- FTTE N T am T

. —— o -

—

—

OFFICE OF NAVAL RESEARCH
Contract NOOQ14-67-A-0115-0005
Task No. WNR 137-043
TECHNICA! REPORT NO. 2

A. Degradation and Mineralization of

AD735142

Petroleum by Two Bacteria Isolated from Coastal Waters
and !
B. Degradation and Mineralization of Petroleum ir '
Sea Water: Limitation by Nitrogen and Phosphorus
by
R. M. Atlas and R. Bartha
Prepared for Publication

in

“Biotechnology and Bioengineering"

Rutgers University
Department of Biochemistry and Microbiology

|

New Brunswick, N. J. 083803

31 December 1971

E A

LRI O

DDC

NI

JAN 12 1972

Reproduction in whole or part is permitted

for any purpose of the United States Governinent

Distribution of this report is unlimited

Reproduced by
NATIONAL TECHNICAL
INFORMATION SERVICE

$pringtieid, Ve. 22131

OEUU
B

\
v




FEE U T Pt

DOCUMENT CONTROL DATA.R&D

I TR IR ERET N S PRTTINTY B ' 7 CEBRYETY FRRTY Y MO TOTY SN BTN | uvdesip s pnnvtation n: 8 be epteecd when Mo ayerafl Fepoat o faenifre £

TV WINA Y ey Ayt Serparate muthar) P A L PRI B RPN FE o B 2 A [T SRR

» pUnclassified

NR 137-843

Rutgers University, New Brunswick, M.J. e growy

THOMT MY A Dogradation and Mincralizaticn of Potrolcuin uy Two Daworria 130iated
from Coastal Vaters, B. Degradation and Mineralization of Petroleum i:. "ca Water:
Limitation by Mitrogen and Phosphorus

4 OCICHIPTIIVE NOTES (TYype of report and inclusive dntes)
Technical Report, Jan. 71-Dec. 71

8 AUTHORIS) (Fitst name, middle initial, Inat neme)
Ronald M. Atlas and Richard Bartha

¢. REPORT OATE 78, YOTAL NO. OF PAGES 6. NO. OF A F3
Dec. 71 39 39

88, CONTRACT OR GHANT NO. 98, ORIGINATON'S REPORT NUMBERI(S)
%00014-67-A-0115-0005

b. PAOJECT NO. : TR. No. 2

9b. OYHER REPOAT NOISI (Any other numbars that maey be sesigned
this report)

d.

10. DIsSTRIBUTION STATEMENT

This document has been approved for public release and sale; its distritution is
unlimited

11. SUPPLEMENTARY NOTES 12. SPONBORING MILITARY ACTIVITY

Office of Naval Research
Arlington, Virginia 22217

13. ABSTRACY

A. “Within the framework of a study on the oil biodegradation potential of the
sea the avility of & Flavobacterium sp. and Brevibacterium sp. to metabnlize a paraf-
finic crude oil and a chemically defined hydrocarbon mixture was investigated. iajor
components of tihe crude oil were identified by combination gas chromatography and
mass spectrometry. The rate and extent of to*al hydrocarbon biodegradation was
measured.- In addition, CO, evolution from the crude oil was continuously monitored
in a snaker-mounted gas train arrangement. -.Degradation started after a 2 to 4 day lag
period, and rcached its maximum within two weeks. At this time up to 60% of the crude
0il aud 75% of the model hydrocarbon mixture, each added at the level of ) ml per
100 ml artificial sea water, wéré degraded. Mineralization (conversion to cozg vas
slightly lower duc to formation of products and bacterial cell material. n-Paraffins
were preferentially degraded as compared to branched chain hydrocarbons. Biodegrada-
tion of npareffins in the range of Cy, to Cyo was simultaneous; no diauxie effects
were coserved. ) ’

B. -Biodcgradation and mineralization of petroleum, added at 1% (v/v) to freshly
collected sea water, were measured using gas-liquid chromatographic, residual weight,
and C0p-evolution techniques. Only 3% of the added petroleum was bicdegraded and 1%
was mineralizaed in unamended sea water after 18 days of incubation. Added individ-
ually, nitrate, (10°2M) or phosphate (3.5 X 107%M) supplements caused jit<le improve-
ment, bui whew aoded-in combination,. they increased petroleum biodegracation and
mineralization. t¢ 70% and 42%, respectively. Attempts to clean up oil spitls with che

aid of microorgsnisms should take into consideration the nutritional deficiencies of
5ed water ' :

oy TV
DD 73501473  (race 1)

S/N 0101.807.6801

Unclassified

Security Classification

e st~




HEY wORITS

winr C

RO L ¢

”

T

GIL ST o
Crade Gl
Petroleus
Hydrocaiuns
Siodegradation
Mineralization
Microorganisnis
Marine ecnvironnment

D

FOrM v

Vnov es b /d (BACK)

Unclassified

Security Clasgification




e i Y AR £ P I A T Fug Pt sy T

Section A

: INTRODUCTION

Potroleum is an increasingly menacing pollutant of our orcawns
(¢). Microorganisms have been described as the principal agents of
self-purification (21), While microbial metabolism of individual
hydrocarbons has received extensive attention (9,10,14,16 ), analytica

complexitics have kept studies on crude 011 biodegradation few in

bacteria isolated from the coastal waters of New Jersey, we have
studied the degradation and mineralization of a natural petroleum and
a model hydrocarbon mixture, Our aims were to establish the order in
which individual components are degraded, and to quantitate the overall

rate and extent of degradation and mineralization as mediated by these

marine isolates.
MATERIALS AND METHODS

© Media and icclation. A paraffinic petroleum, Sweden crude (gift of
the Sun 011 Co., Marcus Hook, Pa.) was sterilized by filtration

through a 0.2 micrometer pore size Flotronics silver membrane

(Selas, Spring House, Pa.). A mixture of n-hexadecane, n-octadecane,
and n-nonadecane (Aldrich, purity 99%) was used as a greatly simplificd

model petroleum. The choice of these hydrocarbons was based on their

predominance in "weathered" (evaporation-exposed) Sweden crude and é§7
on their good gas chromatographic resolution. The individually ‘§?
steam-sterilized hydrocarbons were mixed in equal volumes. Both 5§F

the Sweden crude and the model mixture were audpd at 12 (v/v) 457

concentration as the sole sources of carbon and energy to an
artificial sca water medium (Difco Bushnell-Haas broth, supplemented

vwith 3% NaCl and adjusted to pH 7.8 with HaOH). Hydrocarbon

M
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number, and mostly qualitative in nature (7,8,11,12,13,15,17,19,24). Using two
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degraders woes selectively enriched in these Yiquid wedia that were
Tnoduidies wiih aseptically collected sca water or scdiment.  for
isolation of individual microorganisms from these enrichments the
modificd duaneli-Haas broth was solidified by addition of 1.6%
agar, and {ie hydrocarbon substrate was added to a sterile filter
paper disc in the cover of an inverted Petri plate. A1l incu-
bations and experiments were conducted at 28°C. Characterization
and tentative identification of the isolated strains was carried

out according to Skerman (20). The microcrganisms were maintained
routinely on Difco Marine Agar 2216.

Analytieal.  Hydrocarbon residueslfrom the culture medium vere
extr:zied by two 50 ml portions of diethyl ether. The combined
extract was dried with anhydrous Na,S0, and the ether was allowed

to evaporate. The residue was extracted Ly three small portions

of ether, and the final volume of the extract was adjusted to

10 ml. This extract was analyzed by gas-liquid chromatography

using an 7 & i model 700 instrument equipped with dual flame
ionization detectors and a model 7127-A recorder with disc integrator.
The dual 1.3 m long, 3 mm OD stainless sﬁee1 columns were packed
with 10% Apiczon L on 60/80 mesh Chromosorb W. The operational
parameters were: injection port 300 C, detector 300 C, carrier
(helium) 40 cc/min, hydrogen 40 cc/min, oxygen 250 cc/min, injection
volure 1 ;1. For crude oil analysis, tha oven temperature was kept
at 140 € isothermal for 5 minutes following injection.'and was then
prograi.iid ot the rate of 10 C/min to 240 C and held. For analysis of

the modei ;o :.roleum the oven temperature wac kept 200 C isothermal.

individuoi nyarocarbons were quantitated by integration of the covresponding




Beah o aecan. Gobed s 0 degradabion was estimalea Ly anti A

the arca unces the resalved ciromatoqgram=portion over o 30 Lin .
Integraticn wos started 5 min after injection to exclude tihe soiv ¢
responsc.  Since separate studics, to be published elscwhere, novs . tibiisned

tivea d

hat undes tho conditions of Lhes  experiments the bacteria were o iu

[ d

to.degrade pristane, this component of the crude oil was used a. «n nternel
standard. Corrections were made for evaporative and non-biologic:i 'u%ses
as describced tater. The results were plotted as the corrected por cont
reduction with time of the original gas chromatographic arca responsc.

The major hydrocarbon compounds of the Sweden crude were identified
by their retention times comparing them to those of analytical standirds,
ard also by combination gas chroilatography-mass spectrometry. Tic létter
measurements were performed using a Perkin-Elmer model RMU~7 mass spcctro=-
grapn. Opcrational parameters of the gas chromatograph were identical to
those described for the F & M instrument, but part of -the gas flow was
diverted prior to the detector by a stream splitter, and was introduccd
through separator pumps into the mass spectrograph. As each major poak
was-detccted, a scan was taken on the mass spectrograph. The obtaincd mass

spectra were compared to those of known compounds (2).

'

Degradaticn ard mine}alization experiments.  Twenty-four hour culturas
grown in Difcr Marine Broth 2216 were sedimented by centrirfugation
(4000 G for i. =in), were twice washed with, and finally suspended in,
artificial sca water. One ml of this suspension containing in verious
.experiments 0.6 to 1,0 mg piotein was used vor inoculation of 250 ml
filter flasks containing 100 ml artificial sea water and 1 ml of eithor
Sweden crude o~ model petroleum. The filter flasks were fitted with
spargers, with appropriate cotton filters to maintain sterility, and

were attached to the manifold of a gas train arrangement similar to
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the one v=ed by Waksman and Starkey (21}, A diagram of e arrc. nl
is shawn in lig. 1,

A COL-ireoe airstream of approximalely 15 co/mwin was pussed 1ecwgh
cach flask. The CO, produced by mineralization of the hydrocariu::. nas

absorbed in two successive traps, eoch containing 50 ml of 0.1 ¥ 0,
The whole gas train arrangement was mounted on a rotary shaker and
agitated at the rate of 200 rpm. Siailarly treated cotton stopperc.
Erlenmeycr flasks were incubated on tne rotary shaker without sparging;
omission of sparging did not affect the conversion of o0il.
Periodically, the CO, traps were changed and the absorbed C0;
was determined by standard volumetric procedures. The CO, evolution
was measﬁred continuously and plotted cumulatively. The theoretical 1
maximum of CO, production was determined by wet ashing of aliquots of
- model petroleum and weathered but not biodegraded Sweden crude oil (1).
This procedure recovergd 95% of the theoretical carbon content of the
chemically defined hydﬁocarbons. Periodically, replicate flasks were
sacrificed for extraction and measurement of residual oil. Sterile
Vo control flasks incubated and extracted under identical conditions wore

~used to correct for 0il losses by evaporation and chemical degradation

during the experiments. The biodegradation data were corrected,
acéording]y, for non-biological losses. Biodegradation was expresscd

;s a per cent decrease, compared to the petroleum remaining in the

sterile control flasks at the time of sampling. All treatments and analyses

were carried out in duplicates and the mean values were plotted.

RESULTS

Microorganisma.  Two bacteria were selected for this study from 30

isolated microorganisms on the basis of their rapid growth and widc range

NOT REPRODUCIBLE
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of hydrocerv.. utilication. A short Gram-negative rod with Gram-noLitive
inclusions was isolated from the brackish Arthur Kill at  Scuaren, 0.J.
for ity ability to grow on n-hexadecane 45 its sole source of carbon

and cnerav. it e nonematila nonefarmontative, o
water insoluble pigment, requires 3% NaCl for optimal growth, and his
been classitiod as a Flavobueteriwn op, (20). The other organism is a
short Gram-positive rod, and was isolated from the coastal waters at
Sandy ‘look, N.J. for its ability to grow on Sweden crude, It is
non-motile, non-fermentative, non-acid-fast'and produces a red, water

insoluble pigront. It required the addition of 3% NaCl for growth,

and has been classified as a Brevibacteriwm cp. (20).

Compositicn of Sweden erude oil.  Fig. 2, part A shows the gas
chromatographic pattern obtained for intact Sweden crude. The niejor
peaks whose miss spectra were obtained are numbered. The m/e values
for the parent ions are listed in Table 1. The breakdown pattern for
gach compound i/as also examined and compared to that of  known
compounds wiich had identical retention. The major hydrocarbon
components of Sweden crude as identified by retention time and

/

mass spectiomeiry are listed in Table 1.

Degradation wid mineralization.  Results of biodegradation and
mineralization studies on Sweden crude 011 using Flavobaeterium ap.

and Erovilscloriwm op. are summarized in Fig. 3 and 4, respectively.
Characteriniic was a 2«4 day lag period at the start of the experimonts,
followed by resid 011 biodegradation. Mineralization was slower aad
slightly ir.~ 2xtensive than biodegracation, the difference represcniing

carbon tic! = in degradation intermediates, and in microbial cells.

NOT REPRODUCIBLE
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iooie 1. Operational conditions as describea in ihe text.
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Tacie 1o Seme major conponents of Sweden rude ofl

as wdentitied by gas chromatography and mass snectlromntry

Parent Ratantinn of ar lutical

No.* ica /e Hydcocarbon standerd {:in)
1 {AZ n-decane 1.6

2 156 : n-undecane

3 170 branched C,, paraffin

4 : 170 n-dodecane

5 104 branched C,3; paraffin

6 164 n-tridecane

7 198 branched C,, paraffin

8 198 ' n-tetradecane

9 212 branched C,g paraffin
10 212 n-pentadecane

N 226 n-hexadecane

12 T pristane

13 240 n-heptadecane_
14 ' 254 n-octadecane

15 268 n-nonadecane

16 282 n-eicosane

17 296 ‘n-heneicosane

18 310 n-docosané

"* Refers tc Fi;. 2,
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Fig. 3. Conversion of Sweden crude 0il by Flavobacterium sp.
Symbols: biodegradation as measured by gas chromatoc:ozh (0);

mineraiization as measured by CO, evolution (o)
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mineralization (o).
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v_esf1ncrcases.f In our expcrience‘ the tar-1ike residues of crude
‘:'“i1~dégr dat1on fruther aggravate this problem. Since in thc cicarup of

ollut1ng o11*the ceIl y1e1d 1s lmportant only to the extent that it facilitz

but as“noﬁ?quantxated 1n these exper1ements. The rate and the extent ¢

Beszdes measur1ng the overa11 extent of crude oxl bzodegradat.on (57 and

40 per 'ent t Z‘days for Flavobacterpum sp. and Brevtbacteroum gp., respec~

| ;tlvely), the gas chromatograph1c analys1s d1scerned the crude 01l components
.that were pr1mar11y subJect to b1odegradat1on. Compar1son of the tracings

;’;VF;A. B, and. c 1n F1g 2 shows that compounds 1 to 6 (up to and including n-

, 1

32 to 36p by we1ght of the fresh Sweden crude 011 was Tost by volatility.
This loss occurred dur1ng the f1rst days of the 1ncubat10n and did not

\ measurably 1ncrease 1n theviater stages of»the experiment. The n-paraffins
Ciy through sz were not lost s1gn1f1cantly by volat111ty. but were subject
to extens1ve b1odegradat1on.‘ Prlstane (No. 12) and other branched chain

paraff1ns (unnumbered peaks between No. 1a-16 16-17, and 17-18) wcre spared.

Degradation of the n-paraff1ns in the measured range was sxmultanesss, no
~diauxie effects could be detected. This was confirmed by the results obtainad
on the model petroleuﬂ (F1g. 5 and 6). No lag period was evident in growth

on model petroleum, indicating that the lag on Sweden crude was more likely

Degradation o7 the model pefrcieum by Flavobﬂc crium gp., Was move extansive
at 12 dezysjthan that of the crude, but the efficiency of the Breov 'l . ierii=

. . op. showed no similar increase.

L ‘;f[trldecane) disappeared na1n1y due to their vo1at1]1ty In various experiments,

to be due to its volatile toxic components than to a delay in enzym2 inductien.
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Supply of ut1l1zab]e hydrocarbons was not exhaustcd at the tlmn . S
when degradation of thc crude and the modc] pctroleum had 1cvelrd o.f.;

Since the mod1f1cd Bushne]] Haas mcdium was heav11y buffered‘wwbh

phosphate and the spent med1um gave a poswt1ve react1on with he sler

- reagent, ava1lab1ltty of phosphorous and n1trogen d1d,not 11m1t the -

degradation., ‘At the conclus1on of the exper1ments, the pH of the
;'vmed1um remained within 0. 3 un1ts of the 1n1u1a] value, Among
other possible explanat1ons, 1nh1b1t1on by accumu1af1ng metab011c |
products may account for the 1ncomp1eteness of n-paraff1n degradatmon'

by the bacterial- CJ]tu“es.,v
~+ DISCUSSION

Between easily recyc]ed nétural products'énd certain extremely
recalcitrant man-made organ1cs such as chIorwnated hjdrocarbon 1nJect1c1des,
chlorinated b1phenyls and plast1cs, petroleum and petro1eun products - .
as pollutants occupy an 1ntermed1ary pos1t10n. They are natural prqducts'
which, however, seldom enter the b:osphere in large quéntitfes éxcept éSﬂ
a consequence ¢f man's activities. 'It'isl therefore"notjsurorising that
marine and other aquat1c ecosystems are poorly equxpped to hand]o large
influxes of oil, and this 1neff1c1ency greau1y aggravates our currenug
0il poilution problems. |

The term “degradation” has heen applied in thé'pol1ution field
so broadly as to become rather confusion. As an example, a pesticide may.
be described as “degraded” when it has lost 1ts activity on the target
organisiii, oven though the product of this"degradation" may be of higher
molecutar voicht than the parent.compound (6). Since similar paradoxes
may weil wiisi in the case of petroleum (tar formation), “degradation"
is dintaryrs'd here empirically as disappearance of the original huvdro-

arboa Yy oo.oooes othar than volatility. In coatrast, "mineralizasica®

g P
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desienates cowsiete recycling to inorgenic compounds, o v
ameaningful toon in relation to pollution prableas, It eliucrn:t
possibilily o ueleiving that a particuicr compouna has been cete, "7
when it actually has been replaced by an cqually undesirable produc .
Both degradeiivin and mineralization were measured in the foreqgoing
experiments,

Measurciient of crude oil biodegradation by integrating the Lotai
resolved portion of the gas chromatogram is subject to limitations
that should not be overlooked. Hydrocarbons with the lowest and wita
the highest carbon numbers may.escape detection, and detector sensitivity
to compounds of different classes will vary. Since in this stucdy
biodegradation was largely restricted to n-paraffins of the mediun
range, thcse errors were negligible. Good correlation was obtained
between the integration value and the residual weight of oil (5},
and mineralization as measured by CO, evolution was always a lower but
a proporticral value, The great advantage of this technique is that
besides giving a good estimate of the total petroleum biodegradation,
the chromatograms coptain a wealth of information pertaining to tie faie
of its individual components. The relativg_recaTcitrance of pristane
and its valuc as internal standard has also been reported by other
workers (15, 17).

The possible use of hydrocarbon uti1izing microorganisms for
accerlerated degradation of accidentally spilled oil is receiving scricus
consideraticn {3), Miget et al. (17) and Kator et al. (15) have studicd
the effectivaiess of mixed marine enrichaent cultures for this purnora.
There is no coust that mixed enrichments can degrade a highly coir? -
substrate sich :s petroleum morc effectively than any singi2 micreo ™ . lsh,
but the precticel use of an enriclment of unknown compositiun is 13-

to encounter licensing divficulties because of its potential side ¢ fusts
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| CuTiuYe i v - en microorguisins wilh wide and complenenting subin i
Fatiges.
Lo ioang e dmportance of mixed microbial cultures in
netrotenn bivoowradation, ZaBell din his recent review of the field {27
statcd that i had "never found a single microbial species which could
noticeably :irgrada any crude 0i1." In this 1ight, the performance of
, the isolated Groteria, especially that of the Flavohacteriwn cp.,
L seems remaiioino,
v
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INTRODUCTIGN :

T yearly influx of petroleun poliutants into the ccoan hag
been estin cwed to be as high as ten million tons (4). Apparently, i-.ut
of this oircicum eventually undergoes microbial degradation (14), hut
at 2 raw ifoui is too slow to provide fmmediate relief in massive
poilution i:cidents. Numerous rcasons have been proposed to expizin  the
slow rate oi microbial oil degradation in the sea, ¢.g. the usuaily
Tow counis of hydrocarbon-degrading micweoorganisms, toxicity of scxo

petroleun coimonents, the limited oil-water interface, insufficicnoy

-,

of dissoiv.oa ukyaen, suboptimal temperatures, and lack of esscniic]
mineral nutrients (16).

Ariificial stimulation of biodegradation is under consid~ration
either a5 & primary or as a supplementary cleanup measure for accic-atal
oil spiilz, ad inoculation Qith effective petroleum-degrading micro-

orgenise i.w been proposed (2. Inoculation alone may prove to @ i

(%]

Timited onetit if petroleum degradation in sea water is limited <l

by the ook of essential nutrients. Considering the composition of

¢ruda ¢7i and sea water, nitrogen and phosphorous are the most lireiy
nutrients o be 1imiting. Indeed, this suggestion has been made cariier,
but was = - “antiated mostly by visual observation and other non-ris-rous

cri

ct

eria 43,5,7,8,9,10,12). Furthermore, the required levels of nitrogen
and/er pi-..phworous supplenents were not established.

Lioouhis study, we have measured the rate and extent of nv

degracatsos wad mineralization of a crude oil by the indigenocus -

lation 6. . 5ikly collected sea water sampics, and have determin: 2
etfece o0 - lous levels of phosphoraus and aitrogen suppicments = hese

procen .o,




MATERIALS AND MLTHODS

anglytici!.  Total nitrogen and total phospho}Ous viere detersine i
the collected sea water samples aczording to Miller and Miller {1+, .nd
Strickland and Parsons (13), respectively. Carbon dioxide producis in
the process o petroleum mineralization was measured as described in
the preceeding article (3). The carbon content of the crude 0ii was
determincd by wet ashing (1), and the CO, evoived as a consequerce of
microbial oxidation was plotted cumulatively as per cent of this
theoretical maximum. The extent of biodegradation as measured by gas
chromatography(3) was determined only upon the conclusion of the
experiment, The biodegradation percentage derived from the gas chroua-
tographic measurement was correlated both with the CO, productisn and
with the residual weight of the petroleum. For the latter measuriic.t,
an aliquot of the dry ether extract (3) was allowed to evaporate in a
pre-weighed dish overnight at room temperature, and tne weight of ti=
petroleum residue was determined using a P. Bunge Model 100 V analytical

balance.

Degradation and -mineralizatian experiments. Sea water was collected in
the month of April off the east shore of Sandy Hook, N.J., & relativaly
unpolluted arca. Total microbial counts were performed by platirg
dilutions on Difco Mariie Agar 2216. In order to restrict microorganisms
to the indigeneous population, collection, handling and incubaticn were
performec using aseptic techniques, and the sample was processed on the
day of thc collection. Samples of sea water, 100 ml by volume,plus 1 mi
(800 mg) arounts of filter-sterilized Sweden crude 0il (3) werc ini:duced

into the Tilter flask components of the shaker-mounted gas train .5 -adly
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described in the preceeding article (3). Supplements were added oo
sterile concentrated stock solutions in a total volume of 1.0 mi.

The equail swcunt of distilled water was added to unamended samples.
Nitrogen vas added either as K&O3 (final concentrations in the sea
water 1 X 1073, 5 X 1073, and 1 X 1072 M) or as HH 05 (3.7 ¥ 107,
1.85 X 10°3, and 3.7 X 1073 M). Phosphate was added as Na,HPO,

(3.5 X 1077, 7 X 1075, and 7 % 107* M}. The three KNOj and HH, N0,
concentrations were added either as the only supplements, or in
combination with the highest (7 X 10°"“M) Na,HPO, concentration.
Similarly, the three Na,HPQ, concentrations were added either as ;lie only
supplements, or in combination with the highest (1 X 1072 M) KNO,
concentration. The following controls were inc.uded: millipore-
sterilized (Nalgene, 0.2 micrometer pore size) sea water with oil («),
natural sea water without oil (Z), natural sea water without oil but
amended with the highest concentration of KNO; (1 X10°2 M) (e), or
NaHPO, (7 X 107% M) (d), or both (e), and natural sca water with oil,
but without mineral supp]emehts (f). The flasks were incubatcd at

28 C. Two replicate flasks were used for each tizatment and the wmzan

values ware plotted.

" RESULTS
The sea water sample used in these experiments had a

salinity of 2.85% and a pH of 8.3. The'viable microbial count was
360/ml. Total nitrogen and phosphorous were798 and 7.micrograms ner
100 ml1 sea water, respectively. These concentrations were more tian
an order &. =ignitude below tha lowest levels of supplementation, and
thus cor:i-'i.2d negligible.

sieasurable €O, was produced from filter-sterilized soo

vater viiih o .troleum (@) or from natural sea water without petroleun (b)

24
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Effect of supplements on the mineralization of petrolcum by the
natural population of sea water as measured by €O~ avalution.
A1l samples were supplemented with 7 X 10°%M Na HPO, .

In addition, 8, C, and D reccived 1 X 1073, 5 X 10-?, and
1 X 1072 M KNO; , respectively.
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Fig. 2. Effect of supplements on the mineralization of petroleum in
sea water. Both samples were supplemented with 3.7 X 1073 M

M, 03 . In addition, B rcceived 7 X 10°" 1 Ha HPO,.
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Fig. 3. Effect of supplements on the mineralization of petroleum in

sea water. All samples were supplemented :%ﬁx 1 X 30H KNO, .
In addition, B, C, and D received 7 X 1075, 3.5 X 10~%, and
7 X 107%M Na,HPY, , respectively.
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even when supplemented with mineral nutrients (e, d, e). latursd <ra
water witn .dded petroleum but no mineral supplements (f) produce (G,
at * very iow rate; only 1% of the theoretical maximum was attainid
during 18 days of incubation,
When added individually, even the highest concentrations of
Na,HPQ, , Hil,N03, or KNO; failed to promote petroleum degradation
significantly (curve A, Fig. 1, 2, and 3). In the presence of the
highest ﬁhOSphate concentration, increasing levels of KNO, led to
increased percentages of petroleum mineralization (Fig. 1, 8, C, and D),
It was not critical whether nitrogen was supplied in the form of rnitrate
or ammonia, since‘NHuN03 gave a response substantially greater thon its
nitrate content could Have elicited (Fig. 2, B). In the presence of the
highest K0, concentration, increasing levels of phosphate supplementation
led to incrcasing percentages of petroleum mineralization (Fig. 3, &, and C),
Apparently, 3.5 X 10°“M phosphate saturated the experimental systc.. since
a further increase of phosphate to 7 X 107" failed to augment minsrelization,
The gas chromatographic measurement of petroleum biodeqgradation
supported the results of the €0, evolution studies. F{g. 4 compares gas
chromatogrrams 2f Sweden ¢rude oil incubated for 18 days in sterile sca
water (4), in unsupplemented natural sea water (B), and in sea water supple-
mented with 7 X 107 M NazHPO,(c) or 1 X 1072 M KNG, (D) or both (&).
As compared Lo 4, chromatograms B, ¢, and D exhibit only minor changes.
In contrast, Z demonstrates extensive biodegradation.‘ A1l identified
hydrocarbons have disappeared, including the highly branched pristane
(No. 12) :iiat had resisted the attack of the isolated cultures used in
the preccuding publication (3). The small residual peaks in chiaraio-

gram £ dc roL represent the remnants of the major peaks visible iu

\ o RepRODUCIELE
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Fig. 5. Conversion of petroleum in sea water supplemented by various

concentrations of Na,HPO, and KNO; during 18 days of inculation.
Solid portions of the histograms represent ﬁinera]ization
porcentage as measured by €O, evolution, The upper limits of
the cross hatched and empty portions of the histograms represent

bindegradation percentages as measured by gas chromatography and

by residual weight, respectively.
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A, f, C,and 0, but have appeared only afici biodegradation has strijped
away larger overlapping peaks. Both n-paraffins and branched paraffins
were subject to biodegradatien by the indigeneous population of tne
Coastial sca waier sampie.

The extent of petroleum biodegradation and mineralization in
response to mineral supplements is summirized in Fig. 5. Measurcrerts
of residual weight gave the highest values; additional evaporative
losses prior to weighing may have introduced a positive error into the
apparent biodegradation percentage., Integration of the area under the

gas chromatograms gave a close but somewhat lower value, Mineraiization,

. due to the carbon tied up in products and cell material, gave lower figures.

At 18 days, biodegradation reached 70% and minéralization reached 42% in

the optimally supplemented samples.

DISCUSSION

Stimulated biodegradation of petroleum products in response to
nitrogen, phosphorous and potassium supplements was observed by Iz'yurova
(8, 9) and removal of the mineral supplements from solut*on by the hydro-

carbon-degrading microorganisms was noted. Brown et al. (5) and Brown

“and Tischer (6) reported increased petroleum disappearance from artificial

sea water supplemented by phosphate and either:ditrate or ammonia.

This report was based on visual observation only, and thE concentrations
of the mincral supplements were not specified. Gunkel (7) reported
increases in the rate but not in the extent of petroleum disappearance
upon supplementation'éf natural sea water by unspecified amounts of
phosphate and nitrate. The most probable numbers of petroleum degrading
microorgznisms were also increased. Using gas chromatographic techaiques,

Petit and Partheleny (12) observed increased bindegradation of incividual

NOT REPRODUCIBLE
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n-paraffins in a petroleun fraction exposed to the natural microflora

of sca water, when the latter was supplemented with 0.1% (N, ),HPo, .

No additiona) concentrations or separate N- and P« sources were tested,
Kator ¢t «!. (10) reported a modest stimulation of petroleum deqradation
under simulated field conditions in response to inoculation with hydro-
carbon-degrading mixed microbial enrichments. Inoculation was combined
with addition of (NH,),S0, to the natural sea water underlaying the

0oil s1ick. Phosphorous was not added, though the authors stated that

it could have been limiting.

Our results are in general agreement with the cited reports,
and they identify the low concentrations of phosphate and nitrate in
natural sea water as the principal limiting parameters of petroleum
biodegradation, presuming reasonable aeration and temperatures favorable
fo; microbial activity. Additional experiments w%li be required to
Hecide whether in nitrogen~ anq phosphorous-enriched sea water the

extent of petroleum biodegradation is 1imited by the recalcitrance of

hydrocarbons only, or whether under these conditions additional mineral -

nutrients become limiting. The relative shortness of the cbserved
petroleum degradation lag period is in agreement with the reborted

prevalence of hydrocarbon-degrading microorganisms in the neritic zone;

the same may not be the case in pelagic areas (15).

Measurement of biodegradation in a complex mixture such as
petroleun automatically raises the question of valid ghalytical criteria.
A1l methods available for routine measurements are subject to various
positive and negative errors, and give only relative values. As an
example, in residual weight measurements some volatile fractions are

lost, but this weight loss may be partiaIly‘compensated for by oxygen

NOT REPRODUCIBLE
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incorporation into the non-volatile fractions. To assure the validity
of our conclusions, we have measured petroleum conversion Ly threc
independent criteria: €0, evolution, auantitative aas chromatoaraohy.
and residual weight. The three parameters showed good correlation.
Bibdegradation as measured by gas chromatography gave a more conser-
vative (and presumably more accurate) estimate than gravimetric
analysis. Biodegradation figures in the rest of the discussion are
based on the gas chromatographic measurements.

While mineralization (Fig. 5, solid portion of the histograms)
showed a pronounced dependance on the concentration of the'nitrogen and

phosphorous supplements, an a1most'constant 25% of the added petroleum

. Was converted to cell material and products (cross hatched portion of the .

histogrdms) as long as'some of each mineral supplement was provided.
Theorethica] calculations assuming an 8% nitrogen and 1% phosphorous
content of the dry weight show that at the lowest and the highest level-
of mineral supplementation 17.5 and 175 mg (dry weight) microbial

biomass could have been produced, although approximately 200 mg of

~ petroleum were degraded but not mineralized in both cases. Reliable

measurements of microbial biomass and protein were not possible because’

of the interference of the strengly adhering 031. It seems reasonable

.to assume that either nitrogen or phosphorouS'deficiency will tend to
- produce cells with abnormally high lipid stores and low metabolic .
: activity, The same condition may also rause the accumulation of extra-

. cellular intermediary metabolites. In contrast, sufficiency of nitrogen

and phosphorous will favor the formation of protein-rich cells with
h1§h metabolic activity, and will also promote the mineralization of

of intermediary. degradation products.
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In agreement with the experimental results, the theoretical
calculations also show that at the highest levél of supplementation,
phospiorous was present in excess and nitrogen may have been limiting.

As calculated, the phosphorous and nitrogen contents of 100 ml unsupple~
mented sea water would support less than 0.1 mg {dry weight) microbial
biomass. This fact appears to be a major cause for the slow rate of
petroleum biodegradation in the sea, especially when vigorous circulation
Joes 1ot occur in the water column underneath the oil slitk.

As physica’ removal or burning of accidentally spilled crude

0i! is seldom feasible, and dispersion or sinking may adversely affect |-'

marine life (4), artificially stimulated biodegradation is being .
considered as a possible alternative (2). For the success of this

approach it is essential that the biodegradation-limiting parameters in

sea water should be properly identified. Our results indicate, that in a
nutritionally unfavorable environment reliance on inoculation alone would

be ecologically unsound , and of little, if any, benefit. Any “"seeding"

"operation should be connected with application of an appropriate

“fertilizer! A hydrophobic binder may achieve the selective retention

of the mineral supplements within the .oil inck,

A
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