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DYE FLUORESCENCE ANALYSIS FROM BACTERIAL METABOLISM

1. INTRODUCTION

A methodology for rapid detection and identification of mi-
croorganisms has long been of concern to the medical, pharmaceutical,
and food processing fields. Because of this sustained interest, the
area has remained active and has seen significant advances over the
classical time-consuming protocols of standard plate counting, membrane
filtration, or the multiple-tube fermentation procedures. However,
even today these techniques can require as much as 1 to 3 days; hence,
continued research is still indicated before a rapid, generalized
microbial characterization scheme is to be realized.

Various earlier developments have focused upon techniques in
immunofluorescence,1 6 enzyme amplification,7 ,8 light detection and

ranging (LIDAR),9 mass spectrometry, 1 0 bacteriophage lysis, i1 - 1 3

computer assisted probabilistic methods, 14 - 1 8 the recently developing
field of gel ferrographyl9 ,* and the double fluorescent DNA staining
method coupled to flow cytometry. 2 0 Each of these techniques is
limited by disadvantages such as laborious and time-consuming laboratory
preparation and sample handling, long observation times, and nonspeci-
ficity with respect to bacterial characterization and subsequent
identification.

The present investigation, which we believe to offer the
possibilities of speed, sensitivity, and specie identification to the
process of microorganism detection is embraced in the following
equation:

nonfluorescent enzyme supplied fluorescent+ + metabolites (1)
substrate (in bacteria) cofactorg v  product

This method combines several attractive experimental features. These

include

(a) exploitation of the particular enzymatic/metabolic
machinery of the cell by an added substrate in which
a predetermined reaction takes place,

(b) the product fluorescence which can be used to indicate
a positive cellular response, and

(c) rapid data collection and analysis under 30 minutes.

Equation 1 presents various modes of biochemical strategy in
order to uniquely characterize a given bacterium or small group of
bacteria. The technique pinpoints the identity of a particular enzyme
that is indigenous to the bacteria themselves through several

" *J. K. Marquis, A. P. Russell, and V. C. Westcott. Boston University

Medical Center. Personal communication, 1983.
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experimental avenues. In one instance, for the same bacterial enzyme a
series of chemically similar substrates (e.g., esters) can be utilized
to generate unique reaction rates and, thus, associated product fluo-
rescence. Another scheme involves sequentially using a series of sub-
strates in order to trigger the various potential enzymatic reactions
that can occur within the bacterium. The present experimental format
exploits the former procedure.

The first-order nature of the experimental fluorescence-producing
chemistry in this work suggests the Michaelis-Menten data analysis
approach as most attractive. Precedence for applying Michaelis-Menten
kinetics to enzymatic processes in vivo (i.e., reactions occurring in
the intact, living cell) has been previously documented in the litera-
ture, 2 1 ,2 2 although the theory, strictly speaking, was initially de-
veloped for enzymatic processes occurring in vZito.

2. EXPERIMENTAL METHODS AND MATERIALS

2.1 Bacterial Preparation and Handling.

Bacittu.6 6ubtl2 var n.geA (Bacitu5 9 tobigL, BG), the test
organism, was grown on a nutrient agar slant for 24 hours at 37°C and
stored at 4"C. One loopful of the inoculum culture from the slant was
spread evenly over the agar surface of the nutrient agar plates with a
sterile glass rod. After 16 to 18 hours incubation at 370 C, the growth
layer was scraped from the agar by adding 10 ml of sterile 0.1 M Tris,
0.85% NaCl, pH 8.0, in each plate. The cell suspension wap diluted to
75 ml with the buffer and was stored at 4*C. Viable cell counts of the
bacterial samples in the first set of experiments (vide inA4a) were made
by plating serial dilutions using sterile distilled water as diluting
blank, tryptose agar as plating agar, 37 0C as incubation temperature,
and 36 hours as incubation time.

Nutrient agar and tryptose agar were purchased from DIFCO

Laboratories, Detroit, Michigan.

2.2 Bacterial Assays.

The specific reaction examined was the hydrolysis of the

substrate diacetylfluorescein (5.0 x 1O-5M) by microbial lipase.
Normally, methylcellosolve2 3 - 2 5 and acetone 2 7 are the solvents used

-. to dissolve diacetylfluorescein with subsequent buffer dilution;
however, we found early in our work that acetone provides approximately
twice the activity as methylcellosolve. A typical assay solution con-
sisted of 2.0 ml of the dye solution at a prepared dye concentration

2 3 - 2 6

and 0.1 ml of the bacterial suspension added at the beginning of the
assay. A Farrand fluorimeter, Model MK-2, was used to excite diacetyl-
fluorescein at 469 nm and to monitor the emission at 519 nm with excita-
tion and emission slits of 1.0 and 2.5 nm, respectively.

r 3. RESULTS AND DISCUSSION

Two sets of experiments were conducted over a 1-month period
* using the same suspension in order to observe the effect of bacterial

age on the significant parameters. In one study in which the substrate
concentration was held constant, the bacterial concentration was varied

8



and the initial reaction rate was determined via the tangent to the
initial portion of the fluorescence generation curve. Figures 1 and 2
reflect these results. The plot presented in Figure 1 shows a marked
contrast in the differentiation of the hydrolysis rates of bacterial
diacetylfluorescein above 5.0 x 104 cells/ml, which correlates well with
the data of Pinteno and Find1 2 7 as shown in Figure 3. Their work made
use of the enzymatic hydrolysis of fluorescein-di-B-galactopyranoside
with Eichet~ichia coLZ neotype. The normalized comparison between the two
studies suggest similar kinetics.

1.6 -

0.8A

0

>

LZ 0.0

DAF

-0.8

-1.6I
4.0 5.0 6.0 7.0

LOG (BACTERIAL COUNT/ML)

Figure 1. Log Plot of the Concentration of an Aging
B. gtobigLi (BG) Suspension vs the Relative
Diacetylfluorescein (DAF) Hydrolysis Rate

The lines represent the maximum and minimum experi-
mentally determined limits. The points designated
(A) represent experiments on a separate 1 to 3 day
old BG suspension. The point at which the rate of
spontaneous DAF hydrolysis and the bacterial detec-
tion limit of sensitivity coincides is noted at the
lower left.
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Figure 3. A Comparison of Fluorescence Production
vs Microorganism Concentration Between the

Work of Pinteno and Find1 2 8 (E. coti)
and This Study (B. ubtZiPt)

Bacterial age was not addressed in the Pinteno and Findl report; whereas,
The BG from this work was taken from 1- to 2-day old suspension data.

As the bacterial suspension aged, a pronounced sensitivity in
age delineation is observed above 5.0 x 104 cells/ml. Figure 2 shows
a plot of age vs the relative hydrolysis rate of diacetylfluorescein
for a concentration of approximately 5.0 x 106 cells/ml. An apparently
exponential decay of the fluorescein emission is observed. This effect
is interesting in that, despite the decrease in metabolic activity of
the cell suspension with time, the viable B. AubtiI population, as
shown in Figure 1, appears to remain constant. Possible explanations
of this anomaly include (a) genetic repression of the lipase-producing
cellular machinery, (b) intracellular degradation of the metabolic
machinery, and (c) cell wall modification due to aging. Therefore, the
log plot of Figure 1 becomes generally useful for determining both the
bacterial concentration and age. For the present buffer and detection
system, Figure 1 shows clearly that the limit of bacterial concentration,

in which the signal-to-noise ratio is twice that of the spontaneous
hydrolysis of diacetylfluorescein, is 3.0 x 104 cells/ml, approximately.
If this graph is to be a generally useful and predictive tool for a
particular bacterial concentration and age, it must be independent of

2p: 11
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microbial suspensions for that same microorganism. This thesis is
apparently supported by a separate B. subtiWi suspension of the same age
(1 to 3 days) whose data (A) is superimposed upon the graph of the figure.
These results indicate that for a sample analysis one need only measure

the relative velocity of an enzy-atic in vivo reaction in order to obtain
the bacterial concentration from the previously prepared standard curve.
At the same time, a rough bacterial age can be estimated.

In the second series of experiments, diacetylfluorescein

concentrations were varied from 2.4 x 10-5M to 4.8 x 10- 8 M while, again,
monitoring the rate of reaction. The viable B. A&ubtit bacterial con-
centration remained constant during the course of this study; hence a
standard of 5.5 x 106 cells/ml assay solution was used. Because the
intracellular hydrolysis of diacetylfluorescein obeys Michaelis-Menten
kinetics,2 8 the enzyme parameter, KM was able to be evaluated for each
daily set of runs from Hanes-Woolf plots.2 8 ,2 9 Since it was first
postulated and then observed (see Figure 1) that lipase activity on
diacetylfluorescein decreases as the bacterial suspension ages, the
use of the Michaelis-Menten parameter was included in our investigation.
Over the 1-month course of this study, relative KM values varied only
modestly (0.6 to 1.6 x 10- 5M) in a random fashion, with an average value
of 1.17 x 10- 5 M. This is to be expected because the Michaelis-Menten

* . theory dictates that KM is independent of the enzyme concentration;
2 8

therefore, the data suggest that the parameter might be used to more
completely identify a specific bacterial-enzyme system. The data

- . representing the separate BG suspension superimposed on Figure 1 yielded
a KM value of 1.38 x 10- 5M, which is in reasonable agreement with the
value cited above. It is of further interest to note that in other
studies of intracellular diacetyifluorescein hydrolysis, KM values of

• - 3.6 x 10- 5M for fibroblast L cells,2 2 2.9 x 10-6 M for cultured mouse
lymphoma cells,2 1 and average intracellular fluorescein concentrations
of 4.4 x 10 5M and 2 x 10- 5M for leukemic and normal mouse lymphocytes,

3 0

respectively, were reported. To the best of our knowledge, these
* represent the only quantitative Michaelis-Menten analyses of experiments

with living mammalian and bacterial cells. KM values of 3.6 x 10- 5 M

and 7.0 x 10- 6 M were reported for the cell-free extracts of the cultured
mouse lymphoma cells mentioned above and an in vitAo solution of porcine
pancreas lipase,23,31 respectively. At a KM value of 1.17 x 10- 5 M, the
B. ubt4L& hydrolyzed diacetylfluorescein is within an order of magnitude
of that found in the mammalian cells and the in vitAo lipase experiment.

4. CONCLUSIONS

These encouraging early results suggest that further study
concerning this technique as a valid approach to microorganism deter-
mination is warranted. From this work there emerges various parameters
that appear to be useful in the determination of both concentration and
age of a bacterium. These include the observed reaction rate and the
Michaelis-Menten constant. In addition, the method suggests that
sequential substrate usage could permit further refining of the process
of uniquely identifying microorganisms.

12



The characterization of a mixed bacteria sample, however, is
significantly more germane. By the very nature of enzyme reactions,I.: the substrates themselves shed light on the kind of bacteria present.
Thus, a quick antibiotic screen and/or biochromatographic techniques
utilizing different retention times for different microorganisms*
could also be used in bacterial separation and determination. Greater
bacterial resolution could be achieved by coupling a low-power source
of laser excitation with a microfluorimeter in a microscopic stage
system. This is the subject of continuing work by the authors.

I.

I.

-44

*D. B. Greenberg, University of Cincinnati, and G. Janauer, State
Universtiy of NY at Binghamton. 1983.
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