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Samples of Mycobacterium PRY-1 inoculated motor oil are sub-
jected to three-dimensional fluorescence spectroscopy to document
the shifting of excitation/emission maxima as the solutions undergo
serial dilutions. Effects such as self-quenching of individual poly-
cyclic aromatic hydrocarbons (PAHs) and energy transfer between
PAHs combine to produce large red-shifts in the resulting fiuores-
cence emission spectra. This process is repeated over a series of
weeks and is compared to preceding spectra to gauge the microbial
degradation of the petroleum. Results show a two-fold, or 75%,
PAH contaminant degradation by Mycobacterium PRY-1 over a
140-day growth period.

Index Headings: Motor oil; Polycyclic aromatic hydrocarbon; Petro-
leum; Three-dimensional fluorescence; Microbial degradation; My-
cobacterium PRY-1; Quenching; Energy transfer; Spectra; Fluo-
rophore; Chromophore; Concentration effects.

INTRODUCTION

Past research has demonstrated that fluorescence spec-
troscopy should be a good technique with which to in-
vestigate mixtures of hazardous polycyclic aromatic hy-
drocarbons (PAHs) found wherever petroleum spills have
occurred.! PAHs persist in the environment, possess
unique spectroscopic fingerprints as individual com-
pounds, and often fluoresce intensely. Spectra obtained
from these samples are challenging to interpret, however.
Solutions of petroleum extracts exhibit marked differenc-
es in the fluorophore emission maximum, with changes
in concentrations that have been noted by workers in the
field.>* Within a typical petroleum mixture, various
quantum Yyields are exhibited at differing dilution factors.
Neat samples have the smaller PAHs quenched because
of their relative high concentrations, and the larger aro-
matic systems that are visible at long wavelengths typi-
cally have a smaller HOMO-LUMO gap and thus a
smaller quantum yield. As one dilutes the sample, the
larger PAHs fall below the concentration threshold of de-
tection by the instrument, and the smaller PAHs come
out of quenching. These PAHs, with their larger HOMO-
LUMO gap, fluoresce intensely at shorter wavelengths.’
Fluorescence spectra resulting from these samples also
provide other challenges to interpretation because if sev-
eral different PAHs are placed together in solution, in-
termolecular quenching and energy transfer processes af-
fect spectral outcomes.

Our past research has identified the predictable spec-
troscopic character of these natural fluorophore mixtures
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that are observed upon serial dilution. Entitled *‘the red-
shift cascade” effect, we recently documented how non-
radiative energy transfer and quenching could cause
three-dimensional (3D) fluorescence maximums to sys-
tematically appear at shorter wavelengths as the solution
strength decreased.® (The title was derived from a 1994
publication by Wang and Mullins that noted the red-shift-
ing cascade effect for 2D fluorescence.”)

In this paper we document the red-shift cascade be-
havior of samples of aged Chevron Calol® motor oil that
have been inoculated with Mycobacterium PRY-1.
Known for its ability to degrade PAHs, we present the
red-shift sequences for samples that have been exposed
to the microbe at increasingly longer periods of time.
What we find is that the resulting spectra will gauge the
amount of microbial degradation in such a way that a
quick visual inspection of the cascade can be used to infer
the percent of total petroleum degradation. We believe
this approach may be of use to workers in fields such as
“land farming” of contaminated sites to add to their abil-
ities to illustrate these processes.

EXPERIMENTAL

Mycobacterium PRY-1 Growth and Culture Con-
ditions. Mycobacterium PRY-1 was grown in 125 mL
Erlenmeyer flasks containing 30 mL of basal salts me-
dium supplemented with 250 pg/mL each of peptone,
yeast extract, and soluble starch dissolved into dimethyl-
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FiG. 1. Three-dimensional fluorescence spectrum of the pure PAH 2.3-

benzanthracene in stock solution.
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[image: image2.png]FiG. 2. (A) The location of principle peaks for typical polycyclic aromatic hydrocarbons summarized graphically on an excitation/emission grid
using three-letter acronyms; (B) table listing their corresponding full names and structures. Note: The number in parentheses after each acronym

gives the number of rings.
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FiG. 3.

3D fluorescence spectral shifts obtained from samples of aged Chevron Calol® motor oil, observed upon dilution, before microbes are

added (first vertical column), and after 14 days and 140 days in the presence of Mycobacterium PRY-1 (second and third vertical columns,

respectively).

formamide. The cultures were incubated in the dark at
room temperature for 72 h on a wrist action shaker. The
growth of the cultures was measured by monitoring the
increase of optical density (OD) at 500 nm on a standard
spectrophotometer. The harvested bacteria to be used as
inoculum of petroleum biodegradation were resuspended
in sterile 0.1 M tris(hydroxymethyl)aminomethane buffer
at a pH of 7.5 and a concentration of 3.0 X 10° cells/
mL.8

One milliliter of this expanded mother strain was
placed in sample test tubes that also contained 900 pm
of the aged motor oil and 1 mL of adjusted tris buffer.
These test tubes were sealed slightly, allowing oxygen to
the organisms,’ and placed on a VWR Scientific® rock-
ing platform in the dark. At day 14 and day 140, other
test tubes were extracted, via the method described be-
low, to gauge the changes in the resulting spectra. To
produce a ‘“‘no-microbe” baseline series of spectra, we
used 2 mL of basal salt medium and 900 pm of Calol

motor oil. (Two milliliters of the medium was used to
match the aqueous layers of the tubes that contained the
microbes.)

Fluorescence Spectroscopy. All 3D fluorescence
spectra were obtained on a Perkin Elmer™ model LS-30
luminescence spectrophotometer, interfaced to a Pen-
tium® computer via a CIO-Das08 multifunction analog
and digital I/0O board (Computer Board Inc., Mansfield,
MA).

The 3D fluorescence spectrum for a fluorophore mix-
ture is dependent on its concentration. Thus, the full fluo-
rescence character of a mixture can only be captured by
measuring a series of fluorescence surfaces for a suite of
dilutions. For the mixtures in this study, we produced an
original PAH extract from the samples (test tubes con-
taining culture and oil were extracted with 10 mL of
spectral-grade benzene with a 60 mL separatory funnel).
Next we performed a series of serial dilutions in spectral
grade benzene of which four (1:2, 1:8, 1:32, 1:128) are
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FiG. 4.

A comparison of the 3D fluorescence spectral shifts obtained from samples of aged Chevron Calol® motor oil, observed upon dilution,

before microbes are added and after 140 days in the presence of Mycobacterium PRY-1. Matching PAH signatures between left and right spectra
may permit researchers to conclude relative amounts of PAH contaminant degradation over time.

94

Volume 58, Number 1, 2004

utiliz
petre

T«
sion
scan
fixec
The
Vers
MA
eacl
Loty
fluo
tech

RE!



[image: image5.png]550

50

0

on,

utilized to illustrate the red-shift cascade ability to gauge
petroleum degradation in contaminant samples.

To compile a 3D surface, a systematic set of 16 emis-
sion scans was collected from 300 to 560 nm. Successive
scans were gathered with the excitation monochromator
fixed at 20-nm intervals over a range of 200 to 500 nm.
The data capture was performed by Labtech Notebook
Version 10.1® (Labtech Technologies Inc., Andover,
MA). The program collected one point per nanometer for
each successive scan and compiled all 16 scans into one
Lotus® file containing 4176 points. Visualizations of the
fluorescence surfaces were generated by the Axum®
technical graphics and data analysis package.

RESULTS AND DISCUSSION

In 3D fluorescence spectroscopy, the intensity of fluo-
rescence is plotted as a function of both the excitation and
emission wavelengths. For a pure compound, the resultant
surface shows peak clusters or ridges that are assignable
to the electronic and vibrational energy transitions in a
given PAH molecule. Figure 1, for example, presents the
3D fluorescence spectrum obtained from a 2,3-benzan-
thracene stock solution. When a mixture of PAHs are pres-
ent, as in real-world samples, multiple molecular spectra
are visible at different dilutions. (The location of principle
peaks for other PAH compounds are summarized graphi-
cally on the excitation/emission maximum (EEM) grid of
Fig. 2A, where the acronyms are matched with the names
and structures in Fig. 2B. Our structures in Fig. 2A show
merely one resonance form for each PAH. For a more
accurate description of each molecule one should consult
the Bergmann et al. article on this topic.'®) The inherent
shape of this “fingerprint” is dependent on both the con-
centration of the solution and makeup of the PAH mixture.
At higher concentrations, larger PAHs are visible and
smaller ones are far too concentrated and quench. As one
dilutes the sample, the molecules with fewer rings begin
to appear in the spectrum and the larger ones fall below
their concentration detection limits.

The first vertical column of spectra in Fig. 3 depicts the
results of the original non-microbe inoculated sample at
the four dilutions of 1:2, 1:8, 1:32, and 1:128. The center
vertical column has similar results for a sample inoculated
with petroleum-degrading mycobacterium PRY-1 that was
allowed to interact with the petroleum for 14 days. The
final vertical column gives results for a sample that was
degraded by the bacteria for 140 days. While each set of
spectra shows the results of the dilution effect on 3D fluo-
rescence spectra of petroleum consistent with a red-shift
cascade (i.e., certain PAHs becoming visible at specific
concentrations), the results for the sample inoculated with
microbes for 14 days clearly depicts a marked decrease in
overall PAH concentration. (As one inspects the panel se-
quence, the spectral shift to smaller ringed molecules is
visible at higher concentrations when compared to the
original sample that did not contain microbes.) This ap-
parent decrease in overall PAH concentration is even more
pronounced in the spectral set created from a sample pro-
duced after 140 days in the presence of the mycobacterium
PRY-1, leading to a nearly complete lack of visible PAHs
in the most diluted spectrum. This is significant because
had the PAHs stayed at their original concentrations, these

smaller molecules would still be within their detectable
levels, as is the case in the non-microbe spectral set. The
fact that our spectral cascades, obtained from inoculated
samples, mimicked our original non-microbe samples,
only at an apparently lower starting concentration of pe-
troleum, seems to suggest that mycobacterium PRY-1 did
not show preference for any specific class of PAH with
respect to the number of rings. Had the microbe focused
its petroleum-degrading ability on any one class of com-
pounds over another, we believe the fundamental set of
spectra produced would have shown a much different shift
from the original with classes of molecules possibly
skipped in the sequence or severely attenuated in favor of
other less degraded molecules. Our results do not suggest
that this scenario was the case.

Figure 4 illustrates a method of gauging the actual per-
centage of microbial degradation in a real-world sample.
If one compares panel A and D in Fig. 4, it is possible to
conclude that the same mixture and concentration of PAHs
produced both of these spectra. If we take into account
the fact that panel A, which was produced by a sample
unexposed to microbes, is at a 1:8 dilution while panel D
is only at a 1:2 dilution, it is possible to deduce that the
PAH concentration after 140 days in the presence of My-
cobacterium PRY-1 has been reduced by 75%. This trend
continues as we compare panel B to E and panel C to F
in Fig. 4.

CONCLUSION

We believe that the results of this study demonstrate
the utility of applying a 3D fluorescence red-shift cascade
approach to gauging both the class of PAH contaminant
compounds degraded and relative amounts of these com-
pounds. Researchers in the field may thus potentially add
this technique to their repertoire of tools simply by ex-
tracting soil samples over time and performing a series
of dilutions. Resulting spectra can be visually compared
with initial readings and when matches are identified, rel-
ative decay rates can be established.
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