KOPPeJsius MeKAy KOHIEeHTpa-
nueii AT® u koanyecTBOM OakTepuii B oOpa3ue, n3MepeHHbIM METOJA0M pa3BelleHHii u

METOAOM CUeTa KOJIOHHeOﬁpa3leII.IHX CAUHUILL.

INTRODUCTION

Organizations in charge of accrediting water quality
monitoring labs nowadays encourage them to set strict
controls to ensure efficient testing processes. Bacterio-
logical testing includes enumeration of coliform bacteria
that indicate fecal contamination of water. Microbiolog-
ical analysis of water may be performed using differ-
ent testing methods to examine samples for a variety
of test parameters [1]. Regardless of the size, location
or complexity of testing laboratory, the employed meth-
ods must be based upon recognized standard methods
in order to provide quality results to the submitting
agencies [2].

The parameters established in Mexican Official
Norms (NMX-AA-042-1987) [3] for quantification of
fecal water pollution are the MPN (Most Probably
Number) and CFU (colony formed units on micropore
filters). Both parameters are defined by microbiologi-
cal analysis based on specific broths and solid media.
The broths traditionally used in MNP quantification
are Brilliant green bile (2%) and Lactose Broth. The
incubation period was 24-48 h, but the results varied
considerably. Although the tests required for evaluat-

ing these techniques can be done with standard bac-
terium, the viability and quality of such tests are un-
certain at the start of the processes [3]. However,
the use of modified medium as well as standard bac-
terial inoculum affects the precision of the assays.
Hence, new methods of rapid microbial detection are
emerging in modern microbiology. Traditional culture-
based techniques demand lengthy protocols that cause
notable delays in analysis, but as they are actually of-
ficially recognized, it is important to standardize these
methods for rapid detection.

Adenosine triphosphate (ATP) or Relative lumines-
cent units (RLU) technology is a new, rapid microbial
detection method based on bioluminescence, which can
meet the demands for sensitivity and at the same time
could save time and money [4]. It is considered that
this can be adapted for quality control of medium and
bacterial strains applied in standard MPN and CFU as-
says. The bioluminescent ATP detection is based on re-
action catalyzed by firefly luciferase (EC 1.13.12.7). It
is the more sensitive method in comparison with other
techniques used for biomass quantification, for example,
absorbance measurements.
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The bacterial growth kinetics data can be used for
the development of the bioluminescence assay and this
hypothesis formed the basis of this study.

Microbial growth kinetics, i.e., the relationship be-
tween the specific growth rate (1) of a microbial popu-
lation and the substrate concentration (S), is an indis-
pensable tool in all fields of microbiology, be it physiol-
ogy, genetics, ecology or biotechnology, and therefore
is an important part of the basic aspects of microbiolo-
gy. Recently more ecologically oriented studies in the
area of microbial growth and biodegradation kinetics
demonstrated that many fundamental questions in this
field still remains to be discovered [5]. Knowledge
concerning the influence of environmental factors such
as temperature, pH, salinity etc., on microbial growth is
of crucial practical importance in the control of biopro-
cesses, for the safe handling of food, in waste water
treatment and in bioremediation [6].

The aim of present study was to show that biolu-
minescent ATP monitoring of the microbial growth ki-
netics in the traditionally employed medium for MPN
technique could be used to define the parameters for
rapid quality control of the culture medium, as well as
to correlate the ATP measurements to the viability of
bacteria estimated by MPN and CFU methods.

MATERIALS AND METHODS

Luminometer TD-20/20 (USA) was used for biolu-
minescent measurement. Centrifuge (Thermo IEC Multi
RF, USA) was used for pelletization of bacterial cells
and an Incubator (Rios Rocha, Mexico) was employed
for the growth studies at 37°C. The absorbance mea-
surements were carried out using Hach (HACH, USA)
spectrophotometer.

Sodium chloride (ALQUIME, Mexico), sodium hy-
droxide (Jalmek, Mexico), hydrochloric acid (Jalmek,
Mexico), dimethyl sulfoxide (Fisher Biotech, F-Scien-
tific USA), adenosine triphosphate ATP, luciferin-lu-
ciferase kit for ATP detection (Sigma, USA), lactose
and 2% brilliant green bile broths (Sigma, Fluka, Biox-
on), nutrient and brilliant green agars (Bioxon, Mexico)
were used in the present study and all reagents were
of analytical grade.

Microorganisms, their preservation and inoculum
preparation

In this study Escherichia coli (BD Bactrol plus
ATCC 25922 Bioscience, USA) and Pseudomonas
aeruginosa (BD Bactrol plus ATCC 27853 Bioscience,
USA) strains were used. The commercially provided
strains were treated according to given instructions.

The Escherichia coli strain was maintained on 2%
brilliant green brilliant bile agar and Pseudomonas
aeruginosa on nutrient agar. The inoculum was pre-
pared by incubation of E. coli in 2% brilliant green
brilliant bile broth and P. aeruginosa in nutrient broth
at 37°C for 6 to 8 h.

Medium employed in growth kinetics studies

E. coli was grown on 2% green brilliant bile and
lactose broth, which are commonly employed in the
Most Probable Number (MPN) technique recommend-
ed by Mexican Official Norm (NMX-AA-042-1987)
and was used as control. Pseudomona aeruginosa
was also grown on the same media to define their se-
lectivity and to study their probable interference on the
growth of E. coli. To demonstrate the influence of the
quality of media on kinetics of growth, they were mod-
ified. The pH of 2% brilliant green bile broth was
modified by changing the pH to 5.4 and 8.4 from 7.2+/
—0.2 and the lactose broth was modified from 6.9 +/—
0.2 to 5.4 and 8.4 using the drops of 5% HCI and 5%
NaOH respectively. The ionic force of both media was
increased by addition of 5% NaCl to the culture me-
dia. Moreover, both media were treated at high tem-
perature on a microwave oven for 1 min.

Growth kinetics of E. coli

E. coli strain was grown on 7 ml of culture media
listed above in tubes (10 ml volume) and with
0.1 ml of inoculum. All inoculated tubes were incubat-
ed at 37°C for 8-12 h. The growth of E. coli was de-
termined every hour by means of A,, in all tubes us-
ing HACH spectrophotometer (Loveland, USA). All
the assays were performed in triplicate for all the me-
dia under all conditions.

Bioluminescent assay for monitoring the growth
kinetics of E. coli

E. coli was grown and multiplied under conditions
described above. Considering that the presence of me-
dia influenced the bioluminescent detection, the biomass
was separated from culture broth by means of centrif-
ugation at 4000 g for 10 min at 4°C. Cells were bro-
ken with DMSO (10 ml of sample with 90 ml of
DMSO) and the bacterial ATP released was detected
by bioluminescent method. The bioluminescence assays
were performed according to the techniques outlined in
the Sigma luciferin-luciferase kit. The light emission
was measured on a TD 20/20 luminometer (USA) with
integration over 10 seconds and ATP was measured
initially as Relative Light Units (RLUs). The activity of
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the luciferin-luciferase was tested by using an ATP
standard to obtain the calibration plot. The RLUs were
proportional to the amount of ATP and the amount of
ATP was proportional to the number of viable bacteria.

The obtained ATP kinetics was compared with the
growth curves of bacteria obtained by spectrophoto-
metric method. The assay was performed in triplicate
for all the media employed in this study.

Assay for establishment of relationship between ATP,
CFU and MPN

The relation between ATP detected, and CFU as
well as MPN was defined by applying the biolumines-
cent assay, plate count and MPN technique respective-
ly. Colony Forming Units (CFU) and MPN were eval-
uated according standard techniques by following the
Official Mexican Norms [1, 6].

Different cell suspensions were used. The final con-
centrations of E. coli varied in range of 10" — 10"
CFU/ml. The ATP/CFU and ATP/MPN values were
calculated from the slopes obtained in ATP (mol/ml) vs
CFU/ml and ATP (mol/100 ml) vs MPN/100 ml coordi-
nates respectively. All assays of this study were car-
ried out in triplicate. Standard deviation and mean val-
ues were calculated for both plate count and biolumi-
nescent ATP determination.

Statistical and mathematical analyses

Based on Monod’s equation [7], the obtained kinetic
curves were plotted on semi-logarithmic coordinates
(In-measured parameter (t)) vs time) to determine the
specific growth rate values for each condition of E.
coli growth. The specific rate was calculated as the
slope of the line corresponded to the exponential phase
of E. coli growth. The growth kinetics data were ana-
lyzed for multifactor variance analysis and the statisti-
cal significance was determined at 95% confidence
limits.

RESULTS AND DISCUSSION

In the present study it was supposed that the kinetic
data of bacterial growth can provide the necessary in-
formation for the development of a rapid assay that
may be applied to quality control of medium and mi-
crobial strains.

Two media from Official Mexican Norm NMX-AA-
042-1987 were used [1]; lactose broth was commonly
employed for presumptive coliform quantification and
2% brilliant green bile broth was used for fecal
coliform quantification. The kinetics of E. coli growth
was studied by two different methods, viz., spectropho-

tometric and bioluminescent assays. In both cases, 4
artificially altered media for lactose broth as well as
brilliant green bile broth were employed to compare the
growth of E. coli with control (Figs 1-4). Both the
media used are considered as the standard ones for
the estimation of the microbial growth.

Moreover, to estimate the quality of standard E. coli
strain, the assay was carried out on both broths in the
presence of Pseudomonas aeruginosa (Fig. 5).

The results obtained with 2% brilliant green bile
broth (Figs 1 and 2) demonstrated that both measure-
ment methods detected the changes in growth kinetics
of E. coli. The growth on modified broths was slow-
er than the control media for most of the applied
conditions. However, in the case of the heat treated
medium the ATP detection demonstrated an increase
in growth from 4 hours (Fig. 1, b). Similar observa-
tion was also made with absorbance method (Fig. 1,
a), which did not present an increase on the mea-
sured parameter, but led to higher values of specific
growth rate (Table 1). It was observed that the ATP
detection was more sensitive to the changes in
growth conditions and their effect on bacterial multi-
plication. Increase (Fig. 2, b) or decrease (Fig. 2, d)
of pH, as well as an increase in the ionic force (Fig.
1, d) provoked several changes on ATP detection.
The kinetic curves obtained from these three experi-
ments did not exhibit a typical sigmoid behavior. An
irregular pattern was detected; initially the ATP levels
were higher (Fig. 2) or similar (Fig. 1, d) to control
measurements. The increase might be related to some
metabolic processes that led to the increase of ATP
[8]. However, this was not reflected in a similar
manner in absorbance measurements and also they in-
dicated only the biomass quantity, but not its viability.
This conclusion could be also confirmed by the de-
crease in ATP levels observed after 6 h of incubation,
which was not recorded for the absorbance data
(Figs 1 and 2).

The specific growth rates of the studied microorgan-
ism (Table 1) were calculated from the sigmoid kinetic
curves obtained by both applied methods. The results
correlated with the data on growth kinetics obtained in
the previous experiment (Figs 1 and 2). The specific
growth rate calculated from the growth kinetics ob-
tained for control and modified 2% brilliant green bile
broth was statistically different for all treatments at
95% confidence level. There was a complete inhibition
of bacterial growth in the media modified with NaCl
and a partial inhibition in the case of pH modified me-
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Fig. 1. Growth kinetics of E. coli ATCC 25952 on control ({ — control) and modified (2) 2% brilliant green bile broth
determined by spectrophotometric (left —a, ¢) and bioluminescent (right — b, d) assays: top, — comparison of control
broth with heat treated medium (a, b); bottom, — with altered ionic force medium (c, d)

dia. Thus, the bioluminescent assay may be applied for
the determination of the quality of brilliant green bile
broth employed for the E. coli quantification as per Of-
ficial Mexican Norm. The results showed that this assay
was more sensitive and with high precision than the
spectrophotometric assay. as ATP assay detected the vi-
ability of cells in stressful conditions and not the total
biomass which also included dead cells. It can also
be concluded that the parameters of growth kinetics,
for example specific growth rate or the generation
time, might be useful for the determination of the
quality of culture medium as these values depended
on the growth conditions. In other words, a change in

value is always associated with the changes in the
growth environment.

The obtained results are in accordance with earlier
report, which also showed that the multiplication of E.
coli in the media with NaCl was characterized by slow-
er specific growth rate and lower growth yield [9].

Similar results were obtained for the E. coli
growth on lactose medium with NaCl (Fig. 3, ¢ and 3,
d). Both the bioluminescent detection and turbidity
measurement revealed a significant decrease in the
growth of E. coli. However the difference in the
growth kinetics in modified lactose broth was less than
that observed for brilliant green bile broth. Figs 3, 4
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Fig. 2. Growth kinetics of E. coli ATCC 25952 on control (1— control) and modified (2) 2% brilliant green bile broth
measured by spectrophotometric (left — @, ¢)and bioluminescent (right — b, d) assays: top — comparison of control with
medium at pH 5.4 (a, b); bottom,— with medium at pH 8.4 (c, d)

showed a similar kinetic behavior for control and al-
tered media except ionic force modified medium (Fig.
3, d). When compared to control, a statistically signifi-
cant difference in specific growth rates was observed
for most of the applied conditions, except for the lac-
tose broth at pH 8.4. The difference in specific growth
rate due to the changes in broth conditions are pre-
sented in Table 2.

The growth kinetics studies with rigorous statistical
analysis permitted the prediction of the quality of culture
medium. As mentioned before, the bioluminescent assay
has various advantages in comparison with other stan-
dard assays, because it reflects the cell viability in re-
sponse to the changes in environmental conditions [10].

Fig. 5 showed that the bioluminescent assay might
be also useful in the prediction of the microbial con-
tamination in the standard strain of E. coli. The ki-
netic curves (Fig. 5) and the Table 3 demonstrated
that the E. coli multiplication in 2% brilliant green
bile broth was decreased in the presence of P.
aeruginosa. Brilliant green bile broth was more se-
lective than lactose broth [3] and impeded the multi-
plication of P. aeruginosa. The contamination of E.
coli strain was observed by the appearance of lag
period in absorbance measurements as well as chang-
es the ATP levels. The specific growth rate calculat-
ed from ATP kinetics was significantly less, when
compared to that of control (Table 3). Thus, biolumi-
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Tablel

Specific growth rate of Escherichia coli ATCC 25952 in 2% brilliant green bile broth™ and in

modified broths

Medium Measurement Specific growth rate Standard Statistical
method (w), /h deviation (S) significance
Control oD 0.358 0.0296 0.0452
ATP 0.728
Heat treated oD 0.332 0.0176 0.0707 +
medium ATP 0.847 +
Medium at pH oD 0.096 0.0799 0.0954 +
5.4 ATP Incalculable +
Medium at pH oD 0.021 0.0083 0.0502 +
8.4 ATP Incalculable +
Medium with oD Incalculable 0.0257 0.0933 +
5% NaCl ATP Incalculable +

*Mediumrecommended by Mexican Official Norm for MPN analysis of coliformsinwatersamples;

O —Optical ensity; ATP—Adenosinetriphosphatereleasebyusingdimethylsulfoxide( MSO);
+enotesastatisticallydifference(statisticalsignificancecanbeindicatedinthevaluesitself);—enotesa
nonstatisticallydifference.
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Fig. 4. Growth kinetics of E. coli ATCC 25952 on control (/ — control) and modified (2) lactose broth detected by
spectrophotometric (left — @, ¢) and bioluminescent (right — b, d) assays: top — comparison of control broth with
medium at pH 5.4 (a, b); bottom — with medium at pH 8.4 (¢, d)

nescent assay is an useful tool for the rapid predic-
tion of the contamination of standard E. coli strain,
which normally require long period of time in tradi-
tional method. The lactose broth was not very selec-
tive for E. coli growth or for the multiplication of
coliforms [3]. The increase in ATP level as well as in
absorbance values are related to the growth and multi-
plication of P.aeruginosa. Therefore, an increase in
specific growth rate in lactose broth could be used as
the indication of the contamination of standard strain
with P. aeruginosa.

The results from this study demonstrated that the
specific growth rate calculated from the kinetics of ATP
measurement can be applied for monitoring the quality
of culture medium and standard strains. The values ob-
tained in our control treatments were in accordance with

the results reported previously for medium containing
lactose [6, 11, 12], which was in the range from 0.38 to
1.20 h™' for different formulations.

The ATP detection might also be useful for quantifi-
cation of E. coli in the inoculums used for different
microbiological assays, as well as a reference point for
standardization of the conventional MPN and CFU
methods.

In the present study we defined the relation be-
tween ATP and the conventional microbial quantifica-
tion methods such as CFU and MPN methods and the
results are presented in Table 4. This data was in ac-
cordance with results of an earlier report (13). In spite
of the observed correlation between the mentioned pa-
rameters, the values were characterized by high stan-
dard deviation (Table 4). The accuracy and the repro-
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Fig. 5. Growth kinetics of E. coli ATCC 25952 growth (I — control) in the presence of Pseudomona aeruginosa
ATCC 27853 (2) detected by spectrophotometric (left —a, ¢) and bioluminescent (right — b, d) assays on: top —2%
brilliant green bile broth (a, b); bottom — on lactose broth (¢, d)

Table 2
Specific growth rate of Escherichia coli ATCC 25952 in lactose broth* and in modified broths
Medium Measurement Growth specific Standard deviation (S) Statistical significance
method rate (n), 1/h
Control oD 0.314 0.0007
ATP 0.303 0.0028
Heat treated medium oD 0.215 0.0077 +
ATP 0.1385 0.02192 +
Medium at pH 5.4 oD 0.177 0.0084 +
ATP 0.2015 0.0530 +
Medium at pH 8.4 oD 0.189 0.0268 +
ATP 0.350 0.0021 --
Medium with 5% NaCl oD Incalculable 0.0063 +
ATP Incalculable 0.113 +

*Medium recommended by Mexican Official Norm for MPN analysis of coliforms in water samples; + Denotes a statistical difference;
— Denotes a non-statistical difference; OD — Optical Density; ATP: Adenosine triphosphate release by using dimethyl sulfoxide
(DMSO).
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Table 3

Specific growth rate of Escherichia coli ATCC 25952 contaminated with P. aeruginosa ATCC 27853 in 2% brilliant green
bile and lactose broth*

Srain Applied Measured sign Growth specific Standard deviation Statistical
medium rate (u), 1/h (S) significance
modification

Control E. coli Lactose OD 0.314 0.0007

ATP 0.303 0.0028

Strain growth E.coli Lactose oD 0.415 0.0042 +

with Pseudomona ATP 0.465 0.0240 +

aeruginosa

Control E. coli 2% Brilliant OD 0.358 0.0296 +
green bile ATP 0.728 0.0452 +

Strain growth E. coli 2% Brilliant | OD 0.491 0.0518 +

with Pseudomona green bile ATP 0.51 0.0820 +

aeruginosa

*Media recommended by Mexican Official Norm for MPN analysis of coliforms in water samples; + Denotes a statistically difference;

Denotes a Non statistically difference; OD — Optical Density; ATP: Adenosine triphosphate release by using dimethyl sulfoxide

(DMSO).

ducibility of the bioluminescent determination of bac-
terial cells were high. But the results obtained by
plate count technique varied in the range of 9-51%
and this was due to the clamping of bacteria in solid
medium. MPN technique is a statistical approach for
the coliform quantification and the values in MPN
table showed a wide range of possible coliform
count [3].

The results showed that the ATP bioluminescence
assay provided a rapid means of enumerating total
numbers of viable bacterial cells. ATP is a rapid, sensi-
tive and simple method in comparison with the conven-
tional microbiological techniques and could be used as
a complement or a substitute assay. As per the Official
Mexican Norms, water samples can be stored only for

six hours by the laboratories for microbiological analy-
sis. The conventional coliform assays have duration of
24 and 48 h for presumptive and confirmative evalua-
tion, respectively. For this reason, the quality control
aspect on the culture medium and standard strain is
avoided and the use of any modified methods might
not lead to reliable results and proper conclusions.

From the results of this study it is suggested to use
the specific growth rate as a parameter to check the
quality of culture media with a short and reliable analy-
sis of bioluminescence assay and by interpretation of
the data by computational analysis.

The specific growth rate of E. coli, as standard
strain in brilliant green bile broth and lactose broth aid-
ed to meet the Mexican Norms for coliforms.

Table 4

Correlation between ATP bioluminescence method, and conventional methods such as Colony
forming units (CFU)* and Most Probable Number (MPN)* for detection of coliformsin drinking

water

Culture Media

ATP/MPN +/- standard
deviation(s)

ATP/CFU +/- standard deviation (s)

2% Brilliant Green bile broth with
E. coli - control

5.54E-19 +/- 3.70E-19

7.20E-19 +/-2.07E-19

Lactose broth with E. coli - control

3.49E-19 +/- 1.1E-19

5.02632E-19 +/-6.81E-19

*From Mexican Official Norms.
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The aim of the study was to develop a bioluminescence assay for the rapid monitoring of
the quality of the bacterial culture medium and quality of standard bacterial strain by way
of ATP detection, as well as to define the relationship between ATP and the bacterial
population estimated by MPN and CFU methods. The growth kinetics of E. coli in the
Brilliant green bile and Lactose broth, suggested by the NOM (Mexican Official Norms)
were studied. The influence of pH, ionic force, and temperature was also evaluated for E.
coli and E. coli co-inoculated with Pseudomonas spp. ATP was detected by the
bioluminescent method after dimethyl sulfoxide treatment and simultaneously the
bacteria present in the samples were enumerated by plating and MPN techniques. All the
parameters tested to compare the growth of bacteria in brilliant green bile and lactose
broth, were statistically significant. A strong inhibition of growth was observed in both
media containing 5% NaCl. An increase in specific growth constant of E. coli was noted in
presence of Pseudomonas spp. The relationship between ATP, CFU and MPN of the
cultures was established and it was observed that the ATP assay has good correlation with

CFU and MPN techniques.



