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ABSTRACT

Adhesion of five different bacterial strains, isolated from oil-contaminated soil, or;'
suspended droplets of Jet A fuel was different but not absolutely parallel 1o tr_ie observgd growt
rates of the strains on this fuel. Preconditioning to hydrocarbons as we[.l as direct aeration of the
culture medium significantly increased growth rates of the different strains. Jet-A fuel, and motor
oil were found to serve as a source of carbon and energy for each of these strains. Conversely,
brake fluid did not support growth of any of these strains. The growth of one strain Annrgbagle;
globiormis (SBI-5) on hydrocarbons predominated over the ott.he'r four. Growth of SBI-5 on Jet-
fuel or motor oil was accompanied by production of an emulsifying agent. Growth rate of SBI-5

was monitored by observing optical density (ODs46) and total protein in liquid cultures as well as

i i i i in liquid and agar cultures.
reduction of 2,3,5-triphenyl tetrazolium chloride (TTC) to formazan in i -
The latter measurements by colorimetry was found to be faster and simpler for screening

biodegradation.

INTRODUCTION

Several laboratory studies have ex-
amined the capability of micro- orga?-
isms to degrade organic solvents (1,2),
pesticides (3) and petroleum hydrocar-

bons(4,53). Petroleum hydrocarbons are
well suited to biologicgl treatments, u‘nd
"in situ" bioremediation has:'becn .nf-
tempted most frequently on lhl:s 1;;;;: 0
contaminants(0). Both aerobic(7:8) and
9) biodegradation have been
shown to reduce the conccnlrutl}orzl of
several components of pclr‘ol‘cur’n 1y lio-
carbons. Several factors, bllf.h ‘fh po u-
tant concentration, acbive blmn-d'.‘;.'slt'(l"?-
centration, temperature, pH, a'v‘u‘tnll i v
of organic nutrients, c_lcctrpn]ac‘u,cp‘ (:{1::
and microbial adaptation, influence
;';nc and extent of biodegradation oiv(?r-
oanic pollutants. In a l‘cccn.t review, Van
;Jcr Meer et al.(18) have rcqucd lhaj mo-
Jecular mechanisms of genetic adaptation

anaerobic

1o xenobiotic compounds by the follow-
ing responses : (a) induction of specific
enzymes, (b) growth of a specific sub-
population of a microbial community
able to take up and metabolize the sub-
strate, and (c) adaptive selection of
mutants with altered enzymatic specifici-
ties or novel melabolic activities.

The work reported below used
2,3,5-tripheny! tetrazolium chloride
(TTC) as a generalized growth indica-
tor(11), Cultured cells capable of catabol-
izing the test substrate reduce TTC to
produce a deep red formazan, whereas
cells failing to catabolize the test sub-
strate remain uncolored.

In the present investigation. five
bacterial strains isolated from soil have
been studied for their ability to utilize
Jet-A fuel, motor oil and brake fluid as a
sole source of carbon and energy. The
most promising isolate Arthrobacter
globiformis (SBI-5) was also studied to
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Jdeternune s potential to utthize ditferent
hydrocarbons o support prowth,

EXPERI MENTAL
L. Microorpanisms :

Five strains of aerobic bacteria
with the potential of degrading hydrocar-
bons were isolated by enrichment cultur-
mg from a motor oil dumping site in
Cheshire, CT, USA, using shaking flasks
coated with an inside layer of asphalt as
the sole carbon and energy source, The
solated microorpanisms were identified
according to Buchanan et al (197.)12),
and by using Enterotube 11 microbial identifi-
cation Kits and Oxi/Ferm tubes produced
by Roche Diagnostic Systems, Inc.,
Montclair, NJ. The code names, genera
and species of the isolates are listed in
Table 1.

2. Culture media :

Those employed were nutrient
agar, nutrient broth, tryptic soy-broth
(I'SB/Difco), a chemically defined mini-
mal salt medium, MSB-1 [prepared as
described by Pendrys (13) and supple-
mented MSB-1 (S-MSB-1) prepared by
adding to 1 liter of MSB-1 3.5 ml of a
solution contained the following salts
[(g/L)(calculated as the anhydrous
salts)]: CaCl,, 0.389; Cu(NO3)2, 0.64;
ammonium sulfate, 0.6; ZnSOy, 0.718;
FeSOy, 0.696.

3. Preconditioning of microbial
isolates :

Isolates were preconditioned by in-
cubation with hydrocarbons (e.g. Jet-A

fucl), Duplicate cultures were esta-
blished, one with 2% (viv) Jet-A fuel in
TS and another without jet fuel, The
cultures were incubated at 30°C in a BYy-
rating water bath (150 rpm) for 24 hours,
The grown cells were separated by cen-
trifugation at 4°C, washed twice with
sterile water and resuspended in sierile
MSB-1 medium, The cell concentration
was then adjusted for use in fusther in-
vestigations,

4. Bacterial adherence to Jet-A fuel
(Measure of cell hydrophobi-city) :

Samples from preconditioned bac-
terial suspensions (20 ml) prepared as
described above were placed in 50 ml
Erlenmeyer's [lask, Jet-A fuel was added
to give concentration of 2% (v/v) of hy-
drocarbon. 'The mixtures were agitated
(150 rpm) for different times (up to 20
hours) on a shaker water bath at 30°C.
After these incubation periods, the sus-
pensions were allowed to stand for 10
minutes (o separate the two liquid phas-
es. Then the optical density (ODs44) of
the aqueous phase was determined
against a sterile MSB-1 medium. During
scttling, drops of oil previously suspend-
ed in the aqueous phase carry adherent
cells out of the aqueous phase. The ex-
tent of bacterial adherence to Jet-A fuel
droplets was therefore indicated by the
decrease in the measured optical density
at 546 nm (ODsy4q) of the aqueous phase.

5. Culturing microorganisms in
shaked/ aerated flasks :

_ Generally, 2.5 ml of precondi-
tioned microbial suspension were used to
moculate 250 ml chemically defined me-
dium (e.g. MSB-1) in 500 m] Erlenmey-

Table (1) : Identified SBI microbial isolates

( Code Name Genus Species )
SBI'; Acinetobacter calcoaceticus
23:5 Pseudomonas-like Group 2K-1
OL) k= Pseudomonas-like Group 2K-1
SBI-4 Pseud .
SBLS seudomonas cepacia
- Arthrobacter globiformis )
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et sk The carbon somee (e, Jet-A
el was then added o the tlasks 1o
produce a concenttanion of 2.5% (v/v),
b tlasks were closed with rubber stop
pons fted wath o pas inlet mabe and a e
Hux condenser. To aerate the cultures,
stende, humidhfied air was directly
spaczed (about 1 volume of an/volume
cultune broth minuee) thiough the culture
medime The cultures were maintained
AUIC i a pyviatory shaking water bath,
CESO rpm) while sparging Samples were
withdrawn periodically and used for
analvas as desenbed below,

6. Growth of SBI-5 on dilferent
carbon sources as indicated by re-
duction of TTC :

The carbon sources employed in-
clude hexadecane, 1-hexadecene, Jet-A
fuel, JP-5 fuel, ercosane, acetate, palmi-
tate, comn oil, and ethyl alcohol. The
foregoing substances were separately
supplied as a sole source of carbon and
energy i S-NMSB-1 medium with or
without 35 mg/L triphenyl tetrazolium

Table (2): Carbon sources and their concentrations

chlonde CITC), Growth expernments in
shaking flasks used four different con-
centrations (€' - Cy) of the carbon sousc
es shown in Table 2,

6.1, Cultring microorganisms on
chemically defined-agar plates ;

A suspension of microbes in M5 1
I was streaked on the surface of H(
containing apar (1.5% Apar Apar in 5-
MSB-1) and incubated at room tempera-
ture for about 10 days, TTC was added
(55 myp/l.) to sterile Petri dishes before
adding agar medium, S-MSB-1-agar
plates  without 1'I'C  were  used  as
controls,

60.2. Fermentation in shake flasks (no
air sparging) :

Cultures  containing  different
carbon sources at different concentra-
tions  (Table 2) were prepared using
125 ml shaking flasks, each containing
25 ml of S-MSB-1 with 55 mg/L. TTC.
Each shaking flask was inoculated with

employed for

culturing Arthrobacter globiformis SBI-5 in S-MSB-1

medium
é Concentrations of Carbon Sources j
Carbon
C, Co Cg Cy
A. Liquid carbon sources, vol/vol. % in S-MSB-1 :
Ethanol 2.5 1.25 0.625 0.31
Hexadecane 2.5 1.25 0.625 0.31
Jet-A fuel 2.5 1.25 0.625 0.31
JP-5 fuel 2.5 1.26 0.625 0.31
Corn Oil 2.5 1.25 0.625 0.31
B. Carbon sources, mMol solutions in S-MSB-1 :
Acetate 125 62.5 31.25 15.6
Palmitate 2.5 1.25 0.625 0.31
C. A solid carbon source, g/L, in S-MSB-1:
Eicosane 7 3.5 1.75 0.875
J
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200 pul of an SBIL-S cell suspension
(ODgss = 1.8) and then incubated for

96 hours in a shaker water bath at 150
rpm and thermostatically controlled at
0C.

6.1, Fermentation in shaked/aerated
Masks :

Generally, 2.5 ml of microbial sus-
pension (OD at 546 nm = 1), precondi-
tioned cells, prepared as described above
in section 3, were used to inoculate 250
ml chemically defined medium (S-MSB-
I containing 55 mg/L TTC as growth in-
dicator) 1n 500 ml Erlenmever flask.
Aceration, addition of carbon source as
well as incubation of the culture media
were performed as described above in
section S,

7. Assay of cell growth :

Cell growth in cultures was fol-
lowed by momtoring optical density
{OD444), by determining soluble and to-
tal proteins and by determining total and
free reducing sugars. Soluble and/or total
protein were determined by the method
of Bradford'™  using bovine serum
albumin (BSA) as a standard. The quan-
uty of reducing sugar in the cell-free cul-
ture broth was determined using the di-
mitrosalicylic (DNS) acid method
according to Bernfield (15), Total (mono
and polysaccharides) reducing sugar,
was determined after acid hydrolysis (5N
HCI for 30 minutes in a boiling water
bath) and neutralization with 5N NaOH.
The concentration of total reducing sugar
concentration was determined from a
standard curve obtained from acid hydro-
lyzed dextran,

Cell growth in liguid cultures
containing TTC as a growth indicator
was  followed by measuring optical
density, protein concentration and reduc-
tion of TTC to formazan. Red colored
formazan was extracted from the culture
broth into heptane (one volume of hep-
tane per one volume of culture medium)

and quantified spectrophotometrically at
<450 nm.

8. Assay of emulsification activity of
culture broth :

To two ml of culture broth (pre-
centrifuged at 6500 rpm for 5§ minutes),
2 ml of 0.1M sodium acetate (pH 3.0)
and 0.5 ml of Jet-A fuel were added as
described before (13), The mixture was
agitated on a high speed shaker for 2
hours. The resulting emulsion was al-
lowed to settle for 10 minutes and the
absorbance of the emulsion was meas-
ured spectrophotometrically at 540 nm
against a blank consisting of an emulsion
prepared in the same way, except the test
sample was composed of sterile culture
medium.

RESULTS AND DISCUSSION
1. Bacterial adhesion to Jet-A fuel :

The data plotted in Figure 1 show
that SBI-1 displays higher tendency to
adhere to and get removed by Jet-A fuel
droplets than do the other SBI isolates. A
54% reduction in optical density caused
by SBI-1 cells in the aqueous media was
observed within the first hour of mixing.
Increasing the time of contact between
the aqueous and organic phases to 20
hours did not significantly alter the cell's
adherence to the Jet-A fuel. Microscopic
examination revealed that SBI-1 tends to
preferentially congregate around and ad-
here to the Jet-A fuel droplets.

Bacterial adhesion to the droplets
of hydrocarbon fuel can be viewed as a
measure of cell hydrophobicity. More
hydrophobic cells are expected to have a
greater tendency to adhere to oil drops.
A correlation may exist between cell hy-
drophobicity and’its tendency to produce
surface active agent. Therefore, it would
be interesting to determine whether
changes in cell hydrophobicity during @
growth cycle are related to changes in its
tendency to produce surfactants over the
same cycle.

2. Culturing of microbes on Jet-A fuel
in aerated/shaking flasks :

Preliminary experiments showed
that in the presence of Jet-A fuel, SBI-
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Adhesion of SBI 1-5 1o Jet-A fuel. Optical density of the aqueous phase

was measured after emulsified oil droplets-collected cells therefrom

and settled thereby remaining cells for 10 minutes.

Maximum values of ODg,, and protein concentrations measured'!)

during incubation of SBI 1-5 isolates in mineral salts medium
containing Jet-A fuel as a sole souce of carbon and energy

"2 . . )
Growth Incubation Conditions
Isolate
o Not sparged, not. | Sparged, not. | Not sparged
parameters reconditioned e . ) AL 5,
preconditioned | preconditioned | preconditioned
SBI-1 OD5 .6 0.14 (0d) 0.64 (7d) 0.17 (0d)
Protein'® 50 (4d) 192 (9d) 254 (hd)
SBI-2 ODs4s 0.12 (0d) 3.5 (9d) 0.9 (9d)
Protein 90 (4d) 288 (10d) 158 (10d)
SBI-3 ODxage 0.25 (6d) 0.514 (9d) 1.7 (9d)
Protein 73 (6d) 312 (7d) 168 (10d)
SRI-4 ODrys 0.19 (6d) 245 (10d) 1.7 (9d)
Protein 170 (5d) 202 (10d) 278 (9d)
SBI-H ODx4i 1.6 (9d) 18.58 (10d) 1.7 (9d)
Protein 144 (6d) 1204 (10d) 336 (5d)
.
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1,2.3 and 4 failed to grow significantly in
shaking flasks (Table 3). In contrast,
SBI-5 grew rapidly after a lag time of
125 hours. The microbes were also cul-
tured in shaking flasks sparged with ster-
ile air. In addition, some sparged cultures
were inoculated with actively growing
microbes (late logarithmic growth phase)
preconditioned to Jet-A fuel. Non-
preconditioned isolates were also grown
in sparged shake flasks containing 2.5%
Jet-A fucl as a carbon and energy source.
Based on ODsyg, and total protein level,

only SBI-5 demonstrated notable growth
(Table 3). It appears that air sparging is
not enough to stimulate the growth of
isolates SBI 1-4, when Jet-A fuel is the
sole source of encrgy and carbon in the
culture broth.

Preconditioned microbial cell sus-
pensions of SBI 1-5 were also inoculated
in unsparged shaking flasks which con-
tained MSB-1 and 2.5% (v/v) Jet-A fuel
as a sole source of carbon and energy.
Based on optical density and total pro-
tein level, each preconditioned isolate
grews on the Jet-A fuel (Table 3).
Although preconditioned SBI-5 grew
more vigorously than the other isolates,
the amount of growth displayed by pre-
conditioned SBI-5 without air sparging
was not as great as that obtained with air
sparging without preconditioning. Thus,
acration appears to be more important
than preconditioning in these experi-
ments.

When preconditioned cells of SBI-
5 were grown in air sparged cultures,
substantial decrease in pH and increase
in optical density, emulsification activi-
ty, total protein or sugar concentrations
were observed (Figures 2A and 2B).
Emulsification activity closely follows
the growth trends of SBI-5.

In the case of SBI-5, total protein
closely corresponds to growth as deter-
mined by optical density. In the case of
the other SBI isolates, it is not clear if
changes in protein concentration are due
to cell lysis or a small amount of cell
growth. The growth and protein produc-

tion of SBI-5 may be related to its ten-
dency to adhere to the fuel droplets.

In order to develop the ability to
use jet fuel as a sole source of carbon
and energy, preconditioning to jet fuel
was shown to be much less important for
SBI-5 than for the other SBI organisms.
SBI-5 had already grown substantially
on the jet fuel after about six days re-
gardless of whether or not it had been
preconditioned with jet fuel. The other
SBI isolates hardly grew at all without
preconditioning. Even with precondition-
ing, the other SBI isolates did not start to
grow until about five days had elapsed.
These comparisons are based on obser-
vations of both optical density and total
protein production.

3. Culturing SBI-5 on motor oil and
brake fluid :

Preconditioned SBI-5 isolates were
cultured in MSB-1 with motor oil or
brake fluid, as sole source of carbon and
energy. The optical density profiles in
Figure 3 show that SBI-5 grow well in
culture broth with motor oil. Moreover,
the organism formed a fine emulsion in
culture broth with motor oil, whereas
cell-free controls  did not. Motor oil
dispersed into a fine emulsion only after
long periods of culturing with 'SBI-5
corresponding to a lag time of 3-5 days
as observed by ODs44. The emulsifica-
tion activities of SBI-5 cultures appeared
to follow its growth pattern and,
therefore, it can be inferred that produc-

tion of emulsification activity is growth
related.

Total and soluble protein levels in
SBI-5 cultures are also given in Figure 3,
It is notable that total protein decreases
during the first 24 hours and thep in-
creases over the remaining culturing per-
iod. Also, the decrease in the pH value

parallels the increase in OD and appear
to be growth related.

When SBI-5 cells were cultured on
brake fluid, neither ODs46 nor pH

changed significantly over 14-days of



(n
Q

N
?[‘\ .

e Y 175

o
X
D
L
Y

-
N

Erul. Act / \ k

ot

(@]

.
\\/
%
O
£

n
et e e ———————
NS
"
\\
\
STV - LA -
81}
©

LR
. (@)
b e

O0D,,/ Emululsification Activity
m

(8]
OT

O

48 (=TS 144 192 2

o0
1200 2 B / 1300
-a— Soluple Protein

3

- ; 1 1040 =

1040 | Total Protein g

3 —o— Free Sugar =
B,
780 [ _e— Combined Sugar 1780 ©

E i\ o)
£ 0/ \ 7
2 s20t o— 520 O
o £
6.. o) %
R

Q

o

A %A A
).y /5 , .

o= + Q
o] 48 96 144 192 240

Time, hours

Figure (2) : Growth of Arthrobacter globiformis SBI-5 in minimal salts medium
with Jet-A fuel as a sole source of carbon and energy. SBI-5 inoculum
was preconditioned to Jet-A fuel and cultures were sparged with air.
Optical density (ODg,c), pH and emulsification activity are plotted in

Figure 2A. The values ol plotted emulsification activity are one tenth
of measured values (KU/ml). Concentrations of soluble and total

protein as well as free and combined reducing sugar (mg/L) are
plotted in Figure 2B. ’
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Figure (3) : Growth behavior of Arthrobacter globiformis SBI-5 in MSB-1 mgdium
with motor oil as a sole source of carbon and energy. Precondioned
inoculum was cultured in shake flasks with air sparging.

cultivation in sparged shake flasks. (data
are not shown). However, very small in-
crease in the total protein content of SBI-
5 culture containing brake fluid was ob-
served during this period. SBI-2,3 and 4
behaved similarly to SBI-5 when cul-

tured with brake fluid. These results sug-
gest that the brake fluid employed in the
experiments may have contained an In-
hibitor of microbial growth such as a bi-
ocide.

Table (4) : SBI-5 growth on different substrates in agar with and without TTC

[ Carbon Source!® Control (No TTC) TTC Plate 1
Ethanol weak growth light pink color
Hexanes weak growth no color change
n-Hexanol no growth no color change
Hexadecane heavy growth dark pink
1-Hexadecene heavy growth dark pink
Jei1-A fuel heavy growth dark pink
Ip-5 fuel heavy growth light pink

.

(*) Concentration of the carbon source was 2.5% (v/v).

8
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4. Effect of different carbon sources
on growth of SBI-5 with TTC as a
growth indicator :

4.1. Growing SBI-5 on MSB-1 on sev-
eral substrates in agar plates :

Results of this screening experi-
ment are represented in Table 4. These
results show that SBI-5 was able to uti-
lize several hydrocarbons (hexadecane,
|-hexadecene, Jet-A and JP-5 fuels) as
well as ethanol. Growth on hexanes was
weak and no growth was observed on
hexanol.

Earlier polarographic studies of
TTC reduction showed that below pH 6
the colorless products are formed instead
of red formazan. In strong alkali the for-
mazan is formed spontancously(16), In-
hibition of color change in the presence
of JP-5 or Jet-A fuels with SBI-5 may be
related to acidic catabolic products of the
natural hydrocarbons. These acids are
expected to have large molecular weights
and low diffusibility in agar. Acidic
products might accumulate in the micro-
environment of cells in agar thereby
lowering pH to values at which formazan
is not produced (pH< 6). Bochner and
Savageau(11) reported that well isolated
colonies in agar are red, whereas crowd-
ed colonies are white. TTC reduction
had been stimulated by nutrient abun-
dance and suppressed by nutrient limita-
tion. This could explain why the red
color of formazan was either faint or
absent in presence of growth with

lates containing Jet-A and JP-5 fuels
with SBI-5. With other utilizable
(hexadecane, 1-hexadecene and ethanol)
carbon sources, either the catabolites
have low molecular weights and high
diffusion rates in the agar medium or
abundant concentrations of carbon sourc-
es (original substrates or catabolites
thereof) are available in the microenvi-
ronment of the growing bacterium. Thus,
pH value does not fall to the point of in-
hibiting formazan production. Morcover,
nutrients could remain better available
for the growing cells thereby maintaining
the function of their ¢lectron transport
chain (11),

4.2. Growing SBI-5 in liquid media
with TTC as indicator :

4.2.1. Cultures in shaked flasks :

Results in Table 5 based on the for-
mation of formazan (spectrophotometric
measurements at 480 nm), suggest the
following hierarchy of prepared sub-
strate: acetate > corn oil > hexadecane >
eicosane> ethanol > Jet-A fuel > JP-5
fuel > palmitate. However, differen_t hier-
archies are indicated by total protein for-
mation (acetate > palmitate > eicosane >
corn oil > cthanol > hexadecane > JP-5
fuel > Jet-A fuel) or maximal ODs46

(palmitate > corn oil > acetate and eico-
sane > ethanol and hexadecane > Jet-A

fuel > JP-5 fuel).

Except for cultures containing ace-
tate and palmitate, pH did not change
significantly with the other carbon sourc-
es. The highest value of pH (7.63) was
observed in a culture that initially con-
tained 2.5 mM ammonium palmitate
(Cy). A decrease in the starting palmitate

concentration and a decrease in the pH of
the culture after 96 hours incubation also
appear related. In cultures containing dif-
ferent concentrations of sodium acetate,
the pH, ODs4¢, and formazan concentra-

tion were all at their highest value (i.e.,
peak value) for the same acetate concen-
tration (C» = 62.5 mM). Above or below

this concentration, lower values were de-
tected. These results indicate that growth
parameters (e.g., protein concentration,
pH, optical density, and formazan forma-
tion) are also influenced by the type of
garbon source in the culture medium and
its concentration.

4.2.2. Cultures in aerated/shaked
flasks :

In agar, local variations in pH, sub-
strate concentration and diffusion rates
can affect the rate of reduction of TTC to
form formazan. Such problem should be
absent in aerated liquid medium contain-
ing TTC. Ethanol, hexadecane, |-
hexadecene and JP-5 fuel were tested as
the sole carbon and energy source in aer-
ated liquid cultures. Based on the
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Figure (4) :  Onptical density of heptane layer due to the formed formazan (ODgg)
during growth of Arthrobacter globiformis SBI-5 in presence of

difTferent hvdrocarbons,

measured concentrations of "formazan”
in hiquid SBI-5 cultures, hexadecane
proved to be the best carbon and energy
source for SBI-5 (Figure 4).

To determine the local w hcyc
formazan precipitates, SBI-5 grown in
liquid cultures on hexadecane and JP-5
fucl in the presence of TTC was exam-
ined microscopically. The red formazan
was not observed by light microscopy
within the cytoplasm ot the microbial
cells. It was, however, observed in
¢lose external association with the mi-
crobial cells. In fact, formazan 1s c:in!_y
recavered by washing the cells with 70%
cthanol. These results suggest that TTC
is reduced and formazan precipitates at
the cell-surface or in the peniplasmic
space

Based on the formation of forma-
zan in presence of dnfcn;m sup-
strates in sparged/shaked flasks, hexa-
decane was the supenor lu:ntmg
substrate. The superiority of hexadecane
over 1-hexadecene which contains the
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same carbon skeleton may be related to
oxidation at the double bond in 1-
hexadecenc either to form toxic metabo-
lites (e.g. formate, carbon monoxide or
an epoxide intermediate). Aerobic trans-
formation of trichloroethylene by me-
thanotrophs was proposed to progress
through an epoxide intermediate that de-
composed to CO and formate (17),
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