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Yo, DILIA RODRIGUEZ ID’ALEMAN, identificada como aparece al pie de mi
firma, domiciliada en la carrera 11 No. 86-53, piso 6, obrando como apoderada
de la sociedad WESTINGHOUSE SAVANNAH RIVER COMPANY,
L.L.C., domiciliada en Carolina del Sur, Estados Unidos de América, solicitante
de la patente de la referencia, en respuesta al oficio No. 6127 notificado por
fijacion en lista el 08 de abril de 2011, me permito acompadar el siguiente
documento solicitado pot ese despacho:

1. SINGLETON D ET AL: “Microbial divetsity in an acidic refinery
sludge” ABSTRACTS OF THE GENERLA MEETING OF THE
AMERICAN SOCIETY FOR MICROBIOLOGY, vol. 101, 2001, page 637.

2. PLAZA GRAZYNA ET AL: “Relatonship between soil microbial
diversity and bioremediation process at an oil refinery” ACTA
MICROBIOLOGICA PLONICA, vol. 52, no. 2, 2003, pages 173-182.

3. DATABASE WPI Derwent Publications Ltd. London, GB: AN
2004-446832 XP002342187 BLOKHIN VA ET AL: “Strain of bacterium
Pseudomonas alcaligenses MEV used for the removal of petroleum and its
products from soil, ground and surface watet” - & RU 2 228 953 C (BIOL-R)
BIOL PREPARATIONS TOXICOLOGY & HYGIENE, 20 May 2004,

4. KORDA EST AJL: “Petroleum hydrocatbon bioremediation:
Sampling and analytcal techniques, in situ treatments and commercial
microorganisms currently used”, APPLIED MICROBIOLOGY AND
BIOTECHNOLOGY, vol. 48, no. 6, December 1997 (1997-12), pages 677-686.

5. DAGHER FADI ET AL: “Comparative study of five polycyclic
aromatic hydrocarbon degrading bacterial strains isolated from contaminated
soils” CANADIAN JOURNAL OF MICROBIOLOGY, vol. 43, no. 4, 1997,
pages 368-377.

6. SALLEH ABU BAKAR ET AL: “Bioremediation in pettoleum
hydrocatbon pollutton” INDIAN JOURNAL OF BIOTECHNOLOGY, vol. 2,
no. 3, July 2003 (2003-07), pages 411-425.
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7. ANDREONI V ET AL: “Bacterial communities and enzyme
activiies of PAHs polluted soils” CHEMOSPHERE, PERGAMON PRESS,
OXTFORD, GB, vol. 57, no. 5, November 2004 (2004-11), pages 401-412.

8. HAMANA KOEI ET AL: “Polyamine distribution profiles in
newly validated genera and species with the Flavobacterium-Flexibacter-
Cytophaga-Sphin  gobacterium complex”, MICROBIOS, col. 106, no.
Supplement 2, 2001, pages 105-116.

Espero con esto haber dado cabal cumplimiento a lo solicitado por ese despacho
y de conformidad con lo indicado en los articulos 3°, inciso 3, 35 inciso 2 y 59
inciso 2 del CCA, al analizar este memorial, atentamente solicito se traten todas
las cuestiones planteadas con motivo del mismo.
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Q-264. Micrabial Diversity in an
Acidic Refinery Sludge

13, Singletonl, s. Story?, AL Tien?, ), ]
Altnuanz, W, B Whitmant, R, 1. Brigmon
tUniversity of Goorgia, Alhens, GA;
Weslinghose Savanaah River Com pany,
Aiken, SC

Shudpe stonples were abfained Irom g 100 year okl
Caecliowice  thl refinery  near (Czechwwice-
aiedeion, twlaml. The wged shwdge i acklic ipH
2wl composed of asphnbiion highly contmi-
aated with  pilyvyche Canirithe hydrocarbons
AL Addithunally, niher wastes such as spent
vatalysts, dintomaceons earth, siliva gel, amd coal
{1y anh was-diapeeved of oi this site. Apgroxinaiely
LIOG0 tonw ol thin wate was depasited in
utdintest bngwons b inetens deep covering o wial o
LK heviaven, A tintal of 32 bacieria, 10 fengi, wnl
several yeust spp. were bnalnied from the sludge on
wviddie mminmm sl mediom e xposed io naplitln.
kne vaper. The ialates were” characierized by
clissival taohomic cntesda, BIOLOKIO, i anal-
yain ol lhic S817 rNA genes, A number of the bac-
el isoladn wene Patendweterin relued 1o
Rabvionio,  Iseudvmonen,  Xuhomonas,  ond
Alvaligear s spp.. il the mend cammonly enon-
tered gmup possesed high nuacieniide eglience
sinluesty (99 1F4) 10 Ralrtanis ap. KNI teight
iolaies) n adhien, anlaies hednging to the
Actowbacieda (high- G pram positivea), wnd
Firmecutes tow €3+C gram posilivesy were hund,
Seveeal of the Reltenig alates and & Haeilfus
ilale grew with eatechal, naphthalene, o Mo
_fene s the sole carbon augnves, indlcaling « bigh
higremediation porentisl, The fungal inofmes thas
wrew on aaphthalens vapar appenr & repfesént
txa thal have nod heen provivisly reparied o

depinde PALL Fhis-iterrat fvna) ULt wils it
b joine elTort beaween the 1S Departient ot
Bacrgy and the Dolish Instimte Tor Leolopy of
duesirind Arcus 1 tevetop efMivical hioremediz-
i shmlepios Tur qejtic Jretreteun slodge
mpacied soiks,

Q-265. Characterization of the
Microbial Community in an Anacr-
obic Tluidized Bed Bioreactor
Treating Pink Water Using t-RFLP

S, Oht, | Macaniberz, N, Adeiand, 1. A,
Sanlandy

" lniw-ru‘ny ol Hlinais at twa-{ ha mp.nigu,
rtana, 11 Ltniversity of Cincianali, Cincin-
itk O L WIS Army Conslructinn Lingineer.
g Kescoreds Labaritigy, Urdsang, 11

A Duidized ded binpeactis FALH pras
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The eflicacy o1 AV is dependent an e micraliial
vty 0 il bioeeactons, therefine it s
ingutient (o chimcize e baderia [wesenl
the sysiem in urket to apamize pink water tem-
menl. Inan AFB little &5 kicwn olend wiiich
MEROFENANS Y espinsitle for explosives
degratatict. fn arder 1 iemily unigne micrion
gheisins e o ENTTed renctorn, deniviosl restrictime
(rgment polymorphism (-RIFLP) uimdyses wore
perfonned, Two lnb-seale ARBs were used; one
meachy €+TNT) was (o & xymthetic feed coniin-
ing 11.57 mM of ethaned end 440 mM ol TNT and
the nther {eontral) wax fel etlinagt only. Over the
eourse of opemitf oy, the inpacts of ¢ifferent condi-
tiubts vk e anigrubial comminity were ‘evalinied,
The changes consisied of At e TNT huding
was dottbibed; second, fhe TN Feed was switched
w RDX: und 1hird, the RDX feed wix switched
buck 0 TNT while the cthanal losding was
decreased griduelly, 50% every 6-7 weeks, The
Minal ethannl bading was 6.35% of the nitinl con-
ventraiion. DNA wars extiactert from reacior sniy-
Mes st umplificd vsing PCR with 1 Nuorescent-
Inbeied 271 hucterial toannin-specific prmerand o
92 umiveesal primer, Three differcnt restricting
eiryies were used for fmgmcnt annlysis. The 9-
RELIVIAF progrant on e RDP web siic way
used b ldentify luieLerin eecicliiod wilh individual
temiingl fimgments. TNT wox completely I
tormed fo triamiminlucne cven with the 6.25%
il loading. indicaring that the TNT degeadtng,
hociern were tifl prosei. Severl uniguve Trng.
utehds were idéntified In the +TNT reactr, Based
ot the 1-RFLP dula, oie sel of mgments (Hhal =
WY, Mapl=2132, and Rmai=242), represeniing the
preduoeninant pesk in the #TNT rescior, was kead-
fied st 1 Jeobacter. This sugpents hal o Clenhacier
papulation may be Emporteat for TNT degradaiion
in Ihis renctor.

Q-266, Phenanthiene, Anthracene,
and Bipheny! Degradation by
Mycobacterium gp, PYRA

| B. Moody, |. It Freeman, 1, R. Doerge, C. 2,
Uorniglia

National Center for Taxicolagical Research,
leffersan, AR

Cultures of Hyenlwicterinm sp. PYR-} worn dased
with phenanibeesic, sftliracene, or biphenyl, Afler
&, 24, or 12 br of incubatfon, they hud degended
appraxemaiely WHL, Y20, and 95% of the added
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Memnatinene, pbiincene, hiphenyl, respec-
tively. The mietabalises were exrracien und idemi-
licd hy we-vistble absarprion, [1IPLC nostion
fnes, mao spednanedry, P aml L0 muckar
mugnetic tesonuier INMRY spectmmncetry, and by
enthparisian o aulhentic comaponnls s iemiore
ko, When Myeotvieterion sp, PYR-1 was Lrowil
in (he pecsence uf plienmithirenc, the neuorsd Pl
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iletificd @ vi- ) frans-9, by y 4, (-
dilypdmophicnmmbiene il eiv-doddibybroay- o
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Tied s 22 4liphenic agid, Elvgimxmaphi i neicl,
al plubalic sckl. Newiml pfb exnacts Prom
anthwsccbe-incubaled cells producad foue nieiaix.
Ines, identilfed s cis-2ihypdros ya ] 2-ditys
dhoamthrzvie, 6,7-hen socmmatin, §-sretiinay-2-
Nvidroaymlimcene, a9, 10 nathrmgannme. A
rovel andnene eime-fission prodect was okt
T newdificd qelinre aredien i) was idessiid ied
i D (Gearboryviny iriphitulene- 2-carbox ylic
weidd, 0 7-Pensocounmtin was alsa [nosd i that
exiticl, Bipheayl pradicee nae neuteal pll wcsah-
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NMK and mass spectr dat eomfened e idemi-
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Q-267. Methoxyquinone Produc-
tion and the Mechanism of 2,4,6-
Trinitratoluene (TNT) Degradation
by Glocophyllun: Species

D. A, Newcambe!, A. Paszezynakit, W,
Gajewskal, M. Kidger2, R. Crawlord)
Whiversily of ldaho, Moscow, 1D; 2University
of Paderborn, Paderborn, GERMANY

Nirm-aromaiie td  pilro-substituted  sromatic
smince av well a5 nilro-esters have many applice-
tiom in the chemicel nnd phrneceuticnl indus-
iries. Inv purticalus, the mamuloctiring nod dikpoanl
of eeplasives warldwide hey restlied in thausandx
of sites bl mre conlaminated with these com-
pouixts, Brawn-rol fungi are afien poient degrad-
e of argonic  compounds, however the
Hocetlenl mechmisme onderlying these pro-
vesses are brgely unknown. Qur recent discovery
of dimethoayjuinones in Jlguid cullures of Gloee-
iyl dpeben pramplod vur fanher Investign-
tinng into Dicir posslble roles my redos cyeling
muleeulex to promote Fentondlke degradation,

“Varoun Gloeophyifust up, were compared for their

ablitlex 10 provhce- methox yqidnoies, capeeinlly
1 3-dimethuxyliydnaquinene {2,5DHQ), Six of
cighl sruing cxnmined produced (hin compaund in
concenrethine maging from 1 ppm o 30 ppm.
Salicylic acid was emplajed 1 (np Feman-gencr-
ated hydmxyl raddicals n severnl cultures nnd wan
readilly dzgrnded by all of the sirning exantined.
Smalt smounts of 2,3 and 2,5-dihydroxy benroic
scid, products expecied from ihe eeaction of snll-
eylic neld anl hydraxyl macticels, were vhrarved
wing QCMS nnlysis, G trabeim alas iranx-
forned TNT rapldly, Huwever, mass balanes mtud-
ien which uttlized MC-UL-TNT indlicated th

- 4Rsh nf addot TNT remained in the culture supes-

naiant aird was-nut convensd 1o M. Annlyses
of cubture extncly wilag clectrospray MS/MS
revenled xevernt wrumatic nitro-smines st nitm-
aldefiycks and their oligomarie coupling priclu(s,
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Relationship between Soil Microbial Diversity and Bioremediation

Pro'cess'at an Qil Refinery

GRAZYNA PLAZA!, XRZYSZTOF ULFIG' and ROBIN L. BRIGMON?

I Tnstitute for Ecology of Industrial Areas, Department of Environmental Microbiology,

40-833 Katowice, Poland; * Westinghouse Savannzh River Technology Center,
Biotcchnology Section, Aiken, Saiith Carolina, 29808, USA

Abstract

Microbinl diversity in hydrocarbon-contaminated soil was.characterized during a bioremediation
project at an oil refinery. The project consisted of isolation and cultivation of microbes on labora-
tory media and the subsequent characterization of pure isolates, In a lagoon at the Czechowice
Oil Refinery, Taland, a biopile with nutivety and passively aeroted scctions was constructed and
hiny been operatéd since 1997, The bioremedintion process has been continuously monitored
by physical, chemical, and microbiological methods. One hundied and forty nine bacterial and
fungal stening weve isolated from site soils by standard procedures. Analysis of cultivable micro-
orpanismy revenled a diverse microbial populaticn within the cultured isolates. Among isolated
stroins; Pscudomanas and Chryseomonas genera predominated in the bacterial population while
Cundida, Fusarivm, and Trichophyton dominated the fongal population. This paper describes the

-application of traditional microbiological methods (plating and microscopic methods) to evaluate

cultivable microbinl diversity in bioremediated soil,

Key words: soil microbinl diversity, bioremédiation; oil refinery

Introduction

Bioremediation is the biological process of transformation or mineralization of

organic .compounds (both xenobiotic and naturally occurring) introduced inte the
environment to less toxic or innocuous forms (Hazen, 1997; Brigmon et al,
2002). Bioremediation is an attractive, enyijrqn.mpnta;_ly friendly, and relatively cost-
effective alternative to conventional physicochemical soil treatment techniques
(Bounwer et al,1994; Bartha, 1986). The success of bioremediation is largely

determined by the metabolic potential of microorganisms to detoxify/ntilize organic -

contaminants or mineralize tliem to CO,, H,0 and biomass. The process is depen-
dent on biodegradability and bioavailability of contaminants to microorganisms, as
~ well as environmental parameters including nutrient availability. In addition, for
bioremediation to be successful for a given site and contaminants the microbial
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ENVIRONMENTAL SAMPLES

-

Sample processing
I 7 .
/ - m\
Cultivation-based- .| Microscopy-based Nucleic acid-based
methods 1 methods methads
Plating methods - DINA/RINA extraction

PCRMAwbrydization

Fig. 1. Schematic of the approaches for detection of microorgnnisms
in envivtonmental samples (modified from Elsas oral. 1998).

' Genirations and actmty ]cvsis (B rigmon, 2001) Thercforc, microbial character-

ization is critical to ¢nvironmental restoration approaches utilizing bioremediation.

" Fig. 1 illustrates current approaches used for detection and. characterization of
m:croorgamsms in: environmental samples, Of thiese, several (Fig, 1, I and II, in part)
are considercd to be traditional, as they rely on cultivation of xqolmcd microorganisms
and microscapy. On the other hand, the last decade has seen the implementation of
a range: of methods including molecular techniques based on the analysis of nucleic

‘acids in environmental samples. The combination of culture-dependent and -indepen-
‘dent-approaches in the analysis of an environment may result in a more detailed

description of the -experimental system (Elsas ef al., 1998; MacNaughton

‘etal, 1999; Juck et al,2000).

Considering different existing bioremediation strategies and. characteristics of the

“lagoon materials at tlie Czechowice-Dziedzice refinery (COR), the ex situ bio-
- remediation technology in a biopile was selected to clean-up soil heavily contami-

nated with pétroleum waste. The’ biopile with actively and passxvcly aerated Sections,

. referred as biopile .1 .or engineered, was consiructed in 1997 in the smallest Jagoon

at the COR site (Fig. 2) (IETU, 1999; Altman et al, 1997). The purpose of the

project was. to evaluate novel technologies and lesearch approunches to restoration
of soils hcawly contaminated with petroleum waste by comparing ‘bioremediation
- _protesses under active vs. passive aeration and the removal rates of both readily
- available and recalcitrant petroleum hydrocarbons. This full-scale demonstration

mmultaneously remediated the soil contaminants to acceptable risk levels and created
a'permanent green zone, whichi-has great’ public acceptance and greatly reduces the
overall risk of the refinery to the city.

The purpose of the work described here was to evaluate the diversity of cultivable
bacterial and fungal populations in the hydrocarbon-bioremediated. soil.
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2 Soil microbial diversity and bioremediation at ofl vefinery 175

Tig. 2. Localization of biopiles at the COR site,

Experimental
Materials nnd‘Meﬁlo(ls

-Sample collection. The soil sampling stmle;,y wns pn:sented in a previous report (IETU, 1999). The

_total number of sampling lacations 4t the ergineered. biopile was twenty three. Soil was'sarnpled from

shallow (ca. 3040 cm of depth) and deep (cn. 80— 100 cm of depth) Inyers of the biopile.
TPhysico-chemical analyses. Each soil snmple was examined for the following physico-chemical

' p;\mme{em' TPH - tota! pelmleum hydrocarbens {non-polar nhphnt:c hydrncnrbons) TPOC - totnl petro-

leum oigimic entbon (polar and non-polar uhphallc petrolenm compounds); pH in H,0; pH in IM KCI;

~cleetric conductivity; N-NH,i N-NO,; PO %; and humidity. The parameter polycychc aromatic hydrocor-

bons (PATIs) whs the gum of the concentratlons of the following PAHs: naphthalene, acenaphthalene, fluo-
renc, phenanthrene, anilirncenc, fluoranthene, pyrene, benzo(a)anthrnéene, chrysene, benzo(b)fluoranthene,
benzo(k) Muotanthene, benzo(a)pyrene, benzo{g,hijperylene, dibenzo(n,h)anthracene, and indeno(1,2,3-
cd)-pyrene. The parameters were moasuréd according to 1SO stendards,

Microbin} dehydrogenase actlvity — TTC method. Oxidation of petroleum by microbes is linked to
eleetron transport and oxidative phosphorylation, Colorimetric réduction of triphenyltetrazolium chioride
(T’I‘C). 0 inetabolic uncnupler 10 a triphenyl foriviazen (TPF) crystnl was used os amessure of oxygemc
respiration, Soil samples were incubated with 3% TTC solution at 37°C for 24 h. The samples were then
extricted with methanol, filtered (Qualitative Filter Paper Meditim, DIAM 12,5 om, PPH "POCh"” S.A.),
and the optical densuy was measured at 546 nm (red coler) using a UV-VIS spectrophotometer (Varian)
(Alef and Nannipieri, 1995).-Values are presentéd.as TPF mg/g dry weight of soil.

Tsolation and idcntiﬁcntion of petroleum hydrocnrbon-degradmg microorganisms, Gener-
ally, the methods described in “Manunl of Mettiods for Generdl Bacteriology” (Gerhardt, 1981) were
used for isolation of these-microorganisms. Thesc were namely: dilution method in phosphate buffer;
maost probnbie nimber (MPN) method combined with the petroleum. and’ naphthalcne cnnchmcm
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method with incubation in Biolog® boxes; enrichment and sequentic! enrichment methods in minera]
medium (MM) supplemented with sterilized petroleum, naphthalene or other hydrocarbon derivatives
in Erlenmeyer flasks,

“The dilution and MPN methods were those of EPA U.S. (1978). Schiegel (2001) has described
the enrichment and sequential enrichment methods. The composition of mineral medium (MM) was that
of the “Mznual of Methods for Generni Bacteriology” (Gerhard t. 1981}, but the composition of
niceoelements was that of Schlegel (2001). The MM medium was supplemenied with sterilized
hydrocarbon(s) (0.1% wiw), and soil (1-2% w/w) from the site. Afier four week of incubation in
a rotary shaker at room femperature, microorganisms capable of degrading hydrocarbons were isolnted
using the 1 10 SMA (Standard Methods Agar) medium supplemented with vitaming ond incubated in oj)
and/or naphthalene vapors,

Microbial strains were identified by plating on selective microbiological medin ynd presumptively
identified microscopically (Zeiss Axioscop, Germany). Mdentification and characterization of bacterial

.~ strains were performed accoiding to standard procedures (Gerhardt, 1981). The following determi.
nations were accomplished in order to determine the isolates taxonomic positions; 1, Morphalogical
fentures observations (the Gram staining), 2. Cultire festures in the solid and liquid rich mediuim,

- 3, Motility nnd H,8 production, 4, Sporulation, 5. Biophysical factors in growth, i.c. PH. temperature,
Oxygen, and salinity. Physiological/biochemical tests based on the APT identification systems (1D 320N
BioMerieux $.A.) also were ‘performed. The- identification wag compared with "Bergey's Manual of
Determination Bacteriology” (Holt ef al., 1994), ,

Subsequently, filamentous fungi sfrains were identified by anatyzing their maero- and micromar-
phological characteristics and using selected taxonomi¢ monographs (Sigler and Crrmichg el,
1976; Domsch etal., 1980; Curral, 1985; Arx, 1986; Cano and Guarro, 1990; Guarro
et al., 1991). Macromerphological éxnmination included the colony features, whereas micromorpho-
logical examination included microscopic features of the strains, Fungal strains were mostly exmmined

-using the methods recommended by de Hoog nand Guarro (1995). Fungi were also isolated on

hair bait (Vanbreuseghem, 1952} in the stmosphere of crude petroleumy vapors, The stming were
first examined on direct slides, Then, they were incubated on idenlification niedin, 8., on MEA, CYA,
PYE, Takashio ager (TK), rice (RA) and water (WA) agars. Yeasts were identifiad with the API 20 C
AUX bioMerieux system and extended methods by Van der Walt (1970),

Results and Discussion

Changes in mean concentrations of petroleum hydrocarbons and microbial activi-
ties as measured by TTC in the soil samples during the 45-month bioremediation
process are presented in Figure 3. Soil hydrocarbon concentrations decreased on
average by 81% of the initial :contaminant concentiation over this time period. The
first biodegradation stage (until the 7' month) was characterized by the considerable
decrease of aliphatic hydrocarbons and high microbial activity in the biopile, as
indicated by high dehydrogenase activity incrense, The highest decrease of TPH
(58%) and TPOC (49%) concentrations were observed in this stage of bioremediation
process. The next considerable decrease of contaminant concentrations was observed
between 39% and 44 months of bioremediation (Figure 3). The dehydrogenase activ-
ity observed ot this stage was the highest during the whole bioremediation period.
By the end of the 20" month of bioremediation the concentrations of TPH and u)l
PAHs were below the Polish tisk guidelines (P10 S, 1994). This study provides
clear demonstration of the effective use of bioremediation for pollutant removal and
environmental restoration, '
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Fig. 3. Changes in the mean concentrations of petroleinm-originating hydrocarbons and microbial
activity measured in the soil during the bioremediation period.

One hundred and forty-nine b'ﬂctexjiai and fungal strains were isolated from the soil
during.the 1% bioremediation stage, (Table I). isolated strains are aerobic/microaero-
philic rods and cocei gram-negative bacieria from Group 4 (gram-negative aerobic
-microaerophilic rods and. cocei) according to “Bergey’s Manual of Determination
Bacteriology™. Most'can grow under an air atmosphere (21% oxygen) and use oxygen
a8 @ terminal electron acceptor, For most bacteria optimum pH for growth [ies
between 6.5 and 7.5, and with temperature ranging from 10-45°C (mesophilic), with
optimal grawth at 30--37°C. Isolating anaerobic bacteria was not attempted here.

- Bacteria from the genera Pseudomonas, Chryseomonas, Sphingomonas, and
Stenotrophomoenas were identified in examined samples. Most of them belonged to
genus: Psetidomonas and Chryscomonas. In the genus Pseudomonas, five species:
Ps. cepacia (2 isolates), Ps. flunrescens (20 isolates), Ps. auregfaciens (8 isolates),
Ps. mendocina (2-isolates), and Psewdomoras sp. (8 isolates) were identified.
Pseudomonas species have strictly respiratory type of metabolism, with oxygen as
terminal electron acceptor but in some cases nitrate can be used as.an alternate elec-
“tron acceptor allowing anacrobic metabolism to occur. They are able to assimilate
various substrates (glucose, mannose, mannital, and citrate) as carbon sources. Some
differences occur only in the case of N-acetylo-glucosamine and arabinose assimila-
tion. None of the Pseudomonas isolatés has capabilities to ferment glucose and to
produce urease. All strains were oxidase-positive. Pseudomonas cepacia produced
PB-palactosidase but not urease, The genus Chryseomonas was represented by 2 species:
- Ch, chiororaphis (2 isolates) and Ch. luteola (B species). Some of them were motile
with H,S production, but some of them were not. The isolated strains grew at tem-
.perature range between 4-45°C. Oxidase and urease tests were negative.
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Table I
The fist of species and strains isolated from the petroleum
contaminated soil of the refinery

Species | Number of straing
_ BACTERIAL STRAINS
Chryseomonas ehiororaphis =
Chryseomongs luteola
Pseudomonas aureofuciens

rloo oo s

Pseudamongs éepacia

Reeudoman&sﬂuor'e.s‘éens ] 20
Pseudomonas mendocina.
| Pseudonionas sp.
Sphingéhioﬁm?aucfmob:‘l_[s
Stenairophomonas maliophtlia
' FUNGAL STRAINS
Aphanaaséu&:keraf':‘hop}qﬂu.t o
"Apha&bﬁa'cus;_re;im;’f.rpbm&
Candida saitoana B 14
Candida guilliermondii
Candlda sp. -
 Exophiala sp.
Fusariim solani

N‘M‘mlﬂ

Wi

QA e

..l—n

Geomyees pannorum
Geotrichum candidiin

| Microsporum gypseum

Microsporim sp:

|

k]

3

5

i Pnecﬂbhiyces Hlactnus 3

‘ Pem’ch'!_mmjavan'fq_um‘ : 4
Phiajophora sp, e 1N 2

' ) 3

4

1

!

5

4

Phoma sp, o

Paewdallescheria boydii

Saccharomyces cerevisiae
Scopilariopsis brevicaults
THchophyton ajello] ' 1 15
T}‘ichdplgnion_}qrme;re‘ . 4 _
‘Total: 29 speetes ~ Total: 149 steaing -

-Bacterial and. fungal;iso'-;la;tcs also were tested for.petroleum hydrocarbon removal
Jates (Ulfig eral, 1998), Some isolate;! bacterial strains found here, le.,
Pseudomonas ﬂu_orar‘cen;, Sphingomonas paucimobilis and -Stenotrophomonas
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Table 11
Removal Tates, mass losses, and biomass-production for three b

nass 8, o acterial
strains used in the bioagmentation study

Strains no. R_empv&l rates (g/l/24h} | Mnss Losses (%) | Biomass productio-r?
TPH . TPOC TPH TPOC (g/1/24h)

1 90,0041 00000 13,1 0,00 0,0057
Y 0,0000 - 0,0028 0.0 11,4 0,0055
14 0,0110 0,008] 351 18,7 . 0,0050
i+9 0,0003 -0,0051 29,6 H ) 0,0020
0--14 0,0107 0,0088 34,1 20,3 0,0056
114 00135 | 00075 | 428 | 174 0,0038
LI+9+14 | 00193 | 00186 | 550 | 438 | 0,0149

Mo | ~ Sphingomonas pduchnobi!i.r; No. 9 - S.'enor}'ophomonm maltophitia;
No 14 - Pyeudomonas flunrescent '

TPH - lotal petrolcum hydrocarbans; TPOC — totel petroieum organic carbon

maltophilia have potential for hydrocarbon biodegradation, Then, they were used suc-
cessfully in a bioaugmentation study of petroleum (U1 fi g etal., 1998). Hydrocar-
bon niass losses and removal rates for these bacterial strains are presented in Table I1.
Activity of the bacterial strains was evaluated in the cultures separately or together
under different combinations, After 14 days of incubation the mass losses for Pseudo-
monas fluorescens were of 35% and 19% for TPH and TPOC, respectively. The
highest mass losses of TPH (55%) and TPOC (43%) were in the mixed cultures, i.e.,
when Sphingomonas paucimobilis, Sienotrophomonas maltophilia and Pseudomonas
Sluorescens grew togéther. » :

~ Microscopic fungi were the second largest group of microorganisms isolated
(Table I). Candida saitoana, Fusarium solani and Trichophyton ajelloi predominated
in'the fungal population. Fungal isolates from the genera Aphanoascus, Microsporum,
Scopulariopsis and Trichophyton were keratinolytic. The role of these fungi in the
assessment of soil contamination and biodegradation progress in' a refinery biopiie
was-demonstrated by Ulfig eral (2002). The fungi are also able to remove hydro-
carbons from the medium during degradation of proteins (Przysta$ etal, 2001).
Many fungal isolates, e.g., Candida saitoana and Peniciflium javanicum, were acido-
philic or acid-tolerant. Characterization of these fungi was a subject of a separate
study (Ulfig etal, 2000),

:Muiltidiscipline approaches to microbial ecology of bioremediation projects can be
extremely useful. A study by Plaza ef al. (2001) describes the molecular phylo-
geny of isolated cultuted organisms from this biopile project. This study was a culti-
vation dependent approach followed by molecular analysis. A study at the Savannah
River Site employed culture, molecular, phospholipid fatty acid, and immunologicai
methods for examination of subsurface microbiclogy at site utilizing chemical oxida-
tion (Kastner et al 2000). The favorable resuits demonstrated that a better under-
standing of the subsurface microbiota would improve the potential coupling_of chemi-
~cal oxidation with:-bioremediation processes. Such hybrid technologies might prove
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effective in remediation since oxidation processes can enhance the solubiiity of or-
ganic compounds and thus ‘increase bioavaifability, The results of the field study
described here demonstrated the successful. use of & biopile for bioremediation
- of petroleum-contaminated soil. The findings of this study support those conclusiong
by proving the isolation of an extensive list of hydrocarbon degrading microbjaj
species-from the remediated soils of that site,

We acknowledge that the approaches used in this study have several major limita-
lions. Cultivation based methods strongly select for microbes that can grow on artifi.
cial media and laboratory growth conditions will undoubtedly differ substantially from

those experienced. in the environment. For the majority of organisms present in an
envirohmental sample, nutritional requirements willnot'be met, while caibon stressed,
- dormant, or inactive populations will be quickly overgrown by opportunistic species.
. Recent advances in molecular biology have provided. highly sensitive, alternative
methods for the study of microbial communities (e.g.. Plaza eral, 2001). Exien-
sive organismal, geneti¢; and biochemical diversity has been described in essentiatly
_all ‘environments, even those previously considered uninhabitable. Roughly 99%, of
microbial life is categorized uncultivable (Toisvik et al., 1996; McCaig etal,

2001; Watanabe and Baker, 2000), though we are still dependent on cultiva-
tion for the study of organisms. Successful cultivation of fortuitous, viable but
- nonculturable (VBNC), and ecologically significant taxa will be preatly improved
by insight gained from molécitlar investigations. It should be noted, however, that
none of these methods are comprehensive or unbiased: Thercfore, a combination
of molecular and traditional approaches will undoubtedly provide for more detailed
descriptions of microbial communities: '
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XP - N2004-353242 ‘
AB - RU2228953 NOVELTY - Strain of bacterium Pseudomonas alcaligenes MEV is
isolated from wheat rhizosphere and deposited in All-Russian
collection of industrial microorganisms, Moscow, at number B-8278. The
culture Pseudomonas alcaligenes MEV produces biclogical surface-
aclive substances (biosurfactants).
- DETAILED DESCRIPTIGN - Strain of bacterium Pseudomonas atcaligenes MEV
is isolated from wheat rhizosphere and deposited in All-Russian
collection of industrial microorganisms, Moscow, at number B-8278. The
strain utilizes petroleum, mazut, diesel fuel, polycyclic aromalic
hydrocarbons comprising from 2 {0 4 benzene rings: naphthalene,
phenanthrene, anthracene, fluoranthene, phenol, The strain is
resistant 10 heavy metal ions: Pb, Zn, Mo, Fe, Cr. The culture
Pseudomonas alcaligenes MEV produces biological surface- active
substances (biosurfactants).
- USE - The strain can be used for preparing preparation far treatment
of soils, ground.and surface walers from petroleum, products of its
processing and also in the combined poflution with petroleum
hydrocarbons and metals.
- {Dwg.0/0) i
C - C12N1/20 C12R1/38 o
W - STRAIN BACTERIUM PSEUDOMONAS ALCALIGENES MEV REMOVE PETROL PRODUCT
SOIL. GROQUND SURFACE WATER _
IKW - STRAIN BACTERIUM PSEUDOMONAS ALCALIGENES MEV REMOVE PETROL
PRODUCT .
SOIL GROUND SURFACE WATER
iINW - BLOKHIN V A; DYADISHCHEV N R, MARCHENKO A |; MARCHENKO & A, RYBALKIN S
P: VOROBEV A V
NC - 001
OPD - 2002-08-23
ORD - 2004-05-20
PAW - (BIOL-R) BIOL PREPARATIONS TOXICOLOGY & HYGIENE
Tl - Strain of bacterium Pseudomonas alcaligenes MEV used for the remaval
of petroleum and its products from soil, ground and surface water
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MINT REVIEW

A. KnrdafP‘ Santac A, Teneme R. Samns

Petroleum hydmcarhon bloremedlatlon-
samplmg and analytlcal techmques, in sltu treatments
and commerclal mlcroergamsms currently used

Riveived: 10-June 1997 ¢ Roveivedl tevision: 14 Augusi 1997 L AceEned: 25 August 1907

Absu;ec'l The sampling and- analytical nicthods, along

with available microorganismes. ased foran situ. hydro- -
carbon  bioremiediation are. reviewed.  Each - treat-’
ment-method s briclly. dcacnhcd and its advantiges and.
limicttions pert: iining 1o potential apphcataom are

EV”lhl*ltcd : Bioremediation provides cost-eflective,: con-

iaminant- and substrate- specific - treatments equally

suecedsful in reducmg the concentrations of smg]c com-

pounds or mixturcs of hiodegrirdable materials. In situ

treatments; rarely  vicld . undesicable” byproducts,- bt
precanlions and preliminary bascline tesis. are always
recommended. - Sampling. melhnds should adhere to
good Tabaraiory und- field practices and usually do ot

.ru.]mrc highly. .trained personnel. Analvtical mcthodq

vary in sensitivity, cost, duration ofmmpic analysis and
persannel training required. Vou{,hcrspcum-.m -of hac-
terial strains used in bioremediation exist in various re-
positorics: (e.g. ATCC, DSM, ét)y or-are commercially

~available, and are usually covered'hy patent rights. Each

onc of these strains may 3 vield spectacular results in vitro

“far specific farget compounds. However, the overall

:success of such siring’in. freating a wide range af con-
tdmitiants in sith remains limited. The reintroduction of

‘ mdu:(mous microorganisms isolated from 1he contami-

oated sité after culturing secms fo be a hu,.hly eflective
hmrcmcdmtmn method, CSpC(,Iﬂ“\r when m:cronrgamsm

“growthi 1s] cupplcmcmcd hy owg,cn and icm[ucrs

Rioremediation i 2. rapidly - develaping field: of envi-
ronmental restoration, utilizing natur] micrabial uctiv-

Al kl;l'dﬂ P, Sanias. ("_J} Al Tt.uenm R. Santag

Oiko Technics Insiitute; 0 Kefllenias-St.,

Ao Helioupolis: Atlu.nia Iﬁu“ Grm.c
Tl E+301 924 1434
B ~+3001 9344308 u—mmL unm\.(cr‘hol gr

ity to reduce the conceatration andjor toxicity of various
cheémical: substances such as petrolcum products, -
phatic and aromatic hvdrocarbons (including  poly-
aromatic hydrocarbons and.polychlorinated biphenyls),
industrial solvents (phenols, benzene. acetone: eie),
b‘tttery liquids, pesticides, ind metals (arsenic, chromi-
um selenium, cte.).

- ‘Biodegradation is a natural process carried out by
Soii:mid'mju:itic microorganisms — mostly ‘bacteria and
fungi, Certain bacterial strains have .a demonstrated

ability, to “break down’ ‘or ‘transform the ‘chemical”

substances . preseat in petraleum  products.  OH-spill
biorernediation methods aim at providing favorable
conditions of -oxygen,. tempcrature anck nutrients to
maximize bioiogical hydrocarbon: :breakdown.: Such

methads have, been: applied successfully in restoring .

polinted seashores, airportd, military operations, power
phmtv. cle.

This paper is-a short averview of. the commonest
petroleum ,hydromrbon bm.remcdmmn methods cur-
rently used. ‘Emphasis has been placed on sampling
and analytncai methodalogies (Table 1), microorganisms
(Table 2),"and treatment "enhancement “by supplymg
nutm.nts oxypen, etc. {(Table 3).-

Sampling precautions -

Hydrocarbon samples are sutijeet to chemical, biological,
and physica) changes as soon as they are colleeted.
Sample handling, preservition, ang: storage téchnigues
should migimize changes in. sumple composition by re-
tarding chémicul andfor biological aciivity, Contamina-

‘tion of sediment samples during collection and handling

should. be avoided. A detailed procedure for sampImL
equipmient operation’and sample handling and storage
should be cleatly stated in the sampling plan. This may
be accomplished by using standurd operating pmu:durc.
[1).8.  Environmental Protection - Agency (EPA) 1993,
For example, samples desipnated for hydrocarbon anal-
ysis should not.come into’ contact: with plastic surfiges,
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Sample contiumination from' vessel erissions afd sam-

pling apparatus must be avoided. Coré samples are rec--
ommended for "the determination of contatminalion at:
different depths. Water samples should be collected with’
<ither a non-contaminating puiip of - ‘disereie wiater -

sampler. When sampling with a pump,using a pcrht‘tlnc

pump or one with'a m.u,nclluilly ‘eonpled impeller can:

minimize contumination. Water sarhplers shoild be
made of strinlkess steel or acrylic plastie, while seals
should - be- Teflon-conted. whenever possible, Prior to
sumple collection, water-sampling “dévices shonild be

cnnsed by o ml.vcnl that does 6ol react: ‘with the sampler

material. For extended storage, frcczmg in solid CO, or a
freezer is rf:cnmmcndcd For shorter pn.nud@ of storage,
refrigeration at 4 °C is suflicient.

Hydmcarhon analws

Scdiment samplcc are dned 0\'crrught ul a0 ’C‘ Rc-,td ml
oil is-extricted in.chloroform for 8 b using a Soxhlel
apparatus.-Total oil content is estimited by wua.hml. the
dry residue after solvent evaporation, Suhscqucnliv the
extract is sonicated in 60 hexane’ (5 min, 40 kHz).
The hexare-insolible * fraction contains ‘ssphaltenes,
which are obtained by filtration’ on solveat-washed,

preweighed Whitiian GF/A' glass-iicrofibre filters, The
.asphahignes reétained on thc filters arc, in turn, dried
and weighed. The hexane-soluble fraction lme.ltencs} %

Separated by -.ohdihquld Lhromatography on a 15-cm
léngth x l-cm. dinmeter silica gel colump (100200
mesh), activated ove rn!f’hl at 110 °C. The saturated
petroleum hydrocarbons, aromatics and resing are suc-
cessively, cluted .with 60 ml hexane, 60 ml 60:40 (viv)
mixture of hexane/dichlorometbane and 60 ml metha-

" nol. Afier cvaporation of the solvents, each fraction is
. weighed and (he relative percentage of the four classes |
- {sulurates; aromatics, resing” and’ asphalienes) can be

colewtated. The saturated and aromatic fractions are
'.m.uynd by commuierized capillary gas chrematagraphy
using & gas chmmatnl,mph with a dlr’ECT-ll‘l_]CChOl‘l port,

cqluppcd with a-flume ionization detector and o capillary’

column {30 m x 0.32 mm, Glm thickness 0,25 ym) He
at 0.8 barlis the carrier gas.. The' colimn tcmperfuurc

" is programmed from 100:°C 0. 320 °C a1 3 °Clmin for

thc saturated fiaction, and from’ 100 °C to '%00 *’C
3 °Cymin for the aromatics (Oudot 1994).

A variant of the aforementioned analytical pmcedurc
uscs o column pachd with silica gel, where the hexane.
soluble fraction is_purufioned into saturated, aromatic
und polar. fractions (Mille €t al. 1991) Each f| uetion is
weighed using 8 mu.rnh.ilnm.c ‘Sanirated hydrocarbons
are analyzed by capillary gaé chromatography. The ap-
piratus 11.st is cquipped with-a capillary column (30 m:

£.32 mm. inner dnmctc;), an, on-column- mjcclnr and-a.

Mamec ionization detector. 'Tcmpelalure increase is pro-
grammed (rom 70 4C 1o 300°°C at 5 °Cimin. with heki-

: par, Aromatic hydrocarbons .
are analyzed by UV synchronous lummescencc speu-

XP009052820

-iroscopy’on a specirophotometer. Polar componnds are
_dnalyzed by 1V fuorescence and Fourier-transform
“infraved spectrascopy (FTIR) on o specirophotometer,

whereas asphahcncs are analyzed by FTIR,

The fraction containing the saturated and aromatic
h)'dmc,arhom 1% separated by capillary gas chromatog-
raphy using standards, n-Alkanes arc jdentified by
comp.rnnb their retention times with those of standard
neatkanes ranging from. #-Cy; 1o #-Cy;. Concentrations
of individual hydrocarbons are determined by caleulat-
ing the sirface area underneath the sample peak of the

‘ l'e‘.pcctwc constituent, identificed from {ts Ry, The con-

tent in each #-alkane (4 < 31Yis determined as the ratio
of the aréa under the corresponding sample penk 1o the

~arca under. the peak of internal standards,

The uromatic fraction is.characterized by gus chro-

—  matggraphy/mass spectrometry (GC/MSY (Venosa et al.

1991). Some investigators (Huesemann 1995) utilize &
compretiensive - petroleum  characterization  procedure
invalving gronp-type-separation annlyses. boiling-point
distributrons, and hydrocarbon typing by ficld desorp-

tion muss spectroscopy to determiic initial and final

concenirations of specified hydrocarbon classes.
Currently available information on analytical tech-

s niques employed for guantitative. determination of pe-

troleum hydrocarbons (Table 1} distinguishes inethods
for () the measurement and identification .of contami-

jnanls and {b) thc mecasurement of micrabial activity.

The forinér tire véry important because. they-provide

. bascline information including the quantity and type of

contaminants, distribution patterns, treatability, etc.

_The latter. monitor biological activity and provide an

assessment of biedegradation. When information from
both methods is combined,-the effectiveness of bhiore-
mediation cin be evaluated.’

Petroleum h)dmm rbon contamination usually exists
as & complex mixture of hydroc‘lrbons Despite the huge
potential of microorganisms to degrade organic com-
pounds under favorable conditions, no single specics of
microbrpanism can degrade -all the components of a
given oil (Office of Technology Assessment, 1991), and

~no otl-degrading “cumrbug“'h:‘m hoen: engincered. Cur-

rently, several organisms are known. each capable of
dcgradmg vsually onc or, ar bést, a few petroleum
companénts at a lime. T_'hcrcfo_rc, chective bioremedia-

- lion of petroleum cnnt.miin'.:tinn requires o mixinre of

populations consisting of different genera each cupable

of metabolizing the respecme compounds. Table 2

summarizes information on’some commercially avail-

"able bucterial and fungal strains used for petroleum
“hydrocarbon . bioremediation. The bioremediation ca-
. pacity ol bacteria has been investigted more extensively

because they wre (1} easiér to culivre, (2) more amenable

. 1o molecutar biology techniques. (3) capable of metab-
-alizing chlorinated. orgamc.s (4) capable of mmcr.ﬂmnb
these chemicals and using thcm as curbon encrgy sources
‘(Bouwer and Zehnder 19933 Although capable of me-

-\hnlmn-- sonme, .u‘mmt:c contaminants, fung require a
primary growth substrate, such as glucose or collulose to
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co-oxidize these compounds. However, hecause fungi
can ok Turther metabolize the products of co-oxidation,
mixed cultures with bacteria arce required Tor complete
minesatization of the organic contaminant (Bowwer and
Zehnder 1993y

-The origin of the organisms lo be used in hioreme-
diution is debatable. Indigenous microofganisms isolat-
ed from the contaminated site are certainly adapted ta
the climatic. physicochemical and’ nutrient conditions
prevalent therein. Bioremediation by -these microorgans
isms is expected to proceed’ al increased rates: after

nutricnt addition and/or u.edmg with ¢ariched miero-

organism cultures, However, these micrabial communi-
tics may not include the full range of species or enzvines
required for cﬂr.u.twc oil biodepradation, Commercially
available preparations of ml-bmclegradmu MiCroorgan-

isms usually include many species and. have an increased’

potential to degrade various oil wmpnnenls clicetively.
Suppliers claim that these mixtures can be custom-made

. for the specific oil or environmental conditions and can,

also becasily produced for emergcncy situations,
The -commonest methods of in situ hydrocarbon

‘bioremediation are tabulated in Table 3. The addition of
‘Nz, P or oxygen in various Torms is thought to be suf-
ficient to_enhance the growth of microbes capable of
utilizing carbon in the Torm of petroleurt hydrocarbons-

(Alexander 1991} Howc\cr bmrem(.dmuon is not i
panaces afains! organic contamination. ‘The spectacular

resulis: of laboratory experiments carriot alwavs he
transferred directly to the field. Many compounds thut .

are casily metabolized in vitro arc often not broken
down eflicicntly in contuminated soils and aguifers. This
is probably due to reduced contaminant bioavailability
ciused by udsorption on soil particles or solwtion .in
nonagucous-phase liguids {Alcxander 1991). Another
biorciaediation-restricting factor is the patchy distribu-

tion of -bacterial populutions in: the soil. “This natural

heterogeneity of environmenial conditions. dn the mi-

_crohabitat scale resulls in localu.zmon of the hydrc\utr—

bon-degrading bactena.
In contrast to the wide puhhc acceptance of biorc-
mediation using lndu,cnmm micreorganising, the publu.

“and the -:cncnhﬁc community are somewhit reloctant (o
~accept the method of seeding with intréduced microor-

zanisms. The main reasons for this {Atlds 1977) are (1)
thc lack of controlled experiments demonslr.ltmg supe-
rior pcrformance of introduced microorganisms com-

‘pared . to indigenous ones, {2) ‘the time. lag bétween

microorganism  application -and hydronrbon break-

“dawn, {3) the lack of infermation on microorganism

.1lhog_cmcny 1o humans, genctic stability and toxicity of
metabolic byproducts, () the large quantitics of mic-
roorganisms’ required for frequent application:io the
contaminated sitc. (5) the logistics of culture prepuration
and mixing just prior to application on site. and (6) the

J‘alc of these: microorganisms once. they have completed
their rale in bioremediation.

Fuiure research shouid be direoted townrds the im-
provement of existing and the devising of innovative

XP0038052820

GRS

mcthods of bioremediation. Attention should be paid to

the factors governing bina vailability of organic contam-

tnants and methods to increase availability and micro-
organism activity, monitorng of bioremedintion. the
ecology and fate of introduced microorgnnisms, the
transter of faboratory findings 1o the field, the elucidation
of fertilizer action, the discovery of new. more cllicient
fertilizers and ways of application, the coupling of major
biochemical cycles, such as nitrogen and phosphorus,
with bioremediation cases, and the cffects of other cnvi-
ronmeatal factors (c.g. iemperaturce and salinity fuctua-

tions,’ wave action, axygen availability, nitrogen-fixing
‘bacteria, ete.y; most importantly, all of the above should

be investigated in the field under realistic canditions.
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Comparative study of five polycyclic aromatic

hydrocarbon degrading bacterlal strains isolated

from contaminated soils

Fadi Dagher, Erlc Déziel, Patricia Lirette, Gilles Paquette, Jean-Guy Bisaillon,
and Richard Villemur

Absteset: Five polyeyclic aromatic, hydrocarbon (PAH) degrading bactérial strains, Prendomonas purida 34,

‘Psewdamanas flugrescens 62, Preidoiionas acrgingse 57, Sphingomenas sp. giigin 107, and the unidentified strain
-“PLI, were isolated from iwo contaminated soils-and charseerized for specific featbres regarding PAH degradation.

Degrudation efficiency was determiined by the. rapidity to form clcaring zones arcuind* colonies when sprayed with different
PAH solutions and the-growth in liquid medium with different PAHs as sole source of carbon and energy. The presence
of plasmids, the production of biosurfactants, whe cffect of salicylate on PAH depradarion, the trmsformation of indole
to indigo indicating the presence of an aromatic ring dioxygenase activity, and the hybridization with the SphAb prabe
representing a sequence highly homologous (o the naphthalene dioxygenase ferredoxid genc nafiAb were examined, The most
cfficient sirain in ierms of subsirate specificity and rapidity 10 degrude different PAHs wus Sphingamonas sp. strain
107, followed by strain-PLI and P. aeruginnsa 57. The less efficient strains were P, putite 34 and P. fluarescens 62.
Each strain Imansformed indole to indigo, except strain PLI. Biosuriactants were produced by P. neruginosa 57 and

P. puirida 34, and a bioemiulsifier was' produced by Sphingomonas sp. strain 107, The presence of salicylate in solid
medium has-accelérated the formation of cléaring zones and the transformation of indole by Sphingomonas sp. strain 107
and"P. neruginosa ST colonies. Plasmids: were: fourid in Sphingomonas sp. strain 107 and strain PL1. The SphAb probe
hybridized with DNA extracted from each strain, However, hybridization signals were detected only in the plasmidic
fraczion_of Sphingomonas sp, strain 107 and sirain PLI. Using a polymernse chain reaction (PCR) spproach, we
determined that several genes encoding enzymes- involved in the upper catabolic pmhway of naphthalenc were present in
cach strain. Sequencing of PCR DNA fragments revegled dhat, for all the five strains, these genes are highly
homologous with respective genes Jound'in the pah, dox, and nah operons. and are arranged in a polycistronic operon.

Results suggest that these genes arc ordered in the five selected strains Vike the pah, nah, and dor operons.

Key words: polyeyelic sromatic ,hydrbcarbons. bindegrdation, polfmérﬁse chain reaction, naphthalene catdbolic genes.

Résumé :: Cinq souches bactériennes capables de dégrader-les hydrocarbures aromatiquey polycycliques (HAP),

* Psewdomonds putida 34, Psendomonas fluorescens 62, Psciidomonits aeruginesa 51, Sphingomenas sp. souche 107 et la

suuche PL1 aon identifice, ont 6té isolées & partir.dc déux sols contaminds. Nous avens étudié leurs caractéristiques
face b la dégradation des HAP.. L'efficaciié de dégradation a été déierminée en sz hasant sor la raptdité de formation de
zones-d'éclaircissement autour de colonies lors de In vaporisation avee différentes solutions de HAP, ainsi que par 1
¢croissance boctérienne en milieu fiquide avee différents HAP comme seule source de carbonie ef dnergie. Nous avons
aussi examiné Ia présence de plasmides, la productlon de biosurfactants, 1'effet du saticylate sur la dégradation des
HAP; la ransformation d¢ 'indole en indigo indiquant 1a présence de I"activité d'une diaxygénase du novay aromatigue,
et "hybridation avec 12 sonde ‘SphAb représeniant une séquence hautement homologue-wu géne naldb codent pour
ferrédorive de'la naphtai2ne dioxygénase. La souche In plus efficace pour lu spécificitd de substrats et la rapidité
dégrader différents HAP éait Sphingonunas sp. souche 107, suivie de 12 souche PLI et d¢ P. aeruginosa 7. Les
souches les molns efficaces &aieat P. purida 34 et P. fluorescens 62. Chague souche astransformé ["indole en indigo,
excepté la souche PLE. Pserdomonas purida. 34 et P. veruginosa 57 ont produit des biosurfactams, tandis qu'une
activité bioémuisifiante u €€ observée chez Sphingomonas sp. souche 107, La présence de salicylote en milieu solide o
aceéléré In formetion de zones d'éclaircissement ef 1a transformation de Vindole par les colonics de Sphingomonas sp.
souche 107 et P. geniginosa 57. Des plasmides ont && trouvés chez Sphingomaonas sp. souche 107 et la souche PLI.
La sonde SphAb & hybridé avec I'ADN exirait de chocune des souches, Cependant, des signavx d'hybridation om éié
détectés unignement dans Ja feaction plasmidique de Sphingomonas sp. youche 107 ci de 1o souche PL1. Par la résction

.

Recuivett August 9, 1996. Revision reccived December 9, 1996. Acccpled December 20, 1996,
F. Dagher, E. Dézlel, P, Lirette, G. Phquel_tg‘,’ J.-G. Bisaillon, and. R. Villemir.! Centre-de recherche en microbiologie
appliquée, Instituc Armand-Frappicr; §31, boulevdrd d¢s Prairies, Laval, QC H7V 187, Canada, T
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¢a chaine de la ,poiymémsc (PCR); oS avng déterming qﬁc plﬁsicurs penes codant pour 1y voie catabolique supricurs:
- du napheaitne ¢taient préseas dans chadue souche. Lu séquence des pruduits de PCR a révélé que, pour toutes les
souches, ces genes sont hautement honologuts aux pines respectifs rotrouvés duas les opérons dav, peth 1 el et
qu'ils sont arrangés en un opéron polycistronique. Nos résultats suggtrent également gue ces gines soict ordannds dany
les cinq ‘solichés de fagon timilnire'nux Opérons pah dox et na!r
Mots clés | hydrotmhum aromatiquey polyl:yn]tques bmdcgmdalmn réaction ¢n chaing de la polymérase, gines
\.\ponbdbl% du catabolisme du nnphu.\lénc ‘
Introduction respective genes of the aah, pah, ndo, and dox operons.

Polyeyclic aromatic hydrocurbuns (PAHs} are ‘widespread -

pollutants resulting from human activities. They are refcased
in large quantities from fossil fue! combustion and various
industrinl processes. Several PAHs are known or suspected
0 be toxic, mutagenic, and carcinogenic. Exposure to PAHs
can be hazardous i human health, and therefore, their elimi-
nation is considered a priority in many countries (White 1986):

Many bacterial strains have been isoluted for their ability
to degrade and use PAHs as source of carban and ¢ncrgy.
The catabolic pathway of naphthalene has beea elucidated for

Pscudomonas putida G7. while for other PAHs this has been "
partly done (see reviews in'Yen and Serdar 1988; Cerniglia

1992; Pothuturi and Cerniglia 1994). Naphthalene catabolisti . -
in P. putida G7 involves hydroxylation of one-aromatic ring -
to produce 1,2-dihydroxy-1,2- dlhydmnuphlhalcnc by the naph: . .
thalene dioxXygenasé. This multimefic cnzyme is composed .
of o reductase (crcoded by nohAa), a ferredoxin (nahAb); |

and two subunits of iron—sulfur protein (naldc and nahAd).

Aliter the dehydrogenation of the-1,2-dihydroxy-1,2-dihydro- -
nuphthalene to 1,2-dihydroxynaphthalene (by a dehydroxy-
genase encoded by nahB), the hvdroxylated ring is cleaveéd by

the |,2-dihydroxynaphthalene dioxygenase (nahC). Further-
reactions involving an isomerase (nahD), a hydratase—aldolase
(nahE), and & dehydrogenase (nahF) lead to the formation

of salicylate and pyruvate (Eaton and Chapman 1992; -Eaton
1994). Salicylate is further transformed to catechol, which is
then degraded by ortho or meia cleavage depending on the
bacterial straing; this is referred to as the lower palthway

(Williams and Sayers 1994). The catabolic pathway-of naph- - - -
thalene (o salicylate, referred to as the. upiper pathway, oceurs
wso with other PARSs.  Fur example, it is involved-in the
transformation of phenanthrene and anthrecene 10 1-hydroxy- . .

Z-nuphthmc acid and 2-hydroxy-3-naphthoic acid, respectively,
in Pseudomonas fluorescens SR (Menn et al. 1993) ‘

Genes encoding the lower and upper pathways in P, putida |

G7 are arcanged in two respective polycistronic operons, sal

and nak, located on the plasmid NAHT7. Control of expres--

sion of the two aperons is regulated by the nahR gene
product. The activity of NahR depends on the intracellular
concentration of salicylate (Schell 1985). PAH-degradation

genes have been isolated from other pseudomonads. These. -
fenes are arrangcd in po!yctstromc operon such as () the raft
operon on the pDTG1 plasmid in P. putide NCIB 9816-4:
- (Harayama and Rekik 1989; Simon ct al. 1993; Eaton 1994); -
(i¢) the pah operon:located on the-chromosome in.P. puiida - ...
. QUSS2 (Takizawa et al. 1994), (ifi} the ndo operon located: - .
on plasmid in P. putida NCIB.9816 (Kurkela et al. 1988);: -

and (v} the dox operor located on a plasmid in Pseirdomonas

strain C18 (Denome et al. 1993). Nucleotide a_nd-'thc deduc_cd_

. The.gene order of the aah operon s nahAa-nahiAb-nahAc-
" nahAd-nah B-nah F-nghC-nohQ-nahE-nahD (Eaton 1994), This
_arcangement occurs also in the pah, dox, and ndo opcrons.

PAH-dcgmdauon genes are encountered in other Prendomonas

- species. For exampie, strong hybridization signals were found

between a noh probe and plasmnds recoverad from three
Psewdomonas strains involved in the mineralization of naphtha-

“lene, phenanthrene, and anthracene {Sanseverino et al. 1993a),
- Similar results were observed with strains of Pseudomonas

siutzeri invotved in-degradation of naphthalene (Rossello-Mara
et al. 1994). The only published study of PAH catabolic genes
from nonpscudomonads is on Comamonas restosieront strains

_that have the ability to degrade naphihalene, phenanthrene,
“and anthracene. Although the PAH catabolic pathway is similar
. 1o pseudomonadss Goyal and Zylstra {1996) showed that no
- hybridization signal was delected with the nah probe in these

bacterial strains and that the gene arrangement was different,
These observations suggest that sudstantial diflerences occur

- at the gene level in C. testosteroni that may reflect a different
_ approach of PAH dégradation such as genc regulation and

enzymatic specificity.
We were intcrested in finding highly cfficient, PAH-

- degrading bacterial strains with a broad runge of substrate

specificity. We were also Interested in determining whether
impartant changes at the gene level can be found in these
strains that could be related to the cfficiency of PAH degra-

- dation: In this paper, we investigated five bacterial strains
- chosen from a pool*of 65 PAH-degrading bacterial isolales

. derived from iwo contaminated soils. Comparison of these

strains revealed differences in their substrate specificity and
. their efficiency to degrnde PAHS. :

.Mﬁterials and methods

Isolation of PAH-degrading hacterial stralns

Soils came from & sandpit heavily contsminated with oil refinery
wastes and an area cortaminated with aromatic hydracarbons. Soil
samples were agitated with four volumes of Bushnell-Hons minimal
sall medium (BH) at 150 rpm for 10 days and 30°C in presence of
100 ppm of difforeat PAHS such as phenamthrene, fluorene, pyrenc,
fluoranthene. and chrysenc. Dilutions of sail sturry were inoculated
on BH medium plates supptemented with 0.05% w/v yeast extract

- (BHY). Colonies were chasen for their capacity to form clearing

“zones-and (or) produce o color change when sprayed with different

" PAH solutions (Sylvestre 19807. These solutions were prepared
- (2% wiv i acetone) with naphthalene, three-ring PAHs (dibenzo-

thiophenc, fluorene, phenanthrene, and anthracene), and four-ring
PAHs (fluoranthene. pyrene; nngd benzlejanthracens}, PAHs were
purchased from Aldrich Chemical Co. {Milwaukee, Wis.). Colanies

- were also examined for the expression of aromatic ring dioxygennse
. uct[\'ny by lhc formanon nf bhie indigo when they were transferred
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chml.cd at regular tine nmmh fur the apperance of clearing
10mes and bluc-Indige. cn!ur

[dentification of bucterial strains

PAH-degrading bacterial stratns wene characterized bawd on coloay A

morphology and pigmentation, Gram staining . API (Analvtical Pro-
file Index) 20E strips (bioMérieux Vick, Inc.. Huzelwood, Mo.),
i several physiolongical and biological wests (Kriég and Holi 1984).

Effect of salicylate on PAH degradation
Bacteria were plated on BHY solid medium-containing. 102 ug/mL

of sodivm sslicylate (Aldrich-Chemical, . Milwaukee, Wis.) und.

hubated a2t 30°C, cacept at 25°C for strain PLA, for 1~4 days.
Colonies were sprayed with the same PAH solutions as enumerated
before, They were checked at regular time intervals for (he appear-

ance uf the clearing zones. Controls werc BHY agar plates without '

salicylate inoculated with bacteria.

Growth in liquid culture with PAH as sole source
of carbon.

Racierial strains were grown 830°C {or 25°C gtrain PL1)on BHY
agar plates for 1-4 days. Three to five colonies were picked and
added o 25 mL of BH medium centaining 200 ppm of respective
PAH and apitated in the dark at 200 rpm and 30°C (or 25°C, strain
PL1). The PAHs used were the same as cnumerated before, Culmires

were reguiarly checked for bacierial growih (turbidity), appearance
_of colof (reflecting appearance-of inermediates), and disappesrance -~
of nopsolubilized PAH crysr.als Negalwe contmls were raninocu- -

lated medan

B:osurfactant production N
Presence of surface tension lowering sctivity in hnctzna] cultures
was defermined with the drop-collapsing test (Jain et al, 1991) and

measured with a Fisher teasiometer by the De Nouy ring method. .

Emulsifying activity was estimatéd visually as described by Dézicl
e ol. (1996). The pasitive conrrol wes the bissurfaciant-producing
sirain Pseudomonas aerginosa 1981 (Déziel et al. I996)

Measurement of PAHs degradauon in ]iquid cultore
The 25-ml. cultures were acidificd with 10 N HCl and extracted
with three valumes of 10 mL dicthy] ether, The finél. volume of the

by -exivaction was adjusted (6 25 L and dehydrated with anhydrous

sodium sulfate. Residual PAHS were determinied by gas chromatog:
taphy (GC) (Hewlett Packsrd, mode]l SBHA) with.a flame ionizstion
detector. Finally, the residual cancentrotion of PAHs was calculated
in comparison o an imernal siandard (9-methyl anthracenc),

Plasmid extraction _
Plasmids from- Sphingomonas. sp. strmin- 107, strain PL1, and

Escherichia colf were extracted by abkaline bysis proteol and pun-: '
fied either by polyethylene glycol precipitation or a CsCl gradient

as described by Sambrook ct a} (1989)

Tota] DNA extractlun

Bacterial cells were ecntrifuged at BOO0 % g for 10 min, resuspended
in 50 mM Tris~-HCl (pH 8.0) = 20 mM EDTA — 150 mM NaCl

with 5 mg lysozyme/mL, and-incubated 10 min at 37°C. Sodium’

dodecy sulfate (SDS); @-mercaptocthanol, and proteinase K-were
added 10 o final concentration of 2%, 1%, and 50100 pp/ml
tespectively, nnd incubated 2—3 h at 457C. The solution was then
eitracied twice with phenol (equilibrated with Tris—HCl gH §.0),
twice with phenol = chloroform — iscamyl alcohol (50:49:1), and
once with chloraform — isoamyl aleohol {24: 1). After RNAse treat-
meat (5 pp/mb. for 1S min at 37°C), DNA was precipitated with

XP009052823
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Polymerase chain reaction {PCR)
Cunsensus sequences used (o gencrate oligonucleatides specific for
PAH-degradation genes were deduced from the aligment berween

sequences nvatituble from pak, nah, and dox operons using the tLeur

program of GCO (Genetics Computer Group, University of Wis-
consin), Universsl cubacterial primers for 165 rRNA gene arc the

following: pA, 5'AGAGTFTGATCCTGGCTCAGS (location §~27
- baged:on the £ coli 168 t1RNA sequence); pH, S'AAGGAGGT-

CATCCAGCCGCAZ' (location 1541—[522) (Bruce ¢t al. 1092y,
Oligonucleotides were synthesized using 2 Gene Assembler (Phr-
ntgcin, Bate-d'Urfé, Que.).

Ampllf cation was accompllshcd in 8 50-xb- reaction volume

“with 10 mM Tris—HCI {pH 9.0, 1.5 mM MgCl,, SO mM KClI,

200 pM dNTP, 30 pmol of each primer, and 2.5 U of Tag DNA
polymerase (Pharmiacis). Amplifications were done ina DNA tharmel
cycler 480 (Pérkin-Elmer) at 80°C for 3 min {in which 50— 100 g
of template DN A was added), 94°C for 5 min, and 55°C for § min;
then 30— 35 cycles at 72°C for 2 min, 94°C for 40 5, and 55°C for
! min; and finally, an extension ime of 10 min at 72°C. Amplification
products were examined by 1.0— 1.8% agarose gel electrophoresis,
. PCR for amplification of large DNA fragments (more than 2 kh)
was accomplished in a 50-ul. volume o5 recommended by the manu-
facturer (Expand PCR, Bochringer Mannhcim, Laval, Que.) with
50'mM Tris—HCH (pH 9.2), 1.75 mM MgCl;, 16 mM (NH,)SO,,
350 xM dNTP, 15 pmol of cach primer, {00—200 ng of iemplale
DNA, and 2.5 U of thermostable DNA polymerascs. Amplifica-
tions were done in a DNA thermal cycler 480 {Perkin-Elmer) at
Y4°C for 2 min; 10 .cycles at 94°C for 30 s, 55°C for 30 s, and

68°C for 4 min; then 25 cycles at 94°C for 30 5,-55°C for 30 s,
-and 6B°C for 4 min with 20-5 cxtension nmejcycle and finally an

extension time: of 7 min ut 68°C,

Cloning of PCR products
Amplificd DNA were recovered from agarase el electrophoresis
with a Nal-solution and g silics matrix column es-described by the

" munulucturer (Geneclean: 11, BID 101 inc. Ladolla, Calif.), They

were lignted ta the TA vector (pCRII) and transformed in the E. coli
INV ‘aF' host (Invitcogen, San Diego, Calil) as recommended hy
the manufacturer, or ligated into the Smal-digested pTZ1RU (B} n—Rad)
veetor and teansformed in £. colf XL blug as described by Sambrook
et al. (1989).

..DNA mampuiatnons

Restriction endonuclease digestions and DNA separation an agarase
gel elecirophoresis were carried out a3 described by Sambroak et al.
{1989). DNA was transferred from agarase gels on nylos charge
menbrane with ammonium acetale solution as described by Rigsud
et al, (1987). The SphAb probe was prepared by PCR amplification
of a 201-bp DNA fragment with the fernedoxin primers {FerD —
FerGG, Fig. 3) using the plasmid of Sphingomanas sp. strin 107.
This-291-bp fragment was. fabellad by randomn primer extension
with digoxigenin-11-dUTP (DIG) according to the manufacturcr
specifications {Bochringer Mannheim, Laval, Que.). Hybridization
and déteetion conditions were also done according to the manufuc-
niret specifications (Boehringer Mannheim) with the hybridization
temperature carried out at 63°C with 5 % SSPE (20 x $SPE stock
solution is 200 mM phosphate buffer (pH 7.0) - 3 M NaCl ~
20 mM EDTA) in the hybndnzm:on buffer, The membrane was
washed twice for 30 min.at '63°C in 0.5 % SSPE ~ 0.1% SDS.
Sequencing were performed on double-stranded DNA by the dide-
oxynucleotide method (Sanger ¢ al. 1977),

‘Results
Identitication of PAH-degrading bacterial strains selected

Sixty-five bacterial strains werc isolated for their ability (o
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Fig, 1. 168 rRNA gene sequence analysis of Sphingentonay sp. sirain. 17, The .IﬁS._rRNA gene sequences of struin 107 and six
Sphingomonas werc aligned. The most divergent region of these 168 rRNA gene sequences is ilustrated. Only the nuelentide changes
are shown compared with S, yanoikiyae 168 rRNA genc sequence, Dots represent identity. Bars cepresent a-gap. YANOL, S. yanoikuyae
{GenBank accession No. I213728); 107, Sphingomonas sp. strain 107 $, sp., Sphingamonas sp. {GenBunk secession No, D16L4B);
TERRA, §. terrae {GenBank accession Na. DI3727); PARAP, §. pampaiccimohilis (GenBank aceession No, D13724); ADHAE,

§. wdhaesive {GenBank accession No. DI6146Y, PAUCH, S. paucimobitis (GenBank accession No. D614},

830.

960,

YANOI ‘GACRTCCCTATCGCGG&TCGTGG&GACICTTTCCTTCAGTTCGGCTGGATLGGTOACAGG

- 107 . LR O
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ADHEAR  .....-gtcogge’..at.taos....tggn.ct,. . ONDB.OF. .~ . AC. G &RC. . s s+

' N - LS SN 23T T TR Y V11 T V=T V- DN

--gg..gaa.ac, tecs,

several PAH solutions, Identification of these straing revealed

that most of them were pseudomonads, mainly P. aeruginosa,
P. fluorescens, and P. purida. Some Sphingomonas sp. sirains
were identified; With one strain, named PL1, the identifica-
tion was uncentain (see below). Relative to each species, we

have chosen for the comparative study the most efficient bac-. -
terial strain based on two characteristics. The first one was

the spectrum of substrate specificity tested by the formation of
clearing zones around colonies, indicating PAH degradation.
The second characteristic was the relative speed of appear-

ance of these clearing zones. These struins are 34, 57, 62,

(107, and PLE, . . _

- Strain. 34 is Gram negative and produces pyoverdin pig-
ment but no pyocyanin. It grows at 5°C but not ai 42°C, and
uses acetamide as souree of carbon but not sorbital, trehalose,
or geraniol, Together with AP, it wis identificd as e P. putide

species. Strain 57 is Gram negative and produces pyocyanin

and pyoverdin pigments. It does not grow at 5°C but grows
at 42°C. It uses acetamide and geraniol as source of carbon
but not trehalose or sorbitol, With API, it was identificd as
a P. ceruginosa species. Straln 62 is Gram negative, produces
pyoverdin but nat pyocyanin, grows at 5°C but not a1 42°C,
and uses trehalase unid sorbitol as sources of carbon bul not
geraniol or acetamide. It was identified as a P. fluorescens
species, Strain 107 is 2 Gram-negative rod bacterium, form-
ing yellow-pigmiented colonics that become sticky and adhe-
sive after 3—4 days of incubation at 29°C on ryptic soy agar
plates. Excellent similarity with Pseudomonas paucimobilis,
now Sphingomonas paucimobilis, was obtained with the APl
sirips. Its 168 rRNA gene was amplifisd by PCR and cloned,
and part of the genc was sequenced. The resulling sequence
was highly homologous to the 168 TRNA gene séquence-of
Sphingaimanas species .’ The most divergent region in the 168
rRNA gene sequcnce between Sphingomonas species (Fig. 1)
is identical between strain 107 and Sphingomonas yanoiluyae,
suggesting that strain 107 is-a-S. yanoikuyae species.

: Strain, PL1 is-a nonpigmented, Gram-ncgative, motile,

coccobacillus (0.4 ~0.5 to 0.7—~1.1 gm) bacterivm. Election
micrographs showed one flagelium per cell {data nat shown).
Identification tests with APL-strips showed thst strain PL1 s
oxidase positive. It .was negative for S-galactosidase, argi-
‘nine dihydrolase, omithine decarboxylase, urease, tryptophan
deaminase, gelatinasc, and ‘amylase; it was negative for

production of Hs8 and indole and for nitrate reduction. It

hydrates. Purther testing with the Biolog identification system
(Microlog GN; Harward, Calif.) also showed that strain PL1

did_not use any carbohydrates. It uses methyl pyruvate,

acetite, cls-aconitate, citrate, formate, e-hydroxybutyrale,
B-hydroxybutyrate, a-ketobutyrate, er-ketoglutarate, D- and

. L-lactate, malonate, propionate, succinate, bromo succinate,

succinamate, zlaninamide, and b and -alanine. It does not

‘use any other amino acid {results were borderline for some
‘of them). Tests with the APl strips showed that strain PL]

belonged 10 the Alcaligenes genus, The Biolog system identi-
fied strain PL) ns Olipella ureolitycalurethroiis (formerly

" Movraxella urethralis [Neisseriaceae family, Moraxella genus);

Krieg and Holt. 1984; Rossaun et-al. 1987), with a similarity

“*“index of 0.738 that is below the index (0.75) to be considered

as acceplable for species identification. Indeed, O. ureolityon/
urethiralis has no flagella and does not use majonate and
citrate. Furthermore, it was found primarily in human samples
(Hansen ct al. 1975). Further tests are netded such as G+C
content, fatty acid composition, and rRNA gene sequence
analysis to identify strain PL1.

Characteristics of the:five PAH-degrading bacterinl
strains selected -~ - . :

We compared these five struins on the {ollowing characteris-

tics: () presence of plasmids on which catabolic genes might

be located; (i) presence of an aromatic ring dioxypenase

- activity such as the naphthalenc dioxygenase by the appear-

ance of blue indigo color-in presence of indole (the relative
speed of appearance of the color was also rneasured), (iii)
the cffect of salicylate-added in the BHY solid medium on the
time required for the appearance of clearing zones and the

- transformation of indole; (iv) production of biosurfactants

that-might increase the-availability of PAHs; and (v) the time
required to observe bacterial growih in BH liquid medium
“with' phenanthrenc as a sole source of carbon and energy.
Table 1 summarizes the characterisiics of the five selected
bacterial strains. © - o »

The less efficient bacterial strains P. fluorescens 62 and
P. putida 34 had a narrower spectrum of substrate specificity
than the other strains. Formation of ¢learing zones when

. sprayed with different PAHs and transformation of indolc to

indigo took more than o day. Addition of salicylate in the

- . solid medium neither decreased- the time required for the

formation of clearing zones and the conversion of indole, nor
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Table I, Chura(.;tcris:iu.s" of the five selected PAH-degrading bacierial strains,

P. _mr.rrda P. ﬂamre:i rens P, aerieginosa  Strain Sphingomienas sp.

: 34 63 §7- . PLI strain 107
PMlasmid No No No ch Yex
Biosurfactunt Yes - No Yeos Na Yeu
indole® . +* o+ +++ - +4
Specificity? ) )
Naphthalene + -+ ++ ++ ++
Dibenzothiophene - - — *lo ++ho + +/o +++/o
Fluorene +iy +ly + 4y ++ ity F4+fy
Phenanthrenc + + i+ +4 +++
Anthricene + + + + ++
Fluoranthene -~ - - +fo, +lo
Pyrene e - - - /b - fbr
Benz{alanthracene - - - + +
Salicylate® - No - - No Yes - - No Yes

* “Biocmulsifying activity.

FAppearance of blus indigo color of culnmcs transferred on 1 mM indole piste.

TRelative spaed of appearnnce of blue indige or rebutive speed of appearance of clearing zones and
cokor: +, more than 1 day: ++, Jess than ! day; ++ 4+, less thao- 1 b, —, absence of biue indige or
cleoring zones after 14 days of incobimion; o, orange; v, ‘yeltows-br; brawn, -

‘Appearance of ckaring zoncs anc color af colonies sprayed with different PAHs.

“Effect of salicylate on the speed of forming clearing zones and-producing indigo color.

In BH medium containing phenenthrens, baclerial growth
was apparent after more than a week. The -culture had an
orange coloration characteristic of degradation intermediates
and nonsolubilized phenanthrene crystals had -disappeared.
Biasurfactanis were produced by P. putida 34 and no plnsmld
was observed in both strains,

Psendomonas aeruginosa 57 and strain PL] colonies formed
clearing zones faster than the preceding stuains. It took less
than n day to see clearing zones with naphthalene, dibenzo-
thiophcne, phenanthrene, and flusrene, and more than a day
with anthracene. No clearing zones were formed with any
four-ring PAHs tested with P. aeruginosa 57. Strain PLI
colonies formed clearing zones with bipheny!, acenaphtylene,
and dibenzofuran, and with the four-ring PAHs fluoranthene
and benz[a}anthracene. A brown coloration with pyrene was
apparent,.indicating formation of degradation intermediates,
However, in liguid medium with pyrene, fluoranthene, or
benz[alanthracene as sole source of carbon, no growth of strain
PL1 wes abserved after 3 weeks of incubation. Both strains
grew in phenanthrene—BH liquid medium after 5—6 days,
concomitant with the presence of orange coloration and the
disappearance of nonsotubilized phenanthrene crystals. Analy-

sis by gas chromatographly showed that 100 % of phenanthrene -

and 50% of fuorenc were degraded after 8 days in strain PL]
tiquid cultures containing these respective PAHs as substrate.
Pseudomonas aeruginosa 57 transformed indole to indigo
in less than a day, We observed that clearing zones and forma-
tion of indigo. appeared more rapidly when this strain was
plated on BHY sohd medium contammg sahcylmc However,

in the presence of salieylate. Finally, strain 57 produccd'

biosurfeciants and no plasmid was observed. Strdin PL) did
not transform indole to indigo, Sahcylatc had no efféct on the

formation of clearmg zones. Extrachromasamal DNAs were,

exlracied from strain PL1. However, this DNA never pro-

duced the usual two plasmidic bands but rather a broad band
of 5= 10 mm on CsCl gradient Figure 2C (lane 11) shows
thit this DNA preparaiion wis composed of 5- 10 10-kbp
DNA fragments and a DNA smear of 2—4 kbp long. The
nature of such DNA remains to be clarified.

For Sphingomanas sp. strain’ 107, the time required for
the formation of clearing zones and for the transformation of
indole was in general faster than the other strains. Formation
of clcaring zones was abscrved in less than a day with naph-
thalene and anthracéne, and in less than an hour with dibenzo-
thiophene, fluorene, and phenanthrepe. Transformation of
indole was observed in less than an hour, usually 10 min
afler transferring colonies on indole plates. Clearing zones
were seen with fluoranthene and benz{a)anthracene. A brown
color was observed on colonies sprayed with pyrene. Sphingo-
monas &p. strain 107 colonics also formed clearing zones with
biphenyl, acenaphihene, acenaphthylene, and dibenzofuran.
No clearing zonc was observed when sprayed with the five-ring
PAH benzo[a]pyrene. Bacterial growth in phenanthrene —BH

- liguid medium wak apparent after 4 days with the usual orange

coloration and’ disappearance of phenanthrene crystals. In
contrast 1o strain PLY, Sphingomonas sp. strain 107 was able
to grow.in BH liquid medium with fluoranthene and pyrenc
as substrate, Addition of salicylate in BHY solid medium
accelerated the formation of clearing zones and transforma-
tion of indole. A plasmid was found in this strain (Fig. 2A).

Dnges:mn with different restriction enzymes revealed that the
plasmid is approximately 55 kbp long.

Sphingomonas sp. strain 107 cultures were grown in BH

liquid medium with 200 ppm of pyrene. After 7 days of incu-

bation, 20 ppm of pyrenc was degraded. As pyrene is poorly
soluble in water, Tween 80 (200 pg/mL) was added to increase
the availability of pyrene for microbial degradation, The same
was done with. 206 ppm of fluoranthene. Afier 7 days of
incubation, 40 ppm of pyrene and 25 ppm of fluoranthene
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were degraded. ‘With the three-ring PAHs fluorene and phen-

anthrene, no trace of these PAHs were present after 10 doys © -

of incubation in. BH with Tween BO. Finally, addition of .
salicylate (100 pg/mlL) in (he BH with Tween 80 showed
an increase in pyrenc. degradation:to 95 ppm after.7 days of
incubation. Analysis of pyrene degradation intermediates by
GC — mass spectrometry showed several peaks. However, -
none of these intérmediates have been identified yet,

Hyhridization with the nahdb-related probe

PCR on the Sphingomonas plasmid with the FerD and FerG ;-

primers specific to the naphthalene dioxygenasé ferredoxin,

genc such as nahAb, pahAb, and doxA produced a DNA frag- *
ment of approximately 300 bp. Cloning and sequencing of

this DNA fragment -revealed a hamology of 2% with the
nahAb -nucleotide sequence; :This fragment was: used 8s a
probe; named SphAb, -to detect the presence of ferredoxin.
gene in the other four strains. Total and plasmid DNAs were
extracted from cach strain, digested with HindIll, and hybri-
dized with the SphAb probe. Hybridizalion signals were

observed with DNA extracted from each sirain (Fig..2). The
U a3e

SphAb probe hybridized exclusively to the plasmid DNA
of strain PL1 and Sphingonionas sp. strain 107. However,
hybridization signels were observed with total DNA of these
two sirains when a longer exposure of the hybridized mem:

brane was done (data not shown). These signals corresponded

to the plasmid DNA that coextracted with the chromosomal
DNA. Several hybridizarion DNA fragments were observed
with the Sphingomonas plasmid DNA that correspond to the

digested and different forms of the undigested circular plasmid, «
A weaker ‘hybridization signal was observed with P. putida -~ ‘
DNA that might be the result of divergence between the © -
probe and the target sequence. Interestingly, the hybridization '
signals ion the plasmid fraction of sirain PL1 did not correspond

to one of the major DNA fragments but tather to 8 DNA
fragment not visible by ethidium: bromide staining. Tt aiso
produced a strong hybridization signal on the DNA smear.

PCR amplification of PAH-degradation genes

Seven oligonucleotides-were synthesized based on conscnsus -

sequences found. between respective genes in the pah, dox,
and nah operons. These oligonucleotides were used as primers
to do PCR on total and plasmidic DNA extracied from cach
strain. If PAH-degradation genes are present in these DNA

antd if they are arranged in polyclstronic operon and ordered

like the paoh, dox, and nai operons, the length of the PCR
products can be predicted based on. available nucleotide
sequences of these three operons (Fig. 3). Oligonucleotides

(Fig..3) are FerG and FerD, specific for the naphthalene
dioxygenase ferredoxin gene; Red and Isp, specific for the
gene encoding the reductasc and the iron-sulfur small subunit, -

respectively, of naphthalene dioxygenase; DioxG and DioxD,
specific for the 1,2-dihydroxynaphthalene dioxygenase genc;

{encoding the 2-hydtoxychromene-2-carboxylate isomerase).

To confirm that PCR amplified PAH-degradation gencs,

several PCR products with the predicted length were cloned,

and one or both extremitics of these products were sequenced.
In all cases, nucleic acid sequence analysis confirmed the
presence of the expected PAH-degradation getie. Results of -

PCR experiments are summarized in Table 2, :

 kp]
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Fig. 2. Hybridizution of the otal pad plosmid DNA with the
SphAb probe. Total and plasmid DNA weee run on 0 0.7%
agarnse clectrophoresis gel.and stained with ethidivum bromide

- (A, C). DMAs were trnsfereed on a aylos membrone and

hybridized with the DIG-labelled SphAb probe (B, D).

" Hindlll-digested total DNA of P. aerugitinsa 57 (lanc 1),

P. fluorescens (iane 2), P. putida 34 (lane 3), Sphingmnonas sp.

~ Stenin 107 (lane 4), and strein PLI ¢lane 5). Plasmid DNA from

Sphingomnonas sp. strain 107 (Jane 6). Plasmid DNA from strain
PLI digested with Hindl] (lane 7), EcoRl (lanc 9), or undipested

- Qlane 11}, Towl DNA from strain PLI digested with Hind1Ll

(Inne 8) or EeoRI (lanc 10).
A B

1.2 34 5 6 123456

y g

1T

2.5~

c D

"

~ PCR with the FerG—FerD and DioG—DioD primers
showel that the naphthalene dioxygenase ferrecioxin and 1.2-
-dihydroxynaphthalenie dioxygenase gencs are present in all
strains, Amplification using the FerG ~Isp primers produced
in all strains a 2.2-kbp DNA fragment as predicted by the meh,

 dax, and pah operons, This suggests that the gene order of that

fragment would be (using nomenclature for the saht operon)
nahAb-nahAc-nohAd. Amplification using the FerG-—lso
primers gave an unexpected result, A 4.2-kbp DNA frag-
ment was obtaingd in all strains instead of the predicted

and Iso, specific for the doxJ gene and homologous to naltl . 8.4-kbp DNA fragment. The latter fragment was observed

ance with P, putida 34 in_addition to the 4,2-kbp DNA frag-
nent. Sequence of the extremitics of the 4.2-kbp fragment
revealed that the Iso primers annealed in )l strains o the
same location in the nahF gene (aldehyde dehydrogenase).
Durlng the smplification of u large DNA fragment, this

- annealing site was preferentizlly amplified. Therefore, Tailure

to oblain the 8.4-kbp DNA fragment might be due to PCR

50
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Flg. 3. Strategy to determine the ene armangement of PAM:degradation genes by PCR. Gene arrangement of the PAH-degradation genes
it*hased on 1he ok, dai, dnd:pakt operans g describied by Eatdn (194, Leters in the hoxey-carrespond to the nomenclamure of the ne
operen from the NAHT plasmid. Localization and ori¢niution of primers are répresented by arrows. Lines under the operon are the
predicted DNA (ragments und their length umbers beside in bp) that should be- genensted by PCR "with respective combination of
primers. Primer sequences are shown with their location on the nefr operan (Red primer; Sinion et k. 1993) or the dax operon (all the
other primers, Denome et ak. 1993). 'DioG und 'DioD sre consersus sequences between nahC and naltH (catechol 2,3-dioxygenase; Ghosal
et al, 198N sequences. 'Thc Iso -.equcncv. was derived frum duu Onl:.

e—pane r T u T — T T l

Okbp | | 5 i 10
CAs AR _Ac [ Ad (B 1 & lcﬂiﬁi"ll_:‘i]
Eed _FerE FerD Ep ' DiuG DinD I;o
29} e e 406
.o
L]

o) SR
~ 3489 :

63560

Red: AT (8/g) AMNCITCTCATACAGES (853-872)

ForS: MATGOATTGAAGIAGTCNEC (121-140)

| FerD: ATCATTACGOOLAGOTICNG (d13-394)

~Imp: Gmmmmm (2440-2422) ‘

‘DioG: GA(glc){a/chhig/a) }ugpcccﬂtqucrucm {4336-4556)
*Dlob: ‘ccu/q) (qjg) afg) {e/t) fafa) (u/gjuu:cc[c/;sam (5341-5324)
Tmo: CTAT TTTACAGGCS (0523-0504) -

Table 2. DNA fragmems obiained. afier PCR with primers specific 1o PAH-degradstion genes on total

and piasmaduc DNA mlated from the selected bacterial strnins.

P. putida P, ﬂrmresmms P. aermpinoye Strain  Sphingomonas

* -Predicted: DiNAS
Primers  fragmene length (bp) M
FerG—FerD 293 +*
DioG ~DioD 406 +
FerG—Isp 2320 +
FerG —Isn 8403 +
41884
Red ~FerD 1432 -
Red —1sp ‘ 3459 -
Red =DioG : 6360 . -

6 57 PLE*" sp. strain 107
+ + + +

+ + 4 +

+ + + +

4188 4188 4148 4188

- + + +

- + + +

- + + +

“Besed an the aak and: dex operons [Smmn et al, 1993; Denome et nJ 1997).
*PCR- products generared only with the plasmidic DNA preparation.’

¥, pos_ili\'c amplification of the predicied DNA fragment; =, no amplification.
“Uncxpectsd 4188-bp DNA fragment generated with Ferd ~lso primers (see text),

conditions used to amplify large DNA fragment. The length
of a PCR product, predicted by the nah operon and flanked
by the FerG- sequence and the aahF sequance recognized by

the Tso pnmcr is 4188 nucleotides. This suggssis that the -
gene arder in this 4.2-kbp fragment is nahAb-nahAc-nahad:

nahB-nahF. Combinations of the Red = FerD, Red— —Isp, and
Red-DioD primers generated the predicted 1.4-, 3.6-, and

6.4-khp DNA fragments, respectively, with Spbmgamonas _

_sp. strain 107, strain PLI, and P. uamgmasa 57. No anplifi-

cation was observed with thiesc. primers on: P, putida 34 and

P. fluorescens 62. This-suggests that in the former three
strains the gene order would be.nahAa-nahAb-nahAc-nahAd-
nahB-nahF-nahG. Itn P. putida and P. fluorescens the reduc-
tase gene might be missing in the aperon or the reductase
sequence might be different. All these results suggest that
several PAH-degradation gencs are present in all the studied
strains and are arranged in a polycistronic operon. Our results
aiso predict that the gene order in the five streins should be
sitilat to the pah dax, and nah operons.

Sequence homology

‘As mentioned before, several PCR products were cloned and

their extremities were sequenced, Compared with the corre-

~ sponding genes:in the poh, nah, and dox operons, nucleatide

sequences were 90—~95% identical, and the deduced amino
acid sequences were 93— 100% identical (Fig. 4). Most of the
differences were punctual and scattered through the sequences.

" -Discussion

Efficiency of PAH degradation of five bacterial struins iso-
lated fram contaminated soil were compared with each other,
The most efficient strzin in terms of (i) substrate specificity.
{#) rapidity of forming clearing zones around colonies when
sprayed by PAH solutions, and (5if) bacterial growth in liquid
medium with different PAHs as sole source of carbon and
energy was: Sphingomanas sp. strain 107, followed by the

* strain PL1 and P. aeruginosa 57, The least efficient strains

were the P.'putida 34 and P. fluorescens 62.

gl
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sequence was deduced and compared with the pmfl‘ dox, and nal operons. Only the umino aeid changes are shown compared with the
dox o nah opcron, The numbers refer to the amino acid sequence location in the nalt or the puk operons (Simon et l. 1991; Benome

et al. 1993). Dots represent identity. 1.‘.mply spaccs indicate thut the, sequence was nod dane, Undcrlmed sequences in the nalab gene
represent the location of the iron —sulfur centres: NAH, nah operan-of P. putida G7 (GenBank accession No. M83549). PAH, pah

operon of P. prride OUS82 (GenBank-accession No. D16629), DOX. dox operdn of Prendamaonas sp. ‘strain C18 (GenBank accession
No. M60405). SPH, Spkmgumona: §p. stréin ]0?. AER P, aemgmam 57 PLt strain PL1; FLU, P. fluorescens 62; PUT, P, putida 34.
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Addition of salicylme in solid medium hus accalerated the
f&mation of clearing zones by Sphingomonas sp. strain 107

and P, aeruginosa 57. 1t has also accelerited the transforma- -

tion of indole (o indigo. No such effects were observed with
the three other strains, However, salicylate did not broaden
the range of PAH specificity for Sphingomonas sp. strain 107
und P. aertiginosa 57. This is the first.repart that shaws the

- effect of salicylate on PAHs other than naplithalene. Salicy-

late is known to be the inducer of the expression of genes

encoding the -upper-and lower pathway of the naphthalenc:

catabolism in the NAH7 plasmid (Schell 1985). Qur results
suggest that gene regulation via salicylate might occur in
Sphingomonas sp. strain 107 and P, geruginosa 57. Ogunseitan
and Olson {1993} have shown that addition of 50 #g salicy-
late/g of soil contaminated with naphthalene increased the
niphthalene mineralization, Sanseverino et al. {1993h) have
shown that the additon of salicylate in four contaminated
soils during 2 slurry treatment increased the nak4 mRNA
fevels in only one sail. However, they suggest that this tran-
seript was aiready induced in the other soils because of high
cancentration of naphthalens. o

The addition of synthelic or biologically produced surfac-
1ants has been shown to enhance PAH bicdegradation (Tiehm
1994; Huntetal: 1998). Sphingomonas sp. strain 107 secretes
a bicemulsifier, whercas P. aerugitosa 57 and P, putida 34
produce extracelluler surface-active agents. The shility to
produce biosurfactants is often linked to the utilization of
hydrophobic substrates (Hommel 1990). The capacity of form-
ing clearing zones around the PAH-degrading bacicrial colo-
nics sprayed with PAHs may be caused by the production of
biosurfactants (Burd and Ward 1996). In cur study, cleating
ones were generated whethier the baclerial strains were
producing surfactants or not. Moreover, we abserved  corre-
lution between the appearasnce of clearing zones with a specific
PAH and the bacterial growth on liquid medium with this PAH
as sale source of carbon and energy. The only exception was
strain PL1 with pyrene, benz[a)anthracene, and fluoranthene,
Finally, there is apparently nio correlation between produc-
tion of biosurfactants and the efficiency of PAH degradation

- by & bacterial strain ag shown with P.. putida 34.

A fivefold incrense of pyrene degradation by Sphingomonas
sp. strain 107 cultures occurred with the addition of a syn-
thetic surfactant (Tween 80) and salicylate in the BH liguid
medium. One explanation of this increadc is that the addition
of a surfuctant would have sofubilized more pyrene in sofu-
tion making it available more rapidly for microbial degrada-
tion, and the addition of salicylate would have stimulated the
expression of PAH-degradation genes, However, salicylate and
Tween 80 could have been used as carbon sources, resulting
in an higher cell concentration for the degradation-of pyrene.

Hybridization with a nahAb-related probe and PCR with
primers specific for PAH-degradation genes ravealed that each
strain contained several of these genes. Cloning and sequenc-
ing of PCR’ products showed high homology berwesa PAH-
degradation gene sequences found in the five selected strains
and the respective gene sequences in the nak, pah, and dox
operons. It is interesting to-natice that although strain PLI
did not transform indole to indigo, genes encoding the naph-
thalene dioxygenase were present and parts of these genes
that we sequénced are highly conserved. Indole might not be
a substrate for the naphthalene dioxygenase-in strain PL1 or

Can, Jx algrool%cg i%ls%a 1897

might not enter into the cell. Results ohained by PCR suggest
thit. PAH-degradation genes are arranged in a polycistronic
operon in ench sirzin. These same results predict that these
genes are ordered like the pah, nah, and dox operons,
PAH-degradation genes were found on a plasmid in Sphingo-
monas sp. strain 107 and on extrachromosomal DNAs in
strain PLI. No plusriids were found in P. aeruginosa S7.
P. putida 34, and P. fluarescens 62, This study is the second
one- 10 show a PAH catabolic function on a ptasmid in the

- Sphingomonas genus. Stiliwell et al. (1995) have shown thas

Sphingorionas sp. strain F199 has & 180-kbp plasmid, pNL1,
implicated in the degradation of PAHs. Also, no previous
study showed gene arrangement and sequences of PAH-
degredation genes from P, aeruginusa. This is the second study
on PAH-degradation genes irf nonpseudomonads. Although
identification tests were inconclusive in determining the specics
with certainty, strain PLI did not show any characteristics of
pseudomonads. The only study on PAH-degradation genes in
nonpseudomonads was with three Comamonas iestosteroni
strains capable to degrade phenanthrene, naphthalene, and
anthracene. Using the whole nah operon as 2 probe, Goyal
and Zylstra (1996) did not observe any hybridization signal
with tote] DNA from these three strains. They also cloned
the chromosomal region responsible for naphthalene and phen-
anthrene degradution from one of these strains and showed
that the gene order was different than the nah operon.
Moreover, this region was present in one of the other strains
but absent in the third one, suggesting that two different scis
of genes for the degradation of phenanthrene exist among the
three C. testosteroni strains. '

* Inour study, we showed that pseudomanad PAH-degrada-
tion genes can be found in other bacierial genera, and are
highly conscrved in their arrangement and their -sequences.
However, as these genes are located on a plasmid, Sphingo-
murtas sp. sirain 107 and strain PLI could have obtained
them by conjugation with pseudomonads.

Acknbwledgéments

This work was funded by a grant provided by the Fonds
de développement & la recherche of Université du Québee.
We thank Francine Turcotte-Rivard; Sylvain Milot, and
Louis Racine for their excellent technical support. We thank
Dr. Michet Sylvestre, TNRS-santé, Pointe-Claire, Qué, for
testing strain PLL with the Biolog identification system.

References

Bruce, K.ID;, Hiorns, W.DD., Hobman, I.L., Osborn, A.M., Strike, P.,
- and Ritchic, D:A. 1992, Amplification of DNA from native
- populations of soil baererla by using polymerasc chain reaction,

Appl. Eaviron, Microbiol, §8: 341313416,

Burd, G.. and Ward; O.P. 1996. Bacterial degradation of polycyelic
+ aromnatic hydrocarbons on ogar plates: the role of biosurfactants.
~ Biotechnol.” Tech, 10: 371 -374; ] o

Cerniglia, C.E. 1992. Biodegradation of polycyclic aromatic hydro-

carbons. Biodegradation, 3; 351 368, :

Denome, 3.4, Stinkey, D.C., Olson, E.S., and Young, K.D.

1993, Metabolism ™ of dibenzothiophene and naphthalene “in
 Preudomonas strains: complete DNA sequence of an upper
“naphthalere catabolic puthway. J. Bacieriol. 175: 6890 - 6901,

Dézied, E., Paquette, G., Villemur, R., Lépine; F., and Bisailion, ].-G.

1996, Biosurfactan: production by a soil - Pseudomonas steain

53



r

reactions. J. Bacweriol. 174; 75427554,

r -

1y

230-236.

Microbiol. 126A:.401-404, = . -

Chem. 264: 15328 — 15333, -

P S SRR L T oy & e igare i 408 ]
A e ?e‘:fﬁ.#inr-'r-}i'i-q '4.?3::3" el

Ty

Biodegradation, 1: 107119, . ™

lishers, Boca, Raton. pp. 318=322,

Ak
Rdnk

it 3
L

NCIBY8I6, Gene, 73::385-362.

Dagher et al.

; arowing on. polycyclic aroratic hydrocartions. Appl. Environ.
2 Microbiol. 62; 1908—-1(912.. 0 . N
o Euoton, R.W. 1994. Organization and- evalution of niaphthalene
£ catobolic pathways: sequence of the DNA enceding 2-hydroxy-

":-'1 chromene-2-carboxylaie isomeruse and frans-o-hydroxybenzy)-.
2 idenepyruvate hydratese—aldolase from the NAH7 plasmid. -
o 1. Bactetiol. 176: 7757 -7762. P o

Eaton, R.W., and Chapman, P.J. 1992._: Bacicrial metabolism of
naphthalenc: construction and use of recombinant bacteria to
study ring cleavage of 1,2-dihydroxynaphthalsne ynd subsegquent

Ensley, B.D., Rawhin, B3, Osslond, T.D., Simon, M.L.-
Wacket, L.P.. and Gibson, D.T. 1983. Expression of naphtha-
lene oxidation pencs in Escherichia coli results in the biosynthesis.
of indigo. Sclence (Weshingion, D.C.}, 222: 167~ 149.

Y .
i Ghosd, D., You, 1-S., and Gunsalus, L.C. 19B7. Niclentide
M sequence and expression of gene nahH of plasmid NAH? and
,ﬁ ' homalogy With gene xylE of TOL pWWO. Gene, 55: 19-28,
43 Goyal, A.K., and Zylsira, G.J. 1996, Molecular cloning of novel
H genes for.polycyellc. aromatic. hydrocarbon degradation from
3 Comamonns testosieroni GZ39. Appl. Environ. Microbiol. 62:

Hansen, W, Schoutens, E., Yourassowsky, E. 1975, Tsclement
de souchts micrabiennes peu connues et ricemment décriies:
Neisseria elongata et Moraxella urethralis. Ann. Inst, Pareur!

Harayama, S., and Rekik, M 1989. Bacterial aromatic ﬁnﬁ-cleavagﬁ
enzymes ure classified ‘into differcnt gene famiffes. 1. Biol.

Hommel, R.K. 1990. Formation and physiological role of bio*
surfactunts produced by hydrocarbon-utilizing microorganisms.

Hunt, W.P., Robinson, K.G., and Ghash, M.M. 19%4. The role of
biosurfactants in biotic degtadation of hydfophobic orgenic cont- -
pounds. In Hydrocarbon bioremediation. Edifed by R.E.-Hinchee,
B.C. Alleman, R.E, Hoeppel, and R.N. Miller. Lewis Pub--

Jain, D.K.. Collins-Thompson, D.L., Lee, H., and Trevors, LT,
1991, A diop-collapsing test for screening surfactani-producing

¥ : ‘
i microorganisms. ]. Microbial. Methods, 13 271~279.
i) Krieg, N.R., and Holi, J.D. (Editars). 1984, Bergey's manual of
¥ " syStematic bacteriology ” William & Wilkins, Battimore. = " ©

Kurkela, S.; Lehvaslaiho, H., Palva, E.T., and Teeri, T.H. 1988."
Cloning, nucleotide sequence -and characlerization of . genes
encoding naphthalene dioxygenase of Pseudomanas putida strain

Menn, F-M., Applegate,-B.M., and Sayler, G.S. 1993, NAH
plagmid-mediated catabolism of anthracene and phenanthrencito”
naphthoic acids. Appl. Environ. Microbiol. 59: 19381942, '

Ogunscitan, O.A,. #nd Olsen, B.H. 1993, Effect of 2-hydroxy-

XP009052823 _

- 377

Rossuu. R.. Kersters, K., Falen, E.. Jamzen, E.. Segers, P:‘-'
‘Union, A.. Mehis, L. and de Ley, ). 1987, Qfigeller, a new peass
“inchwling Oligella nrethralis comb.nay. (formerly Moravelf
wrethralis and Oligelia ireolytica sp.nov. (formerly CDC group
1Vey: wéhutionship tn Tavioretla equigendialis and relmed wxa,
Int. ). Sysi. Bacteriol, 37: 198~210.

‘Rossello-Mory, R.A.. Lalucat, J.. und Gorcia-Valdes, E. 1984,

- Compurative biochemical and genctic analysis of naphthalene
degradation umang, Prendomonas sritzert strains. Appl. Envieon,
. Microbiol. 60: 966972, :
‘Bambrook, 1., Fritsch, B.F., aad Moniatis, T. 1989, Moleculur
cloning. A loboratory manual. 2nd ed. Cold Spring Harbor
* Press, Cold Spring Harbor, N.Y, ‘
Sanger, F., Nicklen, $.; and Coulson, A.R. 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Nadi. Acad. Sei. U.S.A.

74 54635467,

Sanseverino, )., Applepate, B., King, 1.M., and Sayler, G.S. 1953a.
Plasmid-medisted mineralization of aaphthelene, phenanthrenc,
and anthracene. Appl. Enviren. Microbio), 59: 15311937,

. Sanseverino, 1., Wemer, C., Fleming, J., Applegaie, B.,
. King, JMH., and Sayler, G.S. 19935, Mplecolar diagnostics

* of polycyclic aromatic hydracarbon biodegradatian in manufac-

" ured gas plant soils. Biodegradation, 4: 303~321.

Schell, M.A. 19BS. Transeriptions]l conirol of the nah and sof
hydrocarbon-degrading operons by the nehR gene products.
Gene, 36: 301 -309.: .

Simon, M.J., Osslund, T.D., Sunders, R., Enstey, B.D., Suggs, S.,

. Hareoutt, A., Suen, W.C., Cruden, D.L., Gibson, D.T., and
Zylstra, G.J. 1993, Sequences of genes encoding naphthalene
dioxygenase in Psewlomonas putida striins G7 nnd NCTB 9816-4.

.. Gene, 127: 31-137, -
. Stillwell, L.C., Thurston; 5.J,, Schneider, R.P., Romine, M.F.,

. Fredrickson, J.K., and Saffer, £.D. 1595, Physical mapping and

- © . charagterization of a catabolic plasmid from the deep-subsurface

bacterlum Sphingamonas sp. strain F199. I, Bacteriol. 17%:
" 45371-4539. .
Sylvestre, M. 1980. lsolation methed for bacterial [solates capable
" of growth an p-chlorobiphenyl. Appl. Environ. Micrtbiol, 39:
1223~1224, '

" Takizawa, N., Kaida. N., Torigoe, S., Maritani, T, Sawudu, T.,

" Sawh, 8., and Kiyohara, H. 1994. ldemification and charac-

- 1terization of genes eocoding polycyclic aromatic hydrocarban
dioxygenase -and polycyclic aromatic hydrocarbon dibydrodiol
dehydrogenase in Pseudomonas putida OUSB2. I, Bacteriol.
176 24442449, - '

"Tiehm, A. 1994. Degradation of polycyclic aromatic hydrocarbans

~ in the presence of synthetic surfoctants. Appl. Enviran. Microbiol,

 60: 258263, :

White, X.L. 1986. An overview of immunotoxicology and carcing-

. genic polyeyelle aromatic’ hydrocarbons, Enviren. Caccinog.
Rev. C4: 163202,

24

A R e 22 i i e gl i AW Ry A e ik e ol - b e

i e o e s i e 1 e o 5 o U ST Sl

‘benzaste.on the rate of naphthalene mineralization in soil. Appl.
_ Microbiol. Biatechnol. 38: 799807, L,

Pothuluri, 1.V, and Ceriiglia, C.E. 1994, Microbial metabolism
of polycyelic aromatic hydrocarbons. in Biclugicel degradation
and bioremediation of toxic chemiculs. Edited &y G.R, Chaudhry.
Dioscorides Press, Portland, Oreg. pp. 92— 124, ]

Rigaud, G., Grange, T., and Pictel, R. 1987. The usé of NaOH as
transfer solution of DNA onto’nylos membranc decreases the
hybridization efficiency. Nucleic Acids Res. 15: 857,

- Willisms, P.A.: and Sayers, I.R. 1984, The evolution of pathways
for aromatic hydrocarbon oxidation in Psedomonas. Biodegri-

. dation, §: 195217,
‘Yen, K.M., and Serdar, C.M. 1988, Genetics of naphthalene
© cagbolism in ps_eudmnonadé. Crit. Rev. Microbial . 15! 247268,




Indien Jovmal of Biotechnology
Yol 2, July 2003, pp 411-425

XP009052818
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Uncomrollcd anu camstrophlc releam; of petroleam puse ucologlcal and enviranmenta repercussions as a lot of
hydrocarbon components ure (axic and persistent in terrestrial and aquatic environments. Severn! physico-chemical
methods of decontaminating the environment have heen established and entployed, Blologica! degrudation, a safe,
effective and an economic alternative method, Is 8 process of decay indtinted by biologlenl ngents, specifically in this
case by microorganisms. Bivremedintion refers to site restoration through the removal of arganie contaminanls by
microorganisms. Biodegradation of hydrecarbans is largely carried out by diverse bacterial pepulations, which are
ubiquitously distributed in the environmént. The most commonly reported penera of hydrocarbon-degraders include
Pseudmmonias, Acinetobacter, Nocardia, Vibriv und Achromobakier. The Tactors, that infuence the rates of microbial
degradntion of hydrocarbons, include temperniurc. pH, salinity, oxypen, nuirionts, and physical and chemical
coinposition of petrolenm. Due o tie complexity of crude off, biodegradutlon involves the Interaction of mnny
different microbial species. It could Le attributed 10 the effeets of syhergistic Interactions antong inembers of the

consortivm.

" Keywords: biorcmedlntlon, pctro!eum ‘hiydrocarbon, biodcgradation. parameters

Introduction

Large ‘amounts of hydlncarbon contaminants are
released into the environment as a result of human
aclivities. While releases like industrial cmissions can
be controlled and carefully regulated, catastrophic
releases like major spillage from tankers, pipelines
and storage tanks - are ‘largely accidental and
unavoidable and’occurr frequicitly in present times,
Such releases often pose severe, immediate, as well as
long-term ecolog,icnl and. - environmental
repercussions, since a lot of hydrmbon components
arc {oxic and. persistent. in temestrial and uquatic
environments. Several physxco-chem:cai methods of
decontaminating * the  environment have  been
established and employed (Tuble 1). However, such

methods .are usually expensive and labour-intensive |

and often involve the risk of spn:admg the pollution
because the waste would reqmre dlSposal elsewhere.
A better way would be 10 use biodegradation.

Biodegradation of hydrocarbons is often relatively |
slow under normal -conditions due to the complex

interaction that involves the hydrocarbons, the

environment and the - composmoa of the ‘microbial .

commumty The empha51s of rasearch now is to

* Author for corrc.spondance
Tel,: 60-3-894 6101 Fox:" 60-3- 89423037
E-mail: abubakar@ibs, upm‘adu amy

Other elements found in crude oi! in
_ include iron, silicon, a]umlmum and nichrome.

exploit he hydrocacbon degradation abilities of the
microbial populadon to raise the rates  of
biadegradution found naturally to significantly higher
rates. Biorcmediation, the degradation or stabilization
of contaminants by microorganisms, is claimed as a
safe, effective and economiic alternative method of
environmental clean up.

| Crade oil

Crude oi} is liquid petroleum in its unrefined state,
The principle chemical elements (90% of the weight
of ‘crude oil) "are carbon and hydmgen which are
combined -in_a series of compounds called
hydrocarbon. Only 31 hydrocarbons aceount for 75%
of the weight of the whole distillate fraction(55°-

145°C) of an Oklahoma crude (Tiratsoo, 1973). Other

components in crude oil are sulphur, nitrogen and
oxygen compounds in very small proportions. Sulphur
compounds ~ include mercaptans, thlopcnes and
thicethers. Oxygen occur in crude in mainly

asphaltenes and naphthanic-acids while N compounds

are homologues of pyridine or alkylaled quinolines.
in trace amounts

Blodegradntion and. Bioremedlation
The hiodegradation ‘denotes” complate mictobial

mineralization of complex materials into simpie +».<

wF s
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Steam stripping

iltemoval of volatiles:

snlmlun

Hol-mrslnppmg Remuval of vnluulc.s

Aheranon of pollumru toease

. towers; fluidized beds

¢ - "Rotating drum; i situ

Rotating dram, in sine
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'!'ab]c- 1~—Physice-chemical mei'hodc for the decontmmination of hydrocarbon-contaminated soil
Method Pnnctples V.xrmuons of tcclunquc Comments
Thernal !:vapormcn and/ar d:mcuon B Rotating tube furnace; ﬂuldlzcd ‘Excavation needed; top-soils only; off-
of hydrocarbons - bed fumece; incinerators gases must be treated; expensive
Extraction -:Removal of hydmcarbons into - Percolating towers; scrubhing Excavation needed; top-soils only; extract

must be disposed of; efficiency unknown;
hydrocerbons may be bound to soils; very
expensive; listle datn

Volatiles onty; potentisl [or subsoils; steam
must be treated; filtle dala

Volatiles only; potential for subsoils; little

_daia
- No'information for hydrocarbons

Prevents migration of hydrocarbons; no
remaval of eampounds in unsaturated
zone; efficlent, useful to prevent pollution
spread during biotreatment; widely used
Expensive; not widely tested; does not
remove pollutants

Risk of spreading polludon; inefficient.

R R R

=i
i,

© Chemical In si; reaction chambess
oxidation ceroval T
Crovndwaier ~ Pumping of equifer to prevem Pumping with#without physical
control "flow . contatiment; direct removil of
;... compounds on water
Immobilization: - Binding hydrocarbons i sie, - Chemical bonding; soit .
S ‘ - o sofidification
Flooding " ‘Raising hydrocaiboiaw © " =
_ - surface on top of water table
Adsorption * Groundwatar purnped lhmugh e
uctivated-carbon
Desergent _ Bxcavaed soil or in situ sail is  —
extraction

© - flushed with surfactont

Morgen & Watkinson, 1089,

" Expensive; waste requires disposal;
efficiency unknown
Efficiency unknown; expensive

inorganic constituents sach us carbon -dioxide, water
and minerals as well as cell biomass. In aquatic and
terrestrial environments, the biodegradation of crude
oil and other petroleurn compléxes predominantly
revoives around the - actions of bactenal and fungal
populations. :

B10remed:a:xon refers to site resmralmn lhrough the
removal of organic contaminants. by ‘microorganisms.
It is a process thar exploits the natural metabolic
versatility  of  microorganisins - to
environmental ~ contaminants. At present,
bioremediation revolves around either stimulating
indigenous microbial populations by environmentel

modifications or introducing exogenous microbial -

populations- that arc known. degraders to
contaminated site, a process also known as secding.
Bioremediation potentially offers a number of
advantages such as destruction of contaminants, lower
trecatment costs, and  greater - safety and less
environmental disturbance (Table 2).

Bioremediation is not the universal remedy for
organic contamination, Growth and 'survival of
microorganisms is.affected by environmental factors .

like temperature, composinon of the contaminant, sail
type and nutrient and water availability. Thesé factors

degrade

affectthe :application of biorermediation as a process
of clean-up. Similarly, petroleumn hydrocarbons

greatly. vary in their susceptibility to metabolic

* breskdown by bacteria. This can limit the scope and

effectiveness of bioremediadon.

Microorganisms that Metabolize Crude Oil and

Other Petroleum Products

. The commaon occurrence of metabolically active
bacterial and fungal populations in arees that are
contarninated with hydrocarbons strongly suggests
that .these microorganisms are able to utilize
hydrocarbons as their carbon andfor energy sources,
Some members of these populatxons degrade alkanes,

-some. aromatics, . while ~ others decompose  both

pataffinic and aromatic hydrocarbons, transforming
them into products such as carbon dioxide, water and
biomass or other less-harmful-  end-products
(Table. 3), Due to the complexity of crude oil,
biodegradation involves the interaction of many
d|ffercnt icrobial specms

In ‘marine environments, blodcgmdatmn of

‘hydrocarbons is -largely carried out by divesse

‘bacterial . populations,
© distributed in the oceans. ‘The most oommonly

‘which are ubiquitously
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Table:2—f1n situ tecatmens in bioremediation

Treaiment Description

The addition of pxygen, witer and .
mineral patrients (usually co'mbinations ‘
-of nitrogen, phos;:!mrus :md irace:
etals)

Binstimulation;

- Combincs conventional soil venting -
- with bindsgradation. The less volatile
. compaunds are biodegraded and the
- valatile components are vented nff in’
‘conventional venting, - L
Direct dpplication of microorganisms
'.onginnung from (2) the remediation site
{b) an off-site vendor (). panetic ’
cnginecrng.

Bioventing : Soils

Bioaugmentation

Symhctic_or blogenic substances urc

Appliczble 1o

R Grdunz,lwuié.r. soils

Groundwater, soils

Advaniapes

Acceleration by as much as 100-fold of the
rcproducuon of indigenous organisms

Addresses full ranpe of petroleumn
hydrocarbang, - Effcclive method of
supplying indigencus microorganisms with
oxygen lo suppart degradation

One of the most effective bioremediation
technigues. The microorganisms have
‘been cultured anct adnpled and their
degrading capacity can be enhanced fot
specific comaminants and site conditions.

Enhancement of contaminant eccessibility

Surfactants Salid and liquid
used-ta increase the aquecus solubility - eliphatic and aromatic  to microorganisms, nutrients and possibly
‘of solid hydrocarbons and cmulsd' ¥ hym'm:nrbuns : OXYEeN.
: " liquid hydrocarbons - - : : :
Fertilizar “To stimulate mictobinl mewbohsm by ‘Sml gnmndwatcr. Acteleration of natural biadegradation
application supplying indigenous o1l-degmdt:rs sediments pmeess, especially in nutriént-deficicnt

’ Wilh numems (N B, Ketc}

Yorda er a! 1997

areas.,

reported gcncra of hydmcnrbon-dcgraders 1ncludc‘
Psendomonas, -Acinetobacter, Nocardia, Vibrio and
A d:romabacrer (Floodgatc 1984),

Metabolic Pathways and Products of Hydmcarbou
Degradation

Bindegradative enzymes are oftcn encaded on
plasmids. However, most studies on plasmid-encoded
pathways of hydrocn.rbon degradation have been
limited 10 members of the Pseudomonas species (van
Bailen ef al, 1994; Kostal ef al, 1998; McBeth, 1989).
Chromosome encoded degradation is also rcportcd
{Table 4). The alkane-degradative systems in
Acinetobacter sp. appear to: be located on the
chromosome (Singer & Finnerty, 1984a; Watkinsén
& Morgan, 1990). Similar findings were recorded for
a psychrotrophic Rhodococcus . sp.  strain Q1s.
Plasmdless strains demonstratéd slower rates of
alkane * mineralization, suggesting .that the QI15
plasmid may carry genes that have a positive impact
on hydrocarbon _catabolism in some other ways
(Whyte ¢ c!ai 1998)

Micrabial Degradation. of Alkanes
Alkanes are. generally - easily blodegraded
particularly those of _relnnycly shorter chains duc to

"then lower hydrophobxculy Smnght chain alkancs

(Cio-Caq) are the most rapidly degraded (Atlas, 1981).
A calcoaceticus - strain and-  Nocardioforms

demonstrated good growth in n-alkanes with up to 30
and 40 carbon .atoms -tespectively (Radwan er al,

1999). With-an increase in the carbon-chain length,
bioavailability of alkanes is reduced due to the
decrcased solubility in aqueous media. Shorter chains
of alkanes usually cvapomte easily during the
weathering - pmcesses csp&:a]ly in  warmer
terperatures.

In Pseudomonas sp. and Acinetobacter sp., the
initial degradation of alkane begins with the oxidation
of  the términal methyl growp -and results in the
formation of an alcohol,  which is then

déhydragenated via the aldehyde to. the corrc*iponding _

carbuxylic acid, which can then be metabolized in the
B-oxidation pathway of fatty acids (May & Katapodis,
1990; Lal & Khanna 1996). [nA calcouceticus S19,
octadecane - was converted to octadecanol and
octadecancic -acid; the. corrésponding aldehyde was,
however, not detected (Bajpai ef al, 1998). Another
pathway (Fig: 1) was proposed for Acinetobacter sp.
HOI-N, jnvolving an n- alkyl hydroperoxide, which is
reduced to alcohol (Smger & anerty‘ 198413) Some

3F
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gi Compound - Microorganism -Rcfmnces
Et Alkones Acinetobacter ip. Bajpni e ai 1998 .
3 © . - . -Fophteral,1990.
w1 Marin et af, 1996 -
3 . “Ruzak ef al 1999
P Actinownyceres, Foght er.al; 1990
ol Arthrobacter - - L L
a1 *. grobp T T S
v Bacillussp. © Kim éral, 2000
i e ' ¢ . Sorkhoh efal 1995
a1 © Surzhko'etal, 1995
o, -Cand:dn g - ¢ :Surzhko efal, 1995 - :
L .
L4 . Micrococcuvsp Q'Rambctunnsna ef al, 1984 .
i - _Planococcus . .'Engclhnrd:cl al, W01
5 Preudbmonis s'p. " "Banthy & "Vasudevan,
5 - C 2001 i
: i © Li&Poole; 1999
: + Sekelsky & Shreve, 1999
4 oo 0 iSorkhoh eral, 1995 .
3 Rhodococcus sp. . Bruheim ef al, 1997
A4 . Borkhah erel, 1995
. “Streptomyces ‘Barabds edal, 2001 --
2l Mona- " Pséudpmonas $p.. Hubertet al, 1999
aromatics C Juteauer al, 1959
- - Lee & Gibson, 1996.
“y Ralstania sp. Tec & Lee, 2000
8 Rhwlacoacus sp. - Juteduelal; 1999
b . Kim éz al, 2002
i 3 'Sp!mrgo:rmnassp " Shen'eral,; 9987 ¢
4 " Poly- T 'Alteromonas sp, ‘.Z.mdl&lnmm. 1999.--
;‘ aromatics . Cee ) :
i :-Anhmbar:crsp . ;lGrafoll elaI 199‘2
14 Bamllm L Adtken et al, 1998
+ " Anmviler ef al, 2000
ﬂg! ' Mymbacrmum ~ Boldrin et of, 1993
'r“il 5. -+ Tongpim & Pickard, 1999
8y : 'Pemcdlmm ~ "Boonchan ef al, 2000
e . Janthtuelloy - oc v .
2 Phanaercchaete .~ Bacclay er al, 1995
5 . chrysporfum. ...
g! ) Psendomorias sp. '::Wndnda e a! 2002
=4 Dngher e: aL I997
R ' :
u’é‘.l * Rhodococeus sp oxidize n- alkaucs by both the
ﬁ:i' , terminal, like Pseudomonas ; sp and Acmembar:rer sp..
[§s  aswellasthe sub-termma] pathways where the alkane
'fj 15 oxidized via a momoxygenase to the cumpondmg :
2 secondary alcohol, theii to-a kctone and finally to a
t§ fatty atid (Whyte eral;1998). - :
i o
: erobml Degradation of Mnnonramatic
%‘. 'Hydrocarbon.s PR '

Benzéne dcgmdmwn bcgms thh o:udanon of the -
molecule by way of a three-enZymc System,: which ¢ -
i'mlroduces two hydroxy groups into the molecuie ‘

XP009052818 .
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forming a cis-dibydriol, which is dehydrogenated to
yield catcchol ‘The aromatic ring of catechol can be

. cleaved ox]datwely in two different ways, the ortho-
_-deavcage or the meta-cleavage to produce muconic

acid or semialdehyde respectivety (Cemiglia, 1984;
Muller, 1992). .
Toluene, a pollutant: that - bxodegmdes rapidly

relative to -other BTEX compounds in the aerobie
_:envunnment. has been studied almost eatirely in

Pseudomonus sp. (Applegate er.al, 1998; Hubert et al,

1999; Lee & Gibson, 1996).- Strains' of other genera.
slichy us - Acinctobacter, Azoarcus, Mycobacterium,
" ‘Nevskia,  Pseudonocardia and Rhodacoccus,

that

- could- degrade toluene, havc also been isolated (Jutean

efal, 1995).
Dependmg. on the organism, toluene can either be

-initially .oxidized at the methyl group to benzoic acid
©oron the aroiatic ring to form a dihydrodiol with a
" cis-Configuration, Pseudomonas pulida mi-2 and P.
_aeruginosa initistes the oxidation 'of toluene at the
_methyl group (Fig. 2), while P. mendocina at the C4-
~ position on the aromatic ring (Cemiglin, 1984;
Gibson, 1987).. The degradauon ‘of xylenes by

Pseudomonas sp. proceeds by oxidation at the methy!

::. _group, akin fo that of:toluene, to the corresponding
. methylbenzyl-ulcohols, tdlualdehydes, toluic acid and
o -mcthyi cate:cho] (Davey & Gibson, 1974]

i WC'(QI:}_H'C'." :
(wHBXADECANE).

.. Acnetobecter
“hoid
Predarmonas
puids - ) .
7 HiC{CH-CHOON

. (mﬁBﬂDEEWI‘l’DRDIEROXJDE) -

P Hp{ Oy CHyOH-
{n-ABXADECANOL)

N
(U -C-O-CH{CHyhCT
- (HEXADECYLHIXADECANOATE)

- HCA{CH e CHO,
(S-JIEXADECYLALOBHYDE)

. H:C-(CH:})WC@OB
(S FEXADECANDIC ACT).

¥ o

Fig 1—-Pn£hways of hcxndeoafu: membo]:sm in Pseudomonas
psma‘a and Aci:mbacrcr HOI-N Singer & ancrty. 1984b,
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CH
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blusne cis- \E CHy
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diydrodial KR4 9
Pawit P cresol

CH,
o N
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CHLOH
wot ' 104
, i, ~~oH
beriy! aiconol @015 ‘mresol
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Fig. 2—Mnitia] rcactions in the five pmhwnys for aerobic

dcgraduuon of wluenc in stiaing: . putida FY; P. ptide PAW1S,
B. c:epmm ‘04 R pickettii PKOL; and:P. mendocina KR1. P.
flilizes o dioxygenase-initiated- pathway for toluenc .
degradation. -G4,” PKO!,- and KR! . initiate toluene depradation

putida F

with toluene 2-, 3-, mid 4-mongoxygenases. respectively, PaWi5
carrics the TOL plasmid and oxidizes the mcthyl proup of (oluene
(Parales ¢7 al, 2000). -

Microbial Palyaromatic

Degradarmn - of
Hydrocarbons-

Biodegradability of po]y'\romaua hydrocarbons';
(PAHs) (Tabic 5) is generally inversely related-fo the

number of fused benzene rings (Cermiglia &
Heitcamp, . 1989) ‘Half-lives in soil and sediment of

the three-ring phenanthrene malecile.may range from

16 to 126 duys while for the ﬁve-nng benzo[ajpyrene

{  they may range from 299 to more. than 1400 days
- (Shuttieworth & Cerniglia, 1995). The persistence of
i . higher molecular weight PAHs is due largely to their

tow water solubility and resonance ‘energy of their
structures (Cerniglia, 1992):

nisms
polyaromatic degradation compared to mesophiles.
-Annweiller e af (2000) reported intermediates such as
2 ,3-dihydroxynaphthalene,
and phthalic ond benzoic acid were identified in
‘addition to the typical metabolites of naphthalene
"degradation known from mesophiles in the pathway

XP009052818
415

Néphthajenc. the simplest form of PAHs, is the
most readily degraded PAH. Bacteria initially oxidize

naphthalene by incorporating both atoms of molecular

oxygen into the aromatic molecle to form cis-1,2-
dihydroxy-1,2-dihydronaphthalene, which is then
converted to 1,2-dihydroxynaphthalene. Salicy-
aldehyde and pyruvate are produced through ring
cleavage of 1,2-dihydroxynaphthalene. The aldehyde
is then oxidized to salicylate that is subsequently

-converled to catechol (Cerniglia, 1984)which is

further oxidized via the ortho or meta pathway as per
described carlier for benzene.

In naphthalene-degradation by the thermophilic
Bacillus * thermoleovorans, mesophilic microorga-
might have a different pathway for

2.carboxynnamic acid,

of B. thermoleovorans.

" The utilization of flucranthene, a HMW PAH, as a
sole source of carbon and energy is possible in @
scven-mcmbcr bacterial consortium(Mueclier e al,
1989). Cometabolisf} was also seen — the community
‘wiss ‘able to transform other HMW PAHs when grown
on fluoranthene. Cooxidation is potentially an
important process for the bioremediation of PAHs in

- soil(Keck & colleagues, 1989). Pytene metabolized

'by .a variety of bacteria (Tables 3 & 5) through
-different pathways (Fig. 3) for the different bacteria
(Cerniglia, 1992, Ks]ley ef al, 1993, Weissenfels
et al, 1991).

_Catubolism of a PAH moleculc starts via the
oxidation of the PAH fo a dihydrodiol by a

- rulticomponent enzyme ' system. The dihydroxylated

Table 4-*Somc genes and plnsm:ds encodmg hydrocarban degradation

M_icroorginism Hydrozarbori compound Gene " Location Reference
Psedomonos. Cs-L) alkanes - kB Plagmid . van Baifen et al, 1994
- oleovarans . .
: Rhodococcus wp. Cio-Cy; ulkane, branched theA Chromasome Whyte er al, 1998
a strain Q15. ~ alkanes, cyclohexane
k= Acinetobacter sp. Alkanes ' Chromosome Singer & Finnerty, 1984a
i3 HOL-N
Pseudomanas sp. Alkanes 21kA, atkD OCT plasmid Singer & Finnerty, 1984a
Nrphililene nahA-M NAH7, pND140, pND160  Singer & Finnerty, 19842
' plasmids
TOL plasmid Singer & Finnerty, 19840

Aromatics
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Table S—Polynromatic hydrocarbons and the mic_rdorgur}isms that degrade them

Compound Microorganisms Reference
- Naphthalene =~~~ - Myeabacter calcoaceticus - - - Keliey erat, 199t
e : 2 Pseudomoias-paucimobilis -« Kuhm eral, 1991
CPopwtde . -~ Ahn er.al, 1998
-Rhodococcius sp. : Crund e of, 1992
Baciltus theérnipléovorans Anaweiller er al, 2000
" ‘Anthracenc P. paueimobilis Muelier ef al, 1990
'  Rhodococcus &p. Grund e af, 1992
Mycobacterium sp, " Tongpin & Pickord, 1999
Cycloclasticus pugetli " Dyksierhouse et al., 1995
Strophdria riigosoannuluia Steffen er al, 2002
Phenanthrene Alcaligenes foecalis Kiyohara et al, 1990
Arihrobacter olvchromogenes Keuth & Rehm, 1991
_ .Pseudomonassp. . Widada et al, 2002
. Boeerews . T Allkeneral, 1998
. _ . Rhodococous sp.. - Surovtseva er al, 1997
“ Fluorantheoe - D Mycobdcteriim sp. _:Kelley et af, 199
| P. paucinobills Mueller e al, 1990
Rhodococcus 5p. Walter et al, 1991
Pyrene . Rhodpcgecus sp. Walier.af al, 1991
Sphingemonas sp. ‘Dagher ¢f al, 1997
Mycobdcierium sp. Churchill e af, 1999
Chrysenc Rhodococens sp. Whalter et ai, 1991
: - Pseudmonas sp. Aiiken eral, 1998
. Sphingomonas $p_-_ Aitken eral, 1998

‘intermediates may then be processed through éither #n

ortho cleavage or. a meta cleavage type, of pathway,
leading to intermediates such as protocatechuates and

catechols, “which are then ~further ¢ottverted o

tricarboxylic. acid cycle intermediates (van dét Meer
et al, 1992). S ‘ i

Factors  influenclng Rates of Microbial
Degradation of Hydrocarbons o

. The principle abiotic factors that influence the rates

and extent of microbial: . trensformations:: dre
- temperature, pH, moisture level (for soil), and salinity

of e environment,. and -chemical composition,
concentration and physical state of the contaminant
hydrocarbon. ' ‘
Temperature B :
The temperature can act on both the metabolic
activity of the microbial populations as well as on the

- physical -and:chemical nature of petroleum. The low
- ©temperalures are typically associated with litle or 20
- - biodegradation “of many - “otganic - substrates

* " (Alexandér, 1999). The biodegradation of petroleum

A hydrocé.rbon's hés been reported in.a variety, of cold
" reerestrial - and” marine ecosystems, including Arctic

(Braddock ¢f al, 1997), alpine (Margesin, 2000) and
Antarctic soils - (Baraniecki er al, 2002), Arctic

‘seawater (Siron ef al, 1995) and Antartic seawater and

sediments (Delille & Delille, 2000). Microorganisms
are reported to degrade successfully diesel oil at 10°C
(Margesin & Schinner, 1998). A strain  of
psychrotrophic  Rhodococcus sp. is teported  to
mineralize short-chain alkanes at 0°C (Whyte et ai.

-1998,-1999). However, using psychrotrophic and/or

psychrophilic populations with increasing incubation
temperatures (5-20°C) would remarkably increase the
rates of biodegradation. Conversely, the lower
temperature . threshold-  for significant  oil
biodegradation is around 0°C (Siron et al, 1995).

' Petroleum biodegradation usually declines due to
the suppression of the microbial growth rates and
metabolic activities under low temperatures znd toxic
‘components in crude oil. At low temperatures, the

viscosity of il increases, reducing the'degree of oil
- spreading in. soil and water. Low. temperaturcs also
- retard: the " volatilization of short ¢hain alkanes {<Cio)

4/
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and hence increasing their solub:hly and amount. in -
rcspcctwcly ‘Consequently, their -

water and soil,
microbial toxicity is. increased. (Leahy & Colwell,
1990). Many long chain alkanes solidify below 10°C,
with many forming crystals at 0°C (Margesin &
Schinner, 2001), thus. reducmg then- bloav'ulablllty o
the microbial forms.

With the increase in cnzymauc activity ' of
mesophilic and ~  thermophilic

extent, typically in the range of 30° to 40°C. Above

40°C, the membrane toxicity "of hydrocarbons is

increused, thus hmdermg biodegradation {Bossert &
Bartha, 1984) Of 368 isolates, belonging
predominantly - to - Bacillus
purified from deser{ snmlstes wken from oil-

_ contaminated areas in Kuwait, two stfains effectively -

degraded crude ol -at 60°C(Sorkholy et af, 1993).
Annweiler et al (2000) described a thermophilic B.

- thermoleovorans. growing on naphthalene. at 60°C. -
"Being  able-

'to overcome membrane . toxicity,
thermophilic ‘microorganisms, benefit  from  the
amplified bioavailability of hydrocarbons as their
solubitity increases with water temperature.
Blodegradatlon Tates. are h1ghcst at a pH ncar

* neutrality (Alexander, 1999; Leahy & Colwell, 1990;

Zaidi & Imam, 1999). In acidic soil environments,

-biodegradation of crude oil is wsually dominated by

fungal populations, which ate generally mor¢ tolérant
to low pH environments (Jones et al, 1970). Stapleton

et al (1998) -reported an indigenous microbial

population consisting of a fungus, yeast and several
bacteria to be actively. degrading mono- and PAHs in

 the run-offs.of a coal pile storage area at pH 2. It was

postulated  that

initial  fungal attacks on the

" bydroearbons mlghl have produced intermediates for

further degradation for the bacteria, At the other
exireme, alkaliphilic bacteria, that were cffectively
degrading phenol from wastewater -optimally (pH,

7.5-10.6), have been isolated from h1gh!y alkaline -

lake and industrial effluents (Kanekar et al, 1999;
Sarnaik & Kanekar, 1995)

1+ Salinity . : :

In peneral, many smI freshwater and esruannc )
isolates can survive | in’ salinities ' comparable to -
seawater salinity. - However,” few freshwater or
© terrestrial  species  (ZoBell, -

1973) are.. gble__ to

microorganisms
associated with increasing temperatures, it is expected
that biodegradation rates to be enhanced 16 a cerlin ..

_ szeam:hemmphl!u.v _

reproduce in seawater (salinity, 3.5%). Due to salt
requiremenits, marine isolates grow poorly in salinities
lower “than 1.5 to 2%. In a seawater bacterial
communily, maximum crude oil biodegradation was
seen at 0.4 M NaCl (natural scawater) while
significant biodegradation was seen between 0.1 1o
2.0 M NaCl. The biodegradation of hydrocarbons in
the marine environment is mainly attributed by
Psendomonas sp., Enterobucterin nnd a few Gram-
negative aerobes (Bertrand ef al, 1993). The reduced
capacity for biodegradation in hypersaline niches
would be attributed more to a gencral reduction in
microbial

“activity  associated with  extreme
environments rather than the effects on the
hydrocarbon  formas (Ward &  Brock, 1978).

Whitehouse: (1984) reported an inverse relationship
betwéen salinity and solubility of PAHx resulting
from- the salting-out effects occurring in the solution
and solid phases.
Oxygen

‘Molecular oxygen is’ ‘fundamental in hydrocarbon
degmdanon in the aquatic ccosystems,

biodegradation is Iimited by oxypen deficiency

particularly when an oil spill is limited to u thin slick
on the water surface. However, in aquatic sediments,

‘water movement- is severely restricted by the small

poté sizes and heterotrophic activity generally renders
all. but the thin surface layer anaerobic. Any oil
sinking below 1-2 em layer of topsoil is expected to
persist for long time, Sinking oil are usually tar balls
that are generally. recalcitrant to biodegradation. In
soil, availability of oxygen is determined by the rates
of microbial respiration, the type of oil, and the
presence of gvailable substrates that can lead to
oxygen depletion (Bossert & Bartha, 1984).

Stoichiometrically, 3.1 mg/l oxygen is required (o
biodegrade 1 mg/t hydrocarbons. As groundwater is
saturated- with  dissolved oxygen at 6-12 mg/l
{depending on temperature), fully
groundwater can be expected to degrade 2-4 mg/l of
hydrocarhons, These calculations however do not take
into consideration microbial.cell growth. In this case,
the mass of oxygen required to degrade 1 mg of
benzene ‘decreases to 1,03 mg {Curus & Lammey,
1998).

Anaerobic hmdegradauon oeeurs in limited oxygen
and can - amount to a significani decrease in

“conlamination through the actions of anaerohic

populations such as sulphate-reducmg bacteria, metal-
reducing bacteria, methanogens and denitrifiers. A

saturated
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nove! sulphate-reducing bacterium was isolated from
fuel-contaminated  subsurface soil  that  could
mineralize 80% of toluene carbon to CO, under
strictly anaerobic condition using sulphate as the
clectron acceptor {Beller ef al, 1996). So & Young
{1999) isolated and charactcrized zn alkane-degrading
sulphate-reducing  bacterium from an -estuarine
sediment chronically contaminated with pétroleum.
Strain AK-01 was reported to be able to catabolize
alkanes (Cj3-Cig). Anaerobic benzene degradation
coupled to nirate reduction 1o nitrogen pas was
observed in enrichment cultures developed from soil
and groundwater microcosms (Burland & Edwards,
1999). While their ecclogical significance has been
reparded as minor and negligible (Adas, 1981).
Anacrobic populations play a significant role in the
ransformation of pewoleum hydrocarbons  in
anaerobic environments (Curlis & Lamney, 1998,
Rooney-Varga ef af, 1999; Vargas ef al, 2000).

Nuirienis

In any environment, the ratio of C:N:P must be
maintained at about 120:10:1 to sustain any microbial
activity (Thomas ef al, 1992). Typically, the supply of
nutrients other than C exceeds the requirements of the
resident microbial populations given the little readity
available C. However, the situation changes
considerably if a compound that is potentially readity
gtilizable is introduced into the environment in
significant amounts. During oilspills, the sudden or
continuows toading of high amounts of C upsets this
ratio by producing high C:N or C:P ralios or both,
thus detrimental to microbial growth. Furthermore,
walers in the oceans, lakes, rivers, soils and aquifers
containing oil or petroleum typically have too low
concentrations of these inorganic nutrients at the
interface between the water insoluble pollutants and
the aquecus phase to-support the microbial activity
that could accelerate degradation (Alexander. 1999).

Due to low leveis of N and P in seawater, crude oil
depradation following marine oil spills to be slow
unless N or P or both are added to stimulate the
indigenous microbial populations (Rosenberg ef al,
1992 Zaidi & Imem, 1999). Both organic (fertilizers)
and inarganic (salts) sources of N and P have been
investigated . for their roles in stimulating
biodegradation . in. both aquattc and _terrestrial

environments. Marine biodegradation performed in

mesocosm systems of enclosures demonstrated that
inorganic salts are effective, it is especially difficult to

XP002052818
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overcome the dilution effect associated with adding
water-soluble salts to an open water body. The
concentration of salts of N and P introduced into
surface waters at or very near the oil-water intetface
rapidly declines because of the water volume und
movements, thus making (he addition of these salis 10
stimulate biodegradation less efficient and economical
in bioremediation efforts.

The addition of N and P through organic sources
was extensively studied through the use of fertilizers
following the Exxon Valdez spill. From three types of
fertilizer formulations, the oleophilic fertilizer
produced the most far-reaching effects in stimulating
biodegradation within 2 to 3 weeks on the cobble
shorelines at Prince William Sound {Atlas, 1995;
Pritchard & Costa, 1991). Oleophilic fertilizers
remain  associated with the oil and stimulate
hydrocarbon-degrading microorganisms. In contrast,
the same oleophilic formulation (Inipol EAP22),
when applied to a lagoon system on the coast of
Kings Bay, Norway, did not result in any difference in
the degradation rates of an Arabian light crude oi
compared to the untreated area. Hence, Inipol EAP22
was not effective for treatment of oil slicks on open
water in Arctic because the nutrienls within the
formulation dispersed fairly rapidly from the slick
(Swannell et ai, 1996).

Chemical Composition of Petrolewm

Due 1o variable chemical structures and molecular
weights, petroleum hydrocarbons differ in their
susceptibility to microbial attack as follows: n-alkanes
> branched alkanes > low-malecular-weight aromatics
> cyclic alkanes (Perry, 1984; Leahy & Colwell,
1990). Biodegradation rates are highest for saturates,
followed by light aromatics with high-molecular-
weight aromatics and polar compounds being highly
recalcitrant to biodegradation (Leahy & Colwell,
1990; Obuckwe et al, 2001). Fedorak & Westlake
(1981) reported a more rapid degradation of aromatic
hydrocarbons compared to n-alkanes. Cooney er al
(1985) observed that more naphthalene than
hexadecane was degraded in water and sediment
mixtures.

Physical State of the Hydrocarbon
The oil undergoes a series of actions such as
evaporation, dissolution,  photooxidation, and

- emulsification with water to form emulsions or

mousse and perhaps eventually the formation of tar

43
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balls. The formation of oil mousse increases the

surface arez of the oil and thus making it more -
available for microbial attack (Al-hadhrami ef af, .
1995; Leahy & Colwell, 1990). Tar balls, hovever,
are exceptionally recalcitrant to degradation due to.

their solid state and low surfacx: arga to 'vo'lume ratios S

PHAs are hlghly ‘pers sistent. in the cnvu'nnment dueE

to their thh hydrophob:c:ty and ‘hence. ; low
availability biodegrading . -
Bmdegmdauon of tow molecular PAHs occurs readily

when PAHs are in. agueous phasc (Volkcrmg et al,
1992). Therefore, the low solubility and dissolution -

rates of the larger complex PAHs may limit their
availability for biodegradation.
anthracene have water solubilites of 1.29 and - 0.07

mg/l respectively (Poeton ef af, 1999). Phenanthrene -
in solution form is more. biodegradable .than in -

crystalline form (Bouchez ¢t al, 1995).

Concentration of the Petroleum or Hydrocarboris

While the rates ~of ' microbial
biodegradation of water-soluble compounds arc
usually proportionai. o the . cancentration- of the
compound, the same cannot be said of compounds

with low aqueous solubility and thase which can exeit
membrane toxicity at high concentrations. The

biodegradation rates of high molecular weight PAHs

such as naphthalene and phcnanthrcne are related to

their  aqueous. solubility. .rather than their

concentrations in a gnven ‘solution.

On the other hand, high conccnuat:ons of highly
soluble or volatile organic compounds may be
detrimental to microbial forms due to their toxicity.
Dibble & Bartha (1972) found that: biodegradation

activities in oil sludge occured between oil
concentrations of 1.25 and 5% and were best at 5%.
Oil loadings (>5%) lead to a deéline in ‘microbial =~
numbers due 1o increase in toxicity. Del' Arco &

Franga (2001) supported this using sandy sediment
deliberately contaminated with petrolenm. Tarabily &
Khalid (2002) reported complete cessation of zctivity
when the concentration of water-soluble fractions
exceeded 50%,  In  addition to toxicity, high
concentrations  of petroleum may also  inhibit
microbial growth by upsetting the C:N:P ratios.
Oxygen limilation may also hinder microbial growth

when a thick' layer of oil forms on the surface of a -

water body, preventmg -0xygen transfer into the
aquesus phase. 7 7 :

mlcmorgamsms '

Phenanthrene and.

uptake and -

Cin o medium

- Adaptation

. Prior exposure (o hydrocarbon contamination
confers adaptation to microbial population. Often this
lead to enhanced minerahz,ntion Grosser et al (1991)

moculum was - grown on pyrene compared to 1%

; _mmcmlwat:on by indigenous population. Al-hadhrami
..et.al (1995)- also reported higher raetabolic activity
. when .the inoculum was grown with crude oil as a

substrate compared to nutrient broth,

. Petroleumn Biodegradation by Microbial Consortia

- ‘Many. biodegradations require more than a single
species.. Individual microorganisms can metabolize
only a limited range of hydrocachon substrates, so
assemblages of mixed populations with overall broad
enzymatic capacities rate are required to bring the rate
and extent of petroleum biodegradation further.

" - Microbial strains belonging to various genera have

been detected in pstroleum-contaminated soil or water

- {Dagher et al, 1997, Radwan e al, 1999, Sorkhoh er

al, 1995, Surovtseva et al, 1997). This strongly

" ‘Suggests that each strain or genera have their roles in

the hydrocarbon transformation processes.

Further evidence for the cooperation of mixed
culturas in biodegradation is apparent when Sorkhoh
et al (1995) observed a sequential change of the

:composmou of oil-degrading bacteria over a period of

time _in o:l-contammatsd sand samples.  Similar
observations werc reported in sequential enrichments
containing’  residual crude

oil(Ventakeswaran & Harayama, 1995). After

~cxhaustive growth of one strain on crude oil, the
- residual oil supported the growth of a

second and
third strain of bacteria (Hotowitz ef al, 1975), When
grown together in o mixed culture or sequentially,

- there was over 75% oil transformation,

‘To. maximize petroleum biodegradation, many

- studies ‘employed mixed bacterial or bacterial-fungal

cultures (Mishra et al, 2001, Shelton &f al, 1999, Van
Hamme “er "af, 2000, Viias et aof, 2002).
Rambeloarisoa et al (1984) demonstrated a
consortium of § strains made up of members of 6
genera to be able to effectively degrading crude oil.
Only 5 of these strains were able to grow in pure

- cultures using a varety of hydrocarbons. However,
. when the other 3 straing were -removed from the

consortium, the effectiveness of the mixed culture

* was remarkably reduced. Mérquez-Rocha et af (2001)
. demonstrated diesel-biodegradation effectiveness of

e A A SRSV TP

-
- el

ey

44

i B R vl . e el O e b i IR A M T T i i 0 09813000 i - K ML M e - oW e B e A Bl By A o M et

AAYRY

WO T G B R e 0 B i e S R, AT



[

e
-

-

{reEfremmyss Shratdegnr . -

XP00S052818

SALLEH cf al: BIOREMEDIATION OF PETROLEUM HYDROCARBONS 4721

100 1= n
90 4 " _‘ ' : . m -

g. r‘~ .‘ : r
<o H .
© ; :
S ;
w- .
a -
S 1 B

£ |

5 g RRA

B 2 G

- ] B

B . ¥ -

B k. 4R

- . ir ¥ :

RO i K

1| Qe

. >“ ":si

HIRE

| p— L —
B 1T +-(s B 04
n-altkanas
. . B1Consortium.with 3:strains . @ Consortium with 5 strains

' mConsortium with B'stralns D Unamandad soll

_Fig. 4—The degradation ‘patiems of n-alkancs in soil by mictobial. consortin.of petroleum-degrading bacteria. Un-amended sail serves as

the background degredation by indigenous microbial popuintion and physicat weathering.

85, 91 and 96% using a bacterial consortium, a white

rot fungus, Pleurotus ostreotus, and a combination of

the bacterial consortium and P ostreatus,
respectively. The: biodegtadation rate of dicsel was
also highest in the bacterial and fungus mixture, Thus,
each member in a microbial community has
significant role and may need to depend on the
presence of other species or strains (o be able to
survive,

The depradative capacity of any microbial
consorium is not necessarily the result of mere
adding together of the capacities of the individual
strains forming the association, Surovtseva ef al
(1997), when removing three strains from an
association, saw a decrease in efficiency of the
consortium's degradation of aromatic fractions. _

Komukai-Nakamura er ol (1996} reported the
sequential degradation of Arabian light crude oil by
two different genera. Acinetobacter sp. T4
biodegraded  alkanes and other hydrocarbons
producing the accumulation of metabolites. Following
that, Pseudomonas putida PB4 began to grow on the

metabolites and finally degraded aromatic compounds
in the crude oil. Further, Nadarazjah er al (2002)
suggested that single pure bacterial cultures would
require the use of sterile fermenters and culture
media, which have high capital and operating costs,
hence using a mixed bacterial culture offers an
cconomically feasible bioremediation process.

In present study of 3 microbial consortia consisting
of 3, 5 and 8 bacterial strains obtained from
hydrocarbon-polluted soils, it was seen that the
consortium consisting the highest number of bacterial
strains was most effective at removing weathered
diesel from soil (Fig. 4). The diesel degradation was
measured by measuring the residual n-alkanes in the
soil. A reduction (vp to 22%) was seen in tetradecane
in the un-amended soil (not inoculated with microbial
mixture). The addition of the microbial mixture
resulted in enhanctd degradation of the middie- and
long-chain alkanes in the soil. With the addilion of the
consortium of 8§ strains {predominantly Bacillus and
Pseudomonas Spp.), 43-79% of n-alkanes remained
after 60 days of incubation,
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The advantages of employing mixed cultures as
opposed to pure cultures in bioremediation have been
atfributed to the effects of synergistic interactions
among members of the association. It is possible that
one species removes the toxic metabolites (that
otherwise may hinder microbial activities) of the
species preceding it. It is also possible that the second
species is able to degrade compounds that the first is
able to degrade only partially (Alexander,. 1999).
Further research should be directed towards
understanding the roles of individual members in
influencing ~ the effectiveness of a microbial
association,

References

Abn 1-8 ¢! af, 1998. Growth kinetics of Pséudoronias p:mda o
an naphthetene and occurrence of nophthalens toxicity
during nutrient deprivation. Biotech Bioeng, 59, 587-594,,

Aitken M D er al, 1998.. Claracieristies of phenanthrene-

degrading: bocterin isolated from soils contuminated with -

polycyclic ammn(lc hydrncm bom Can J M’umbiul 4, 74’1
752.

Alexander M, 1999.. Blodt,gradnuon and ercmcdmuun 2"" cdn.
Academic Press, San Diego. PP 260-298, :

Alshadhrami M N ¢/ al, 1995. Boctérinl survival and n-alkang -
degradation within Omnnl cmda ml nnd n moussc Mm PaH )

Bnild, 30, 403-408.

- incorporation of naphthalene-derived ‘catbon into blomiss by
tie ihermophile - Bacilhes lhemalenvorauv Appl E'ﬂvfmn
Misrobiol, 68, 518-58).

Applegate B M ¢! al, 1998, A chmmosomally based 1o
WxCDABE'. whole-cell. reporter *for benzens, - toldene,
ethylbenzene and xylene (DTEX) sensing, Appd Environ
Microbiol, 64, 230-2735. .

Atls R M, 1981, Microbinl- dogmdation of perroleum
hydrocarboas: An cnwromncntu] perspective. Microbiol Rev,
45, 180-200.

Atlos R M J395, Pelroleam bwdegradmoa and ol spill
bioremediation, Mar Poll Bull, 31, 178-182.

Bojpai U & of, 1998, Minenlization of [““Clociadecine by

Acinetobacter calcoacericns 519, (_anJMrrrnb'nf 44, 681-

686, -

Banabds G e of, 200] N-alkanc upiake and viilisation by

Streptomyces strins, Aman(e van Lecuwenhoek, 79, 260-
276,

Baraniecki C A et af, 2002. Characterization of Sphirigomanas sp.
Antl7, an aromatic  hydrocarbon-degrading  bacterium
icolated from Antarctic soil, Microb Ecol, 43, 44-54,

Barnthy S & Vasudeven N, 2001 -Utlizetion of petroleum
hydrocatbons by Psedudomonas fluorescens isolated from a
petrolen-contaminated soil. Entviron Int, 26, 413-416.

Barclay C D e al, 1995 Blodegrndntion and sorption of
polyaromatic hydrocurbons by Phanacrachaere chryspomm:
Appl Microbiol Bistechnol, 42, 958-963,

Beller H R ¢7 al, 1996, Isolation and chardcterization of : novel

© toluene~degrading sulfatc-mducmg baclermm Appl ‘Environ-

. Micrabiol, 62, 1]88-1196

'_mutand 'S M & ‘Edwards- E A,

XP009052818 ,

INDIAN | BICTECHNOL, JULY 2003

Berrond ] C ¢ al, 1993. Hydrocarbonoclastic  baciesal
communilies composition grown in seawater as a function of
sadium chloride concentration. J Exp Mar Binl Feol, 168,
125-138,

Boldrin B #7 al, 1993. Degradaton of phenanthrene, fluorene,
(luoranthene, and pyrence by a Mycobacterium sp. Appl
Environ Mierobiol, 59, 1927-1930.

Boonchan § ¢ al, 2000. Degradation and mineralization if high-
mofecular wiight polyeyclic aromatic hydrocarbons by

- defined lungal-bacleriel culiures. App! Environ Micrebiol,
66, 1007-1019,

Bossert 1 & Baortha R, 1984, The (ate of petroleum in soi
ecotysiems. /n Petroleum Microbiology, edited by R M
Atlas. Macmillan, New York. Pp 4354730,

Bouchez M er al, 1995, Substrute availability in phenanthrene
bindegendation: Transfer mechanism nnd influence oo

" melnbolism, Appl Micrabiol Biotechnol, 43, 952-960.

Braddock J F ef al, 1997, Eshanccment and inhibition of

_microbial activity in hydrocerbon-contaminated nectic soils:
Implications for wottient-nmended bioremedintion. Environ
Sef Teehnol, 31, 2078-2084,

: ,'Bruhcim P & al, 1997, Baclerial degradation of emulsified crude

. oil and the effecrs of various surfactants, Cun J Microbinl,
1722

|999 Angerabic  benzene
hmdc;,rnduuun tinked 10 nilrats reduction. Appl Environ
M:crabml 65, 529-532.

: Cémlgha C E, 19B4. Microbial transformation of _aromatic

hydmc;amons. J Petroleum Mlcmbmlngy. edited by R M
. Alls. Macriillan, New York. Pp 99- 128,

Annweiller B er al, Zﬂoﬁ anhllm]cna degmdnuon smd--'j Cami;,ha € Ei 1992, - Biodegradaition o p'_"ycr"l"“ arsmatic -

hydrocarbons., Biodeg, 3, 351 2368,

: .. Cemigliz C E'& Heitkamp M_A, 1989. Microbial degrodation of

" polyeyclic aromatic hydrocarbons (PAH) in the aquatic
-environmeid.  {n Meétiabolism  of  Polycyclic  Aromatic
Hydrocutbons in the -Aguatic Environment, cdited hy U
“Varomasi. CRC Press, Florida, Pp 41-68.

Churchill § A et al. 1999, lsofation_ and charscterization of a
Mycobacsering speeies copable of degrading three- and four-
ting aromatic and aliphatic hydrm.arhons Appl Environ
Microbinl, 65, 549-353.

Cooney 11 et al, 1985 Factors influencing hydrocarben degradation
in three foesh waret lakes. Microb Eeol, 11, 127-137.

Curtis F & Lammey J; 1998. Intrinsic remediation of a dicsel fuel
plume in Goose B'ly. Labredar, Cunadn Enviren Poll, 103,
203-210, -

Dagher F et al, 1997 Comparotive stzdy of five polycyelie
sromatic hydrocarbon degruding bacterisl steains isolaied
{rom contaminated soils, Can J Microbiol, 43, 368-377.

Davey I B & QGibson DT, 1974, Bacterial metabolism of p- and
m-xylene. J Bacteriol, 119, 293-295,

Del' Arco J I 8 Franga F P, 2001, Influence of contamination
levels on hydrocarbon biodegradation in sandy sediment.
Environ Poll, 1140, 515-519. ’

Delilie D & Delille B, 2000. Field obsérvations on the variability
of crude oil impact in indigenous bydrocarbon-degrading
bacterla from sub-Antarctic  fntertidal sediments. Mar
Environ Res, 49, 403-417,

' Dykslc.;hause SEetal, 1995 Cyeloclasticus pugem gen. nov., sp.

nov,, &0 sromatic hydrocarbon-degrading bacteriom from.
- marine sediments. /us J Syst Bacieriol, 45, 116-123.

46

.4

sfe A s

R

hgr Lty b

£

LI

At

NEFe e wp

i
i)

Al S

wh
EX;

‘::0. :

AR R ol R R e N D A NN A . L b 1 S A Bl e AR

e B SR R - i lewere el Wk B i A e P S R I, e W e e mal, Tl 2 sl 3 ol e ol k.



Wi g . Y o -
i b s e S — S

s

L1350

~

e
R s B

P o i T S

PP

XP009052818

SALLEH et of: BIOREMEDIATION OF PETROLEUM HYDROCARBONS 423

Engeltiardt M A er al, 2008 Isolation and characterization -of 2
novel hydmcarbon-degrading, - Gram-positive  baclerlurn,

isolated from intertidal beach sediment, and description of-
Planocaccus atkaneciasticns 5p- nov. J- Appl Micrabinl, -0,

237-247;

Fedorak P M & Westlaka W b 1981 Mtcrobml dcgradation of

aromatics and_ saturates in Prudhoe Bay c¢rude oil ‘as

determined by plass caplllary gas chromafogrnphy Can J
Microbiol, 27, 432-443,

Floodgate G D, 1984, The fale of petroleum in marine
ecosystems. in Petrnleum Microbiology, edued by R M
Atlas, Macmillan, New York. Pp 355-397, -

Foght I M ot al, 1990. Minerafizaiion of * Clhexadecane and
(MClphenantheenc in crude oft; Specificity :lrmng bnclcrual
isolutes. Can J Microbiol, 36, 169-175.

Gibson D T, 1987. Microbial metabalism of . aromatic.

hydrocarbans and the carbon cyele.in Microbin) Mambolism
and the Carbon Cycle, edized by S R Hagedorn, R-S Hanson
& D A Kunz, Harwood Academic Puhllslm, Chur. Pp 33-
58.

Grifoll M et al, 1992. Tsolation and characterizotion of a fluorene-
degrading bacterium; Tdentification -of ring oxidation and
ring fission products; Appl Envirom Mirrobial, '58, 2910-
2017

“Girosser R J ot al, 1991, Indigenous and enhanced mineralization

of pyrenc, benzofalpyrcne, and carbazole in soils. Appl
Fnvitgn Microbiol, 57, 3462-3469.

Grund E ¢f al, 1992, Naphthalene dcgrnduuon via-salicylate and
gentisate by Rhodococens sp. simin B4, App! Environ
Microbial, 58, 1874-1877.

Horowitz A ef al, 1975, Sequentinl growth of bncterm on crude
oil. Appl Micrabial, 39, 10-£9.

Hubert C e al, 1999. Camposilion of tolugne-degrading microbial
communities from soit at:different concentrations of toluene.
Appl Enviran Microbiol, 65, 3064-3070.

Jones 1 G et al, 1970, Elfect of pross pollation by kerosene
hydrecarbons on the microflorn of 4 moorland soil. Nature
{Land), 277, 1166.

Juteaw P et al, 1999, Analysis of the refetive abundance of
different Lypes of bacieria capoble of toluene dzgradation in a
compaost biofilter. Appl Micrabiel Biotechnol, 52, B63-868,

Kanekar P P ef af, 1999, Bioremediation of phenof by nlkaliphilic
bacteria isolated from ulkafine lake of Lonar India. J Appt
Microbiol, 85, 1285-1338. .

Keck ) e al, 1989, Bvidence for cooxidation ol‘ polynuclenr
aramatic hydrocarbons in soil. Water Res, 23, 1467-1476.
Kelley T er af, 1991. ldentificatlon<of metabolites {rom the
degradatlon of naphthalene by a Mycnbactefmm 5p. Ba'odeg.

1, 283-280. )

Kelley 1 er of, 1993, ldentification of mclaboh:es fmm the
degradation of fluoranthene by “Mycobacterium 5p. " strain
PYR-L. App! Environ Microbiol, 59, 80Q:806,

Keuth § & Rebm H 1, 1991, Biodegradation.of” plsenanthrenr. by
Arthrobacter polychromoganes isolaled from a contumninated
soll. Appl Microbiol Blotechnol, 34,804-R08.

Kim H S or al, 2000. Expression of sfp gene und hydrocarbon
degradation by Bacillus subul'm Biotechnol Letr, 32, 1431-
1436, -

Kim D et al, 2002, Monocycllc gromatic hydmcarbcm dcgradaunn
by Rhodocoecus sp. strmn DKI7. Appi Eanm M:cmbml
68, 3270-3278.

Kiyohsra H et of, 1990. Chamscierization of a phenanthrenc
degradation plosmid from Alcaligenes faecalis AMk2. J
Ferment Bioeng, 69,54- 56.

Komakai-Nukemore § er @i, 1996. Construction of bacterial
consortia -that degrade Arabian light crude .oil. J. Ferment
Bipeng, 82, 570-574,

Kordn A et al, 1997 Petroleum hydrocarbon bioremediation:

Sampling and analytical techniqucs, in siry treatments sud
‘commeérctal microarganisms carrently used. Appl Microbiui
Biptechnol, 48, 677-686.

Kosal J et af, 1998. Pseudomonas C12B, an SDS degrading
struin, harbours o plasmid coding for degrdution of medium

" ¢hain length n-alkanes. Inr Bloder Biodeg, 42, 221-228.
Kuhm A B o oal, 1991, Mctubulism of naphthalenc by the
" biphenyl-degrading bacterium Psendemonas paucimobilis
QL. Biodeg, 2, 115-120,

Lal B & Khonne §, 1996. Mincsalization of [“Clactocosane by
Avinetobacter caleoaceticus 830. Can J Microbiel, 42, 1225-
1231.

Leshy 1 G & Colwell R R, 1990 Mu:mbml degradation of
hydrocarbons in the snvironment. Microbio! Rev, 54, 305-
315

Les K & Gibson D T, 1996, Toluene and cthylbenzens oxidalion
by purilicd naphihalene dioxygenase from Pgeudomaonas sp.
strain NCIB 9816-4. Appi Environ Micrebiol, 62, 3101-3106.

Lee S K & Lee S B, 2001, Isofation and characterization of’ o
thermotolerant bacterium | Ralsronia sp. strain PHST  tha
degrades benzene, toluene, ethylbenzene, and c-xylene. App!
Microbiul Biotechnel. 56,270-275.

Li X Z & Poole K, 1999, Organic solvent-tolerant mutants of
Pseudomonas  aeruginusa . display multiple  antibiotic
resistance; Can J Microbiod, 48, 18-22,

Matgesin R, 2000. Potentiol of cold-adapted microorganisms for
bioremediation of uil-po]lmed alpine soils. Int Biodet Bindeg,
48, 3-10.

Margesin R, & Schlnner F, 1998. Low-temperaturc
bioremedintion of n wasiewater contaminated with anionic
surfactants and fuct oil. Appl Microbiol Bintechnol, 49, 482-
486.

Margesin R & Schinner F, 200i. Biodegradation and
tHoremediation of hydrocarbans in exireme environments,

- Appl Microbial Biatechnol, 56, 650-663.

Marin M ¢r al, 1996. Swdy of factors influencing the degradation
of heating oil -by Acinetabacter calcoaceticus MMS. T
Biodet Biodeg, 33, 69-75;

- Mirquez-Rocha F 1 er al, 2001, Biodsgradation of diesel oil in

sbil by a microbial consortivm. Warer Air & Smit Poll, 128,
343.32n0,

May S W & Kntapodia A G, 1990: Hydrocarbon monocoxygenases
“sysiem- of P.s'cudommms' aieavaraus Metheds Enzymol, 188,
38

Mishra S ¢ al, 2001. Evatuition of inotulum addition to stimulate
in siru bicremediation of oliy-sludge-cantaminated soll, Appi
Environ Microbiol, 67, 1675-1681.

Morgua P & Watkinson R 1, 1989. Hydrocarhon degradition in
soils and methods for- soil bictreawment CRC Crit Rev
Bintechnel, 4, 305-333,

~ Muclléer 'J G e al, 1989, "Action of a - flucranthene-utilizing

becterinl communily on .olycyclic sromatic hydrocarbon
- companems of creosote. Appl Environ Microblol, 55, 3085-
- 3090.

43



b gl - 3l Myl o ‘_‘:"“
2 e Y A A s e S AN

o Y Bl ebn =

[Pt il &

i L n ek ] A A B VA e . C W BBl B ol y A

T R R TR SR PRt L iar ey poe-b -1
e i penk e ey e e 2

fias
L AR -

TETIRETTRaeeY

A4

FX

024 - INDIAN ! BIOTECHNOL, JULY 2003

Mueller J G er al, 1990, lsolation and chaoracterization of o .
Nooranthene-utilizing stroin of Psendomonas paucimobilis.

Appt Environ Microbiol, 56, 10F79-1086.

Muller R, 1992. Bacterlol degradation of xenobotics, in Microbial
Contro! of Pollutions, edited by 7 C Fry e al. Cnmbndge

Unlversity Press, UK. Pp 15-57.

Nudarajah N e af, 2002. De-emulsification of petroleum oil |

emulsion by a mixed bacierind culture. Process Biochier, 37,
1135-1141, |

Obuckwe C O o d, 2001 High- lcmperamrc h)rdrocnrbon
Folia Murabwlagwa.dﬁ 535-539. .

Puaks B B er gl, 2000, Toluene-degrading bacteria are
chematactic: wowards the environmental pollutants benzenc,
toluene and- mcblomczhylcnc App! Envirop Microbiol, 66,
4008-4104. .

Perty 1 3, 1984, Mtcrobual metabohsm of cyclic alkanes in

Perroleum Microbiology, edied by R M Aflas, Macmillan,
New York. Pp61-94.
Poston T 8 & al, 1999, Biodegradntion of polysroimatic

hydrocarbons by marine bacteria: Effcct of solid phase on .

degredation kinetics. Water Res, 33, 368 -880,
Prichard H P. & .Cosii C F, 1991, EPA's Alaska oil spill
bioremediation report. Env Sei Technol, 25, 72319,
Radwan 5 S ¢t of, 1999, Higher oll biodegradation potential at the

‘Arabian Gulf coast than in: water bndy Mar. Bio! 135 741

45 . . .
Rambeloarisoa B er al, 1984, Degrndnuon of cruds oi] by £ mixed

population of bacterla isolated from sca-surface foams, Mar -

Biol, 83, 69-81,

Ruzak C N A ef ai, 1999, Isolation of the crude oil degrading B

marine Acinerobacrer sp. B, Acta Blotechnol, 3, 213-273..

Rooney-Varga J N, 1999, Microbial communities assatiated with
anaerobic benzene degradation in a petroleum-cantaminated
aquifer. Appl Environ Microbiol, 65, 3056-3063.

Rosenberg E ef .al, 1992, Petroleum biodegradsiion - A
multiphase problem. Biadeg, 3, 337-350.

Sarnaik § & Kanekar P, 1995, Bloremediation of colour of melhyl
violet and phenol from dye-Industry waste effluent using

Prewdomonar spp.- isolaled fmm factory soil.- J Appl )

Bacteriol, 19, 459-469. -

Sekelsky A M & ‘Strcve G S, 1999, Kinetic madel cf .
biodegradation by -

b:osurfnclam-enhancul !lexndocane
Pseudamaonsas | ‘eruginos, Hiovech Bloeng, 63, 401408, -

Shelten M E er al, 1998, Degradation of weathored oil by mmﬁ .
macae bacterin and the toxicity of tccumulated water-
soluble matéridl fo two marine crustacea, Arch Enw-an

Contam Taxicol, 36, 13-20

Shen Y ef al, 1998, Idenfification of hydrocarbon-degrading

bacteria in s0il by reverse sample genome probing. Appl
Environ Microbiol, 64, 637-645.

Shuttleworth X L & Cemiglia C B, 1995, Bovironmental aspects
of PAH btodegmdanun Appl Blochem Biotechnol, 54, 291-
302,

Singer M E & Finnerty W R 19844, Genstics of hydrocarbon-
ulilizing microorganisms, iz Petroleum Microblology, cdltcd
by R M Atlas Macmiilan, New York. Pp 299-353. -

Singer M E & Finperty W R, 1984b, Microblal metabobism of =

stroight-chain ‘and. - branched ' "alkéneés. in  Petroleum
Micrabiology,. adimd by K M Adlas, Macmil!an New York,
Pp1-59. -

XP009052818 .

Siron R er ol 1995. Envirenmental factors influencing the
bicdegradation of petroleum hydrocarbons in cold seawater.
Arch Environ Contam Toxicol. 18, 406-416,

SoCM & Young L ¥, 1999, Isolation and characterization of a
sulfole-mducing  beeterium  that anaerobically degrades
afkanes. Appt Environ Microbiol, 65, 2969-2976,

Sorkhah N A er al, 1993, High temperature hydrocarbon
degradation by Bacillus stearothermophilus from oil-poltuted
Kawait desert, Appl Microbiol Biotechnol, 39, 123-136.

- Sorkhoh N A ef al, 1995. Establishment of ofl- -degmding bacteria
bmdegrudauon acuvnm in- Kuwaiti. desert sqil snmples\;

;. associated w:lh cyanobocteria in oil-polluted soil, J App!
Bacteriol, 78, 194-199.

Swupleon R D et of, 1998, Biodegrudation of aromalic
hydrocarbons in an extremely’ acidic enviranment, App!
Enviran Microbiol, €4, 41804184,

Steffen K T er'al, 2002. Removal and mineralization of polycyelic

_ dromatic hydrocasbons by litter-decomposing basidiomy-
. cetous fungi. Appl Microbio! Biorechnol, 60, 212-217,

Suroviseve E G et af, 1997, Degradation of the aromatic fraction

. of oil by an assotlation of Gram-positive and Gram-negative

“bectetia, Microbiol, 66, 78-33.

Sumhko L F e ol, 1995. Udlization of ol in soil and water by

--microbial cells, Micrubiol, 64, 330-334,

o Swnnncll R P'J er al, 1996. Fleld evaluations of marine ol} spill

bioremedmnon Micmbm! Rev, 60, 342365,

' Tmmbily E & Khaled A, 2002, Total microbial activity and
microbial compesition of & mangrove sediment are reduced:

by olt poliutlon at o glie in the Arahmn Gulf. Can ]
‘Microbiel, 48, 176-182.

:’momns.T et al, 1992, Bioremediation. Encyc! Microbiol, 1, 365-

335,

_'ﬁ'mtsm E, 1973. Qilfietds of the World. Scientific Press Lid,

~ Beaconsfield, Bngland, Pp 1-27.
Tongpim § & Pickard M A, 1999. Cometsbolic axidation of
_ phenanthrenc to phenanthrene trans-9, 10-dihydrodiol by
Mycobacterium strain S1 growing on anthmcenc in the
presence of phenanthrene. Can J Microbiol, 45, 369-376.
van Bailen J B et al, 1994. Genetics' of alkane oxidation by
* Pseudomaonas oleavorans. Biodeg, 5, 161-174,
‘van der Meer } R ef af, 1992, Molecular mechanisms of genetic
. ndapumon to xunobmtm compounds. M:crab!o! Rev, 86, 677-
C 6840 .

Vun Hamme J D o al 2000. Cummunity dynnmms of & mixed-

~ bacterial culture growing on petroleum hydrocarbons in

. bateh culture, Can J Microblol, 46, 441-450,

Vargas C ¢ al, 2000, Annerobic degeadation of fuorinated
aromatic compounds, Apgl Microbiol Biotechral, 53, 342.
7.

Venkateswaran K & Harayama 5, 1995, Saquential enrichment of
microbial populations exhibiting enhanced biodegradation of

 crude oil. Can J Microblol, 41, 167-775.

Vifias M e al, 2002. Biodegradation of = crude oil hy three
“microbial consortia of different origins end metobolic
capabilities, J Ind-Microbiol, 5, 252-260.

Volkering F er al, 1992, Microbial ‘degradation of polyeyclic

© ° nromitic hydrocarbons; Effect of substrate avmlability on
 bacterial gruwth k}netlcs Appl Mieroblol Biarechnol, 36,
548-852,

L Waltcr Uetd, 1991 chradalmn of pyn-.nc by Rﬁadt:mccu; &P,

UWLFPL. Microbiol Bistechnol, 38, 675676,

44

Leea. .

i ,.E' i i
= UL R NS P e

ol Ayt 2l vt . I A e e e A v el R e

Flo o e e, T ke K R et R T I e Y e T el POt RN A M I T = AR TR Al il A

B BT el

WY N e e L]




T hdes e

Db BT M s e e

)

-

Col e s e b,

r
3

MR L, . SNl
A LR

Ward D M & Brock T D, 1978, Hydmearbon biodegradation in
hypersaline cnvironments. Appl Environ Microbiol, 35, 353-
A59.

Watkinson R & Morgan P,
hydrocarbon degrading microorganismis. Bisdeg,”

Weissenfels W'D ‘e ‘al, 1994
fluoranthene; Isolation” and identificition of ring fission
products. App! Microbiol Biotechnol, 34, 528-535.

Whitehouse B G, 1984. The cficets of wemperature and salinily on

1990, . Physiology of aliphatic
1,79-52

the aquecus solubility of polynuciéar sromatic hydrocarbons.

Mar Chem, 14,319-332,

White L G er al, 1998, Blodcgmdnilon of vunnblc cham-lsnglh
alkanes  at low empcratures
thdocaccru sp. Appl Environ chmbio! 64, 2578-2534.

SALLEH ¢f ol: BIOREMEDIATION OF PETROLEUM HYDROCARBONS

Mictobial ‘metabolism of

by a psychroiraphic:

XP009052818
425

Whyte L G et al, 1999. Physiological adapistions invalved in
afkane nssimilation a a low temperoture by Rhodocaccis sp.
wrnin. (315, App! Environ Microbiol, 65, 2961-2968.

_Widada I ef of, 2002. Molecular deteciion ond diversity of

polycyclic aromatic hydrocarbon—degradmg baclerin isolated
from peographically diverse sites.  Appl
-Biptechnol, 58, 202-200. .

Zaidi B R & Imam S H, (599, Factors uffacting microbial
degrdution  of  polycyclic  aromatic  hydrocarbon
phensathrens in the Caribbean coasial water. Mar Poll Buli,
: 38,-737-742,

‘ ZoBcll C E, 1973. Micrabiat dcgmduuon of oil; Present situs,

* probiems and perspectives. in The Microbial Degradation of
_Oil. Pollutams, edited by ‘D G-Aheam & § P -Meyers.
Lousiana State Univessity. Pp 3- 16,

Microbiol

44



-

-
e, e oo

it

o

CHEMOSPHERE

Chemosphere 7 (2004) 401 |2

wwwielsevicr.comftoemt et hahos shere

Bacterial communities and enzyme activities of
. PAHs polluted soils

- V. Andrconi ™, L, Cavalea *, M.A. Rao *. G. Nocerino .
=+ 'S: Bernasconi ¢, E. Dell’Amico - M. Colombo *, .. Gianfreda ®

- Dimeiimenis di.Scienze ¢ Teenologie Alinwnnini o Microbiologicie, Eniversieg digh Soud;,
B : coeet - Vi Cotorda 2, 20133 Mikino, Tty - '
b Lipartimenta di Selenze del Swolo, deltr Franga ¢ doll Ambienae, Universing dt Nupoli Fedvrice 1
S i Cnivirrsisi 100, 50035 Porefch, Nopohi, Tl .
* f).ij_xurrinuwru di Chimica Orgurnive ¢ Ddusivinle, Lvivcesitg degli Stul, Uta Vewozign 2120433 Milaoo. Ty

Received 11 July 2003: received in revised fonn | June 2004; aceepied 10 June 20M

‘Abstract

-Three seils {i.c. a Belgian soil, B-BT, o German soil, G. and an-{talian ﬁgrimllm;al soil. I-BT} with differe
ertics and hydrocarbon-pollition histary with regard to their
chemsicul knd microbiological evaluation of soils was done usin
counts And. several.cnzyme aciiviiies. The three wils showe
(PALIS), being licir conlamination sitictly associated to their pollmien history, High vatues of enzyme activities and.
aulterable heterotrophic bucteria were detected in the:seil with ne or negligitle presence of arsanic pollutants. Genetic
diversity ‘of soil samples ind carichment cultures was measured ag bands on denadoring gradiom pel clectrophinresis

nl prop-
petential 1o degrade phenantbirene were investipated, A
£ measircments of rouline chemical properties. bacterial

d different levels. of polyeyetic aromutic hydrocarhons

(DGGE) of anplified 168 rDNA sequiences from the séil and efrichment community DNAg, When analysed by Shan-

non index (M), the highest senctic Biodiversity (' = 2.87) was lound in, the Belgian soil B-BT with a medium-term
exposition 1o PAHx and the poorcsy bindiversily (/F = 0.85Y in the Gerntun' soil with a lotig-term exposition (o alkanes
and PAHs and where absénce, or lower levels of enzyme activities were measured.. For the Thian ugriculturat soil 1-BT,
containing, negligible seounts of organic pollutants bui the ighest Cu.danient. a’ Shannon index = 2.13 was found.
Thic encichment of four mixed culiures capiehic of degrading sofid phenanthrene in batch fiquid systems wat alsn

* stwdied. Phenanthrene degradation rates in batch systens were culture-dependent. and simple (ore-slope) and complex

(two-slope) kingtic behavipurs werd ohserved. The presence of common bands of microhial apecies in the cultures and in
the native soil DNA indicated thit those strains could be potential i sit phenanthrene degpraders. Consistent with this
assumption are.the decrease of PAI and phenunthrene contents of Helginn=soil B-BT and the isolation of phenanth.

“réne-degrading bicleria. . . . L . . ‘ S
From the fastest; pheaanthrene-degrading culiufe’ Gy, Tepresemative straing wore identified as Actromobucier,

xvlasaxidans (100%), Methvlobacierivin sp. (Y0, Rhizobiun galegae (9%}, | Rloddcaccus. dethororafimg (100%), Sree
antrophomonas ‘acidaminiphila (10090, Alcoligenes sp. (9% and Aguaniciobjum defluviam (105, DGGE-profiles
of eubture €y ‘showed Minds attfibitahle to Rhodocnceus, Achroniobacier, Methylobacterium ehizobium, Alealigones
and Aguaniicrshinm. - .

T Cornespondding author. Tel; +39 250316720 fu; +10 2,50316604,
Fenvid eedelrens: vineswra.andreonidrenini.it (V. Andreoni).

(35-6535/% - wc'rn_u'.l,m':mqr £5 2004 Elsevier Lid. All rights reserved, . -
dni: 19,11 chemoyphere, 2004.06.0 13 -
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"The isntation of Riwdnroecus nmhr’mwwm and Mesfvlohucteritm sp. can be consisient with the hypothesis 1hat dil-
ferem phcnanlhrcnc dq_radmL stratepies, colt surface pronerties, o1 the presence ol xenohiotic-specilic membrance car-
riers conld play a role in the uptokefdegradation of.solid phcmmhm\c

© 2004 Elsavier le All rights n,u.ruu!

Keywards: Soil chémitmlfcu?.} wratie characteristios, THFGE: Bacierial-diversity; Phosanthrese cunstinption: Ratch Hyuid sysems

1. Introdaction

Polycyclic aromatic hvdrocarbons (PAHsY are wide-
spread in natare {i.c. soib water and sediments) because
ol severnt pnllutmg unthropopnic activities (Samanta
et al.. 2002), They have beer rocognised’ fs a-potential
health figk due to their intrinsic cherical stability, high
recalcitranes 1o differen) ypes of degradarian and high
Joxicity 1o living nr@ummq (Alexunider, 19949,

PAMS present in sbil may exhibit a mxnc ﬁchv{tv 10-

wards differéni’ plants, mwmmgnmsms and - inverte-
_ hriics. Mmrom gamsmn being in intimate comact with
" the soil environment, are com)dt.n_d o he the, fiesi indi-
\,alors or 50l pollulwn 1:; general, théy ire very sensi-
tive (o low condentrations of cnmammmh and npldls
response 10 ol pertuebation. An alteration of heir
nctivily and diversity nay result, andintumn it will re-
flect in-a reducad soil qualltu ('whloh.r ef'al., 20035, Soil
enzymie activities dre 1he drwmg force bahind all the bin-
(.hmuc.al lmmtormatmns m.currmg in \ml The1r u'nlu

ncuvuv and he- hclp!' ul 1o dsuiblish ci'rc\_m nl‘ soil spcs:ul‘ G
environmental conditions (Dick et al., 15948).
Numerous rescarch efforts arc heing dedica ted 10 the
search of proper emediation technolngies 10 remove as
‘much as possible contuminagts from the envirenment or
{0 transform them into Jess toxic compounds. Bioreme-
‘diation appears to be an- appealing technology- 10 ap-
proach the recovery of. PAFL-polluted sites’(Harayamn,
-1997Y. Several imiicroorpadiams ard capable 1o mineralise
a large variey ol .PAMs andfor 10 break down them o
their less-toxic metabolites (Cernighin, 1992). The very
low water-gnlubility of PAHs and the slow muss-transfer
rares from solid phase may limil ‘their availability
microorg.mismé thus - hindering * natural attenuation
microbial processes. However, some hacteria degrade
¢ wirhed PIHAs ot different rates, indicating orgunisn-spe-
© . ¢ilic ‘bioavailabiliny {Giodser ¢t al., 2000},
Biorcmediation of PAH contaminiied sites reby
cither an the presence of autochthonous degrading bae-
teria which capalilities might: be stimuelaed in siln
{Margesin. and Schinncr, 1997}, or on the inoculation
of sclected microorganisms with desired cataholic trwits
“in. bioaugmenration techniques ((Straube of ab. 1599),
“When micToorgaaisms ared added: 1o gpeed up d!.gmdn-

- tinn 1n ¢ontiminated cnwmnmcms the, duration assess: -

ment and biological process eflicicncy depend on the

*gvolation of bucierin! communities in terms of composi-

tion and cainbotic activity, Denaturing gradient gel

.electrophoresis {DGGHE) analysis of 165 rNA genes
_Tepresents i poweriul tool to study the bucterial commu-
ity slenctures in complex cnviranmenis as well us in

enrichment cultures (Muyzer and-Smalla, 199%), How-

“ever, the combination of bath ¢ulture-independent and

culture~dependent 1echnigues might provide wseful und
complx.muunn information o, lhe strueture of micro-

:hml uommnnum

- Soils with different pollation hi\tnr\ were preliminiry

- tharatterized in tetms of their chemical properties, enay-
" matie ‘\mmty and cuhumhlc heteratrophic bacieria, Site

" charicierization is 3 pre-requiisiic when dc.llmn with any
" rémediation approach of @ polluled site (Smith and

Masun, 1999), Indeed, chemical and biochemical proper-

A may assist in the:analysis of the ability for the soi 10
‘e “fecovered {(Murgesin et ul, 20K, M‘nrcm'cr the
““eprichruent and sclection ol bocierial phenanthrene-
“degrading cultures, capable of degrading solid phenanth-
__rene in bitch liquid systems were ferformed. The kinctics
. of. phcnamhrenv disappearance by eariched cultures, the

cnmpumon of their degradation rales and their species

_composiiinn were alse investigaled, as assessed by DGGE
, analysis- of PCR-amplificd 165 rDNA gene fragments.
- The énrichment of sich cultnres s 2 newessary sisp o
-ohtain microorganisms with the desired catabolic 1raits,
" usable in tht hisangmentation of polluted soils.

-

2. Materials and methads

2L Chendieals

Phenanthrene was a1 >06% purity (Sigma Aldrich,
Gemnany). Solvents -at 99.9%4- poarity and all the other
chemicyds, reagent grade were supplied by Analar,
RO Lid:, (Germany), waless otherwise siated.

2.2 Suoil descriprion and sampling

Three soils having a diffefent polintion. history were

‘ -.mdwd ‘\amdy

: (I) A Jerman sml (u‘ nnllutud by o long-tarm c.\pn\u-
tion {340 years) 1o alkancs and PALls.. Jeading 1o

the formation ol typical light non-uqueous phase

51

B

sl el s e BB ke T

T = v

5

.

b A, st~ 5 0 s . DS T L W N SR T ST U i o A, o R il e il



Lo

PR

A

E

Vo Aedyeaui ot ol F Chemosphvre 37 720045 40f 412 403

liguid (LNAPL) contaminatinn (Saceomandi and
Gianfreda, 2001y, The-soit is from Turmcm (Ger-
many) and its pollation:is dated hack to [1 World

Wi Thc sie s sl h{.ml) conaminated . beeguse -

no remediation aclions;were implemented o1 it

(11 An Ralian agricultural soit, I-HT, {rom-the North
of Imh. with no or. ncghgnh!e presence of pols
lwanis. .

(3 A Bulgldn sail, B-BT, from i ﬂuual canaj. of Bnmc- )

- Tles {Beluium), characierised by o medium e

yeurs) exposition 1o PAHs. The #0i] was- quh)c.ctcd' o

an decidenial poflution cvent that caused a spread

d:elrnhmmn of PAls on s surface, The soil was -

‘s.tmpled ul‘lcr 3 years from the pollution event,

Ila]mn and Beipian sm!,samplcs were 1aken mndom

by ram:drilling at-a depthof: 5-15 ¢m. Ciermun- sail

was drawn'from within the LNAPL phase, immediately
above thewater Lable (at a deplhnmmng from 5,510 7.6m

“helow. soil sueface). Soil samples ‘werr -packed’ anssite

inlo sealed pnlwhem: bags ond transported 16 the labo-
tatory, stored dark und cobvled: (4 *C) %mplcs were
hom D“Lmscd Muw:d 10 <0.2 mm- ;md |iimcd ard °C¢ unul
nsed. . :
Imcﬂu,mnom were pcrformcd also an Iml::m (1-AT)

“land Beligian {R<AT) soils atier bmrcmcdlanon pilot

-c\pcnmcnh Soils were wreated acrobically in o hioreac-
- sor for 5 months:-the ctpcnmenial procedure -adoptad
- and the nhtamcd n:suhs -are-under a patent. Unforiu-

nately, na further information was p_r:;w:dcd by’ the site’s
owner, Gerinan soil was Tiot weated. heeause previous

laberutory, investigations demonsicated that any cffornt.

10 hinremediate” it was uusum.csclul (Smmnmndl ang

’ Cn.ulfn.dd ‘{]Ol]

20 Dwemmmmm r:f chumcul und mrrmbmluguﬂl .

Jrie riies

The soils were, chnmclmzcd wﬂh rcspccl 1y bath phys-

ical and chemical af well ng nticrobiological properiies: In.
particular, a set of enzyme activitics {¢.g. dehydropenase,-
-fuoreseein d:_a_ccl_uh hydrolase, arylsulphatase. )phospha- -
tase and urease) and. culturablé hetetotrophic: bacterial-

cclt number were determined, Moleenlar biodiversity of

~ntal hacterial populations was alsy analysed, numd:n"

Ao.methods described hefow (\ecunn 2 ﬁl

Chemical and: ;physical analyses were perfermed on
airdried and. sieved (<2, mm) . snmplus according -to,

siandand. techniques (Mc!hm]: of Soil Chemicah Analy-
sis, 1996)."Sol) ergnnic C was determined by 1he method
ol dichromate oxidation,” pll waus mcacurcd by glass

*electrode in: 1225 HAO suspensions, 1otal N-was meas-

ueed by the standard Kjcldahi method. Particle size. dis-
tribulion was assessed by ahe pipette-methad, Overali
content of PANs and alkancs of German soil was deter-
mined according to Saccomandi’ and Giianfreda (2001).

Heavy metals wére dclcrmlned by atomic adsorption
spectroseopy (AAS) after acid digestion with HFAHING,,

Lneyme nactivitics were determined on fresh moist
soils sieved <2 mm: The arvlsulphatase (ARYL) and
phasphatase (PHO) activities were determined avcording
to Tubatabsi and Bremner (1970 and Sannine and
Gianfrediv (200)), . respectively, Specific substrates (-
nitrophenyl derivatives) and huflers were used for cach
enzyme. Urcase (UR) activity was measiréd as deseribod

- by Rundeler and Gerber (1988). Dehydrogenase MY
"assays were perfornied -using soluble tetrazolium salt

(TTC) as an artificial acoeptor (Trevors, 1984). The activ-

My of fluoresecin diacetate hydrolase (FDAT) was ui-

sessed as Uescribed by Admn and Duncan (200]). A
unit (L) of ARYL, DH and PHO enzyme activity was
defined us the micromolkes of substrute transformed at

30°Ch™ by | g of dried soil. The FRAH and UR activ-
ities were expressed as micrograms of swhstraic hydro-
Tysed a1 3 *Ch™' by 1 g of dricd ‘soil. Control tests

With :mlm].swd s0ils were carricd oul 10 cvalunte the

sponianeous or abiotic 1ransf‘ommlmn of substrares,
- “To enumerate culturable heterotrophic hacteria, 102

of eaéh ‘soil samplc were suspeided in 35 ml sierilised

NaisP303 (0.2 gI7" in bidistilled water) in 300 ml glass
hatiles for 1 h on a shaker, in order 1o scparate bacicris
from soil particles: One millilitre 6f supernaiant ob-
wained afici 10 min sedimentation wag then 10- fold serfal
diluted in NaCl 9 g1™' solution. Appmpn inie dilutions

_\;_-.‘re‘;pl‘;tlcgi onto |0% strength Tryplic Soy Agar med-

it for a tnal heteroirophic bucierial cosnt; 100 plmi™'
cyelohexiniide were added to the medinm 10 inhibit the
wowth of cukaryotes. The. pletcs were incobated ay
28 °C for '8 days und then counted,

- Unless _otherwise specified. all resubs. rermrtcd are
avcmgcs of triplicate, dclummﬂtmnn

2.4 Enr:rhmvm o imlnn’nn of phennnthrene-degredin
wp

ritdneres

. Freshly prepared-phenanthrene stock solution in uce. .
tone (20 ing mi™") was ndded 10 500 m] glass bottles. The -
acetone was allowed 10 evapariile before adding 100 ml

of- putoclived M9 mineral salt medium ¢(Xunz and

Chapman,  [9817 o have o final concentration of |

200 myt~" phenanthrene, Then 16 g of soil samples were
added to a serics of bottles. The botiles were teflon-s10p-
peeed and incubated inithe.dark a1 23 °C with agitntion
on-a reviprocal shaker ot 96 rpim Tor 3 weeks. Perindi-
cally: (3 weeks) 10 il aliquots of grovim - cultures were
transferred into fresh medium ander the same condi-
lions, )

Different hacteris wereidsolated from the earichmem

cultures. The isplutes were grown on M9 liquid medium
containing HX) mpi™! phenanlhrcnc Pure cultures. were
identified by 168 rRYNA-gene nuctestide sequence ana- -

lysis according (o the method below deseribed.
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25, Measurements of pn‘wtranﬂrn-r're uiitisittion rates

The mixed celtures were grown at 25 °C wlth sh.ll.m!,

i %00 ml bertlés contiining 100 ml M9 mineral medisim
supplemented with 200 mgl® " phesanthrene. Four bo- -

“Hes for each cultire were prcparcd Al cach sampling

" time the concentration of phenanthrene was defermined

on duplicate sacrificial hotiles and the other two botiles
were utilised 1o.peilorm pro1gin contem analysis (Brad.
ford, 1976} and 10 oitract 1otal DNA (st below). Two

“hotile-comrols {withount. bucteria) were Tun in'pﬂmllcl

Vo account for the ahiotic loss of pheoanthrene.
" The, extraction and guantification: of phenant hrene

fw.n determingd as “follows. Culinre broths were ca-
* tructed three tivaes with 50wt CH;Cla: the orpanic layers
were coliccted, dried with Na 80, filtered and hie sol-

vent was rmnnvcd nnder rci.luccd pressure, The residue
was solved in 2 ml of ethyl acetate and 4 ml of a soluion
of dodecano! in cthyl acetate (S mgml™') were added us
internal standard for gas chromatographic analyses. The

aqueoils phase was acidified by eone. HCL(pE 2) and ex-
iracted. three times with 50 mi cthy! acetate; the orgonic

: lavcrs were ¢ollecled. .md provessed as bcl'orc deseribed,

s.\‘;~chr0nmtngraphtc analyses were, carried  oul

_ using s DANL 1000 Gas-chromatograph, cqmpp.d with

o FID detector (hydrogen 0.9 bar, air 1.0 bar ind nitro-
zen 1.0 bar} and o fused smca capillary column WCOT-
CP-\IL 8 CB-Chrompack {25 m % 0.32 mmiD), carrier
filium (0.8 bar), andinjection temperature, 300 °C,
detection 300 *C, aniiial oven mmp«.mlurc 140 °C
(3 min), wmperature nerease 10 “Cein~!, final ‘o-
therm 230 °C, injection volume 2 b The dodmunnl K

was 6.9 min and the phenanthrene £, wa.t. 11, ¥ mm

Dctector signal owtpul: wug monitored by compuier
and all chromatogeams: and data were generated and
processed by Dani Data Station version 1.7 sofiware,

2.8, Medeculur inetheds

DINA was extracied [rom soil samples, aifichimei
cultures and isolaled strains, Soil D'NA and enfichment,
culture DNA were exlraci\.d bv - bead-heating method
MOBIO, USA) and _h) BICHID methed (Resnova,
Alaly), respectivedy,: ‘decording - o the munulacturer
instructions, Aocording o Cayalea et al. (2002, protein-
ase K (1 mgml™') was. uscd - extract DNA (rom
strains.

PCR ampi;ﬁculmn nf 1be 168 IDNA \was perfnrmed
“on the extracted DNA, by using cubacterial universal
primers P27F and P1495r referred o £ coli nucleotide se-
quence of 165 rDNA gene (Cavalea et al., 2002), Nested
PCR reaction for ¥3 amplification was carrivd oad
according to Muayzer and-Smatla {(1998). V3 PCR prad-
ucts [rom soib, enrichment calinre and bacienal isolates
DN As tvere charaeterized by a DGGTE tun on s ventical
acrylamide gel ina DCODE Universal Mutaiion Delec-

tion System (Bioradh MGGE was performed with 8%
(wifval) polyuceylamide gels in TAF bufer (20 mM Tris
acetate pll 7.5, 10 mM sodinm acetale, .5 mM Nu,-

. I'IDTA} with @ fincar- chemicul gradient ranging from

% Loy 6574 Denaturant solulions were prepared by mix-
mn, the .ipprnpnxnc volumies of two 0= 0% denaturan
stock salutions (7 M wrea, and #% volivol Tarmamide
(Amersham Biosciences, Swedan), Crels were run at g
comstant valtage of 70 ¥ for 16 b at 35 C. Gels were
stained in a 0.5 mg! ' cthidium bromide solution and
docomented with GellDoc System (Biorad). Bands of

Antercst were excised from DGGE wsing an UV uransiflu
_minatar, The excised bunds were suspended 1o 200 of

PCR water. reomplified and sequenced, The nuclentide
sequences of 168 tDNA of the resulting amplicons and

*of isolates ‘were detenmined acconding to the Perkin T

mer ABI Prism protocal (Applicd Biosystems, 1ISA),
Primers used in'the PCR reaction for scquencing prod-
ucts were the same of those in normal 165 TDNA PCR
reactions. The forward and reverse sampies: were run
on an Applicd Biosystems 310A sequence analyser. The
sequences were comprared with similar sequences of refer-

“enoe organisms deposited in public domain davabases,

DGGE analyses were performed Lo compare the bac-
teria] comnsunity. siructutes of soils and enrichment cul-
1nres. Although the technigue eonld be nssociated with a
varicty of PCR biases (Wintzingerode ¢ al., 1997; Fro-
min et al., 2002), it provides comprehensive information
on the glohal patierns of microhiol diversity (Torsvik
and Qveras, 2002), However, 10 minimize biases, DGGE
phalyses were nu.rrnrmud ay samples treated wsing iden-
tical methods in which DNA cxtraction and amplifica-
1inn hiases are supposed 10 ocowr- homogenennsly,

Shannon index. (M'} (Magarran, 1988} was used 10
evaluale the biodiversity of both soils and enrichment
cullres, and Sorcnsen index (S} (Magurran, 1968} to
evaluate the similarity within soils (native vs. treated
soil) and within the deriving cultures.

The Shannon.index of soils was calculared on the ba-
sis of the number and intensity of bands present on
DGGE samples, nm on the same gel, as follows:
M' = o % P logP,c where /18 the impostance probabil-
ity ol the bunds in a ge! lane. P war calculated s fol-
Jows: P, = m/N, where &, is the band intensity for cach
individual banid-and N is the sum of intensities of bands
in a Jane. Switisticl comparison of different DGGEE pro-
files was done with the GelDoc soltware package. This
latier assumes that the population size is proportional
10 the thickness of bands, Gel analysis included conver-
sion ol the scanned gel image and normalization in order
0 corrgel thllt within or hetween gels, so that bands or
peaks of the. same molecular size huve the same physical
position relative.io a standard. Once all handing profiles
were in a standardized analysis format, each band could
be deseribed by its position on the gel and by jts relative
intensity.
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3. Results and discussion
| %4
3.0 Physico-chemical and nm‘mbmlnqlmf properties nl 2
. snile zZ 2
. = i
. . The chemical and physical properics of a soil s well
- as the evalustion of its pothiion degree may help to esti- Al |
mate the impace of pollutants on the quality of soil un- ER-d o=
der investigation, i they are complemented with the S 2
measuremept u! b:ologu.ul propu-ucs' (Nﬁll}:uiln €1 al., - o
D00y, .
Tables 1 and -2 summarise the physical and chemical % P4 'f;'.n
) properiies of investiguted soils and the amounts of both [ aSH
. organic and inorganic pollutams. :
C .- The moderate-high amounts of carbonate and 1he pl1 z~ L=
. vidlues {measured in 1300, ranging from 2.68 16 5.36 und '%' igJ z_'-:. 2’:2:.
; (rom 6.73 10-8.19, véspectively, indicaie o sub- 10 moder- 2 el
ateslknline chiracter of soils {Tuble I) Al the meuasured :
Vo PH. range soil-microbial growth and its activity arc wsu- T nEo
b, ) illy favoiired. As discussed by Smithiand Dorn (19903, = i’ ST
i “soil pH ¢an provide valuable mformation oit the wvhila- i
t “bility and woxicity of several eleiments, including Fe, AI_ - ]
F Mn, Cu, Cd and others i planle wnd_microoraanismis, s T, ‘a g
g Gérnman “and - [talian: soils showed mmpdrnhlc g = s
' amounts ol clay silt: afid ; sand’ ['mumm {Tuble ') R o
b - wherens Belgian soil had :very low amount ol both <lay =
i- (~T9) and silt (&%) and 2 prudt‘n‘nmﬂnl presence of it B
5 sand (>BO0% s total of coarse’ ind finé fracions). § e
r According 10" LISDA L!ax-lfcalmn (Soil Sucvey Stall, " T
v £993). German and Ttalian ‘soils i be Classified sandy’ = ‘
.. clay lonn soils while Bg.lgmn is typlcall» loam) sand ) ol T
- s Bl S8
In BLI"mn and mainly_in (‘men soil before tieat- 4
20T ment(BiBT and G)otat. -organic  values, and conse- —_
e quently organic matter. contents, were very high, being | ===
. ’ influcncid hy. organic polluiant contamination.. Thus, ZE| @97
* © L beir values did not represent natural, endogenons soil -
: organic matter levels, pnmhly present in Lhe soil in the ey
L - uhsence- of any contamination.: Considering .the Jow: ol STw
amounts of N ‘measured in baih soils, the CFN rtios c < ’?':3—‘"‘:‘]
. .3 .md 26.3 for B-BT.and G soils. respectively) were
i _. higher “thai those normally-found. in unpoltoted soils. & =
¥ © When hydrocarbon-polluted: soils are considered, much “=lE L] 8 2
f higher CIN ratios, ranging from a minimum value of FpFe| omH=
@110 a maximum of 200:1, are, however, needed 10 ab- -g -
1ain il consistent micrabial growth and resulting hydro- a2 T 5
; crbon degeadation (Rewiey, 1996, HEN L
. -The physical and ehemival-properties of Belgian and é il I
. leakinn soils were slso-mensured after the b:orcmcdmmn 2 _ o
. trentment (Tablke 11 As expecied, no significant varia- 2= L=
i tions of clay, silland sanil fractions were noted. The —ﬁ Z ~aase
2-fold higher amounts of both N and m‘ml.nhlc K mcas- g £ = e
. ured in B-AT are hl\d} the résult of nutricut supply dui- 3 3
. ©ing the biological treatment. - F g,
According 1o {he curent Furopean Union regulation £ile [EE L
(Commission of the Ewropean Communitics. [986) CEIS. | FER.3
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Cand: P torms [mm waridus

. ‘phiake] esters. (T\anmplcrl er.ak, 2002 Urcise catalyses
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microbiul.celis, Thus, its mcu%urcmem is usvally related
10 the presence of viable nncroorg.nm';me und their oxi-
dative capahility (Trevors. 1984), Fluerescein diacetate

'hydro]asc ({FDAH) has been often used:-us a scnsar
amd fum.lmn.nl indicator of s0il hc.lllh (Adam and Dun-
-tun, 2001), Bung the Ilunrng\.mc substrite, uptakeh by
active eells and then transformed. by a farge ariays of . .

h\drol\.lu Ln/\mu Lthe enzyme has becn -considered a
measure of the sml mu.roorgnnmn m.uvxlv thllh.am

amd Stadilon, 200M,
Enzyme. activitics and 1oial. hucmlmph-. mmni_\ for

Belgian and German soils. are in agreement with the e
sults obtained witk soils conmmmalod by similar, pollut-
unls (Kiss ot al., 1998 ‘Margesin ¢t al, 2000), The
Cierman 501l was the most-coptaminated compired to

‘Belgian and lalian soils, having 1he’ lowe-u nmnbcr of

hetersirophs {Tablke 3). :

Aller the biological treatment an increase in CI'U of
only anc order of magnilude was measured in bofh Bal-
gitin und HMalian soils {Table 3). As reported by Margesi
<1 al. (2000} total number of heterotrdphs 6f PAHs pol-

luted soils did not nrca!ly ncrease afier hwloglml reme-

dintion actions, whercas the relative urnnunts of ‘;pcmhc
pnl]ulnm-degndlm hacu:na mm:mcd 10 detmable

cxlent.

Enzymie activities also confirmed that the Ttalian-soil
showed the - highest microbioiogical activity. All the
measurcd enzymes were present il moderate- fo high

range kevels, usuafly lound inagricubtural soils (Nanmp:-

eri et ul., 2002), The relatively Jow dch)drnnenuqc activ-
ity mea<urcd in this c;mi {(which scems to contradict the

high values of both FDAH acmny and 1otai microor.

gainisms} coild be explained by the. possible :m:.rfcrcnce
exerted by thu bigh C‘u conteni (Table 23 on the apalvtic
assiy uscd. Indeed, (u may reacts abiotically with the
tnpht.ny]fnrmamn the. end product of D catalysis,
thus resulting in a underekiimation of the soil dekvdro.
genase aglivity {Chander and Brookes, 1091,
Although the influcnce of other Maciors deriving from
natyral and. anthrapogenic events cannot be ruled oot
(Gianfreda and Bollag, 19963, the complete absence
and/or the very low enzymatic activities of kath Germun
and Belginn soils could be also panl) dire 1o the presenee
of PAHs in.soils, As extensively reviewed by Kisset al.
(19981 even moderate levels of hydrocarhon contamina-
tion may caise a significant decline of several soit en-
zyme activities, showing cach enzvime a differemt
sensitivity o the presence of- pollutants. Although the
interpretation of enzyme activities of said is complex-be-
cause hoth extracellular and fntracellubar enxyme activi-
ties contribute 1o the-overall soil enzyme aclivity. some
hypothescs might be advanced. In sail, non-polar aroan-
i compounds. such as hydrocarhons, may likely caert
different. elfects. on microbiological propertics. [lydro-
carbops m.n be foxic 1o soil microniganisms which
may n.ﬂ;,cl in'a eonsistent eeduced enzyminic activily;

- andfor they my cover hath organic-mincral und celf sur-

faces, thus hindering the inieraction between enzyme ag-
tive sites and soluble subsirates with adverse effect on
¢nzyme: d(.ll\,ll) expression (Kiss ot ul., 1998), Mareaver,

i & ﬁyncrglﬂ!lc nc:mmc cifect on-soil CRAYITE aClivilies ox-

cried by the simulianeous presence oF h-:avy metals can-

ot be ruled out.

- Alter bioremediation, enayme sctivitics of lialian and

. Belpian soils Increased to'a moderate and u more deteel-

uble-extent, respectively.

32 Bmdm‘rwn :.\f snils

In our .ma]me the aumber of DGGE bands was
taken as an indication of specics in each sample. The rel.
ative surface intensity of each DGGE band and 1he sum
of afl the sarfaces for'all bands-in n saniple were used to
cstimate sm‘ucs abundance (Fromin et al, 2007; ‘uhg

" uchi cl al., 20023 DGGE profiles of sofls are shown in

Fig. 1. Many DGGE hands were observed in the pro-

- files: lhu‘- indicating the préscace of different hacterial
Jopulations and different relative ahundance species in

soils.” As indicated by the values of Shannon indices,
cint 'unmatlon of soils appearcd 1o affeer their genctic
leEl'Sll\‘ ‘German Soil and native Bélgian soil B-RT
showed the poorest {Hy —(.85) and the highest
(Hymiry = 2.87) biodiversity. respectively. For the Nalian

" agricylliral sail 1-RT, containing ncqhgjbh amounts of

organic pollotaits bl the highest Cu content, a Shan.

nonindex= 2,13 was {ound.

Afier ticatment. a s of hactcrml species diversity
occurred in Belging soil with a HYy e equal to | 43, Fur.
thermiire, the baclerial commzmily of the nafive soit B-
BT showed a murked different patiern.when compared
wiih its treated B-AT connterpant. Indecd, the § mdcx
of smulumy was cqual to 018, Only -few hunds (u"”
and b in Fig. 1 were in common hetween the two
solls, inddicating: the survival’ of' somc- produminum
Species.

"On the contrary, Tor hialian soils only mghphlc il
ferences in DNA patterns (8 =90,56) were evidenced be-
Aween the native 1-BT and its iréated 1-AT cownterpen
(H) _yr = 2.14). indicating Lhal the bioremediation did
not substantisly chunge the community structure of
the native pne.

X3 Enrichment of phenanthrene- ~tlegrading mixed -cul-
nires r.ml' determinaiion of dcumdanan kineties

The dm.m!v cucmmu.mi in the haclcrml conmuni-
tics of the study soils:prompted: us tozperform envich-
ments on phenanthrene from all soil samples in order
In obtain cullures with differeni potential strategics 10
degrade phenanthrene.

Atlempts to eurich ‘phenanthrene dczmdm« hacteria
from the German soil were unsticeessiut (Suceomundi
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Fig. 1. DCGF nual)sts of PCR-ampllﬁcd 165 rT)NA gcm.

. C. MmN (_, ATy cnnchmuut Lu!lun,s Irom the cm‘rc!\pnndtng -im! snmplm,

and (u.mﬁad'l. 2()0]) The preﬂcnoc nrhlghly bound res:
iducs in the old-comammalcd Germahi soil, could have

. -represented-n constraintin. phenanthrenc hlmvallahﬂlw .

1o bacteria thus impiring ﬂlb possitility, to m‘altm.

" degradiig microorganisma.
Four, mixed baciernial c.ullurcq n.imcd Crpp and-

Cram and gy and Char ware m'.lcwl sdcuul from

the Belgian and Etalian soils before.and afier the- hmloi.-

ical freatmem, respegtively, - -

All cultures enriched from Belgian 'md Imhan smls .

grew ot phenanthrene when addccl as sole Camd energy
sourroe and Lurbidity of culture broths inereased during
incubation.

. Tig. 2 shows the disappearance of 20 mgl ' ervstal-
line phenuathrene and the corresponding protein con-
tents within2 l-d incubaiion of the sekected cultures. A

time coirse analysiss of phenunthrene may provide an -

©.estimste of first order uplake/degradation rare constant -
T U

according - 1o the lollowing expression: X, = X!
where X, is the concentéatinn of phenanthrene
k is the uptake/degradation constant and ¢ is the lime,

When phenanthrene degradation data of Tig. 2 were
repotried in @ semilog plet, o one-slopé behaviour was

" obierved lof Cygr dnd Cyar culiufek, while o typical

two-glope accurred Jor Cpoat and Cepr. sngmesting 3
more complex kiftetics of phenanthrene degradation by
these culturer {data wot shown). This could imply that
for culnure: Cppy and Crar the whole phenanhrene
durmdaurm process:is dominated by n single, siright-

1¢}nvtrd key step, whereas Tor. colteres Gt and .

LA ‘drtcmunauunm
nhigl™, -

1 Apelrecssi er @, P Chemespliere 87 {203 ] 400417

B-AT
LAY

" 1aT

=0

mgmcu{s ‘Trom soib snmples add rrum cnrn.hmem cultures after sia
. nznsplauln on lrceh phmamhr\ene. Bands were dwgnmm m (Ic\mhed in the lcxt G e(-"crman s.ml RJ%T Bclg.mn sl hclnrc

':1_25()', — e 100

o . .__‘-n._‘.m
-'-.'2(1) A - = a0 -
B < Ctren T t
| E 1501\ g In g
: - N
-5 i N T8 E
g o 1.0 2.
H - T &
oy 3 -
£ 140
13 ._.v. l_‘|’..’ -|:l'.,.' N Tt 30
0 }."1 4 6 B 10 '12'_ 416 18 20 22
- Tlmn {u) -

‘}-lg, 2 l'hmauihrene dasapp'.aranou (sniud lmn Tul) wmhnl-.l

by hm.tnr:al culures poar (), (‘:. AT {.j Gy (A Crar
10\ froe-cell control i—). mnd haderial growth {dotied lines,
emply snnbolsl in (“,._m and ("1,.‘:\; -muplm as determived by
1he pmtcm mmenl. Fach vnlug: A4 the mcan -of two

Cronr heamplex mechanism, involving # slower interme.

dinie step, tvecurred,

Table 4 repons the depradation consianis calculated
by-mieans of & non-lincar rcgrccwm mutmc applicd 1o
phenantlvene - degradution duta of fig, 2. The fira
step-kinetics: ocewrring for Cpar and Crar, character-
ired by low degradation constants, ooultdh suggest a
slower uiilisution ‘of phedanthrene within the first B

“duys, In p.:rllculpr. the very fow &1 value (0020 d 'y cal-
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Vahus of phe u.mlhn.nu. ["lll mgl Idmpp\_arﬁnu. constanty
caleulated far the c_ullmc:s criched from the study sails

Culture Al kL R
Conr 0.269 - . CYs -
(TS 38 LI 0297 N 1))
Copr:l o S ey
L, LU - . L

k1 and K2 calculmai by a nonhnear repression) rowtine
acenrding the cquaton X, = Viexpl-Af where X, is the con-

_mnmlmn of -pheninthrene in mer!, &iis the npmkc ar lr'\us

Formati mmlmu and tis limﬁ

“eulaled for ('a.m cnuld indicate the pre%nu. ol 4 ‘;lnw

phenanthrene mass transfer resulting in a hampered
PAH wiilisalion.-By contrast, the mixed culture Gy al-
most complatcly utilized 200 mgl™! prhedanthrene {more
than 90%) within 10 days. Longer times were rcquircd
for complete degradation by . Cr v and Cy.aq (Fig, 2

and Tuble 4)- Al cultures degraded : phummhnm -
"without the appiéarance ol’ an) metabolucs in: culturvc ]

hroths, .

The protein. LOI“CI'II pmlcms of cullurc brolh'i con.
fimued the ability” of strains o wilise phenanthrcue as

the sole. ¢ source. The profiles of proteinteonienis vs.
phmanthrc.m "disappearddice - of  Sullures ( AT _fnd
Crapr wére the same-as wr {diita. oot shown). -

CroaT protein-content Seems to confirm that 1he con-
qumpuon rate by tlm cullun: w:m I}mucd by dns‘pl_unon
a8 pmlun content (1,33 pnmi “1d ') in 1hc e:.pom.ntn!
i0-21 d) growth phasé was lower than thal measured

for Cur (7.78 pgml ™ d™") in the exponential (0-5. d).

growth phase. The different béhavionr of - Oy com-
pared 10 Cypan, eiviched from the same soil afler the
biotreatment, could be referred 10 a diiferent species
composition of the cultuses (Fig. 1). The lormer con-
tained probubly hacterin with different PAH -degrading
strategics or with different cell surface propertics. A bac-
terial adhesion 1o .solid. phenanthrene and subsequien:
soluhilisation at the level of the cell wall could BN
hypothesiscd. Similar mechunisms huve: been suggested
tor degradation of sofid hydrophobic chcmln.lh (pak
riitic acid) by Pwudammms strains ( Thosmus and Alex-
ander. 1987},

Cullure’ Crpr- oblumcd l'rnm thc. ltalian ‘q,mullum];

soil 1-BT, was for the first' 8 days muahohcallv less uo-
tive 1han culiure Cp.ay oblained. from. lhc Bclamn con-
laminated soil B-BT. A faster dt.gmdanun occurred,

however, n 1he lasi mcubaiion . pmm! (k2. m[m, for-

Cian hlghm than k] valug for Cq. Ty Tdhlc M. A dil-
ferent . phcnumlmnc-dcgradum culture was  selected

from the lalian bioteented soil 1-AT wnd its. dearada-

liop -ate ‘was slower than that of [-BT (I‘u_. 2 amd
Tabl: 4).

3.4. Biodiversity of enrichiment cullures

The DGGE profiles of the mired cullures analvsed
afier six 21-d-incubation transplanis on phenanthrene,
when cuhtares were supposed 10 he stable and used alen

* fordegradation kinetic experiments, are shown in Fig, 1,

DGGE profiles of enrichment cultures were less complex
than sail profites, due to the selective pressure repre-
sented by the presenee of fresh phenanthrene.

-All the enllures showed. DGGE profiles thai indi-

.w.tcd & differenl bacterial -specied composition, as evi-

deneed by the predénce of peculiar bands in each
Cultiire (F.'Ig,.. 1), Sorensen similarity values calcubated
from DGGE profiles revealed that there were signilicant
differénces o species composition of culiures from each
mutive and treated soil (5 = 0L33 for Gy v Cpr and
0.25 for Crpr V&, Crar). Some bands were in comimon

améng enrichment ciliures, indicating the presence of

<mulnr badterial species. such as band g™ in Cyur
Chyar and Cp_gy. Ofher bands were visihte in the enrich-

. ménreulivre DNA prnflce and in the corresponding soit

samples (band “u™ m Cypr and Cyay, in B-BT and

CBAT, and band o7 i Chir and Crar in 1-BT and

I-AT). Al these bands belong 16 spasies that could be
relevant in sity phcnamhnm degraders and that have

-been enriched dunug the trams‘pl.mi pmdurc Four

h.md:( 47, e, ™ and ) were incommon among
DNA profiles oF C‘,. we #nd Cy_a v, thus confirming their
prcscm:c il the native and treated Belgisn soils (Fra: 1

The: differences encotntercd in the DGGE profiles
coutd reflect the differsm ‘degradative kinetics of the [our
cuitures. The presenee of different species could assire a

) pmhable existence.of different méchanisms for efficient

dsmmu]almnlupmkc of gotuble.or solid phenanthrenc,
Colonies with ditferemt morphologics were isolated
rom the l.mm degrading culture Cppr after growah
on 01X tryptic soy broth agir plates . Representative
strains of Cypgy, identificd oh the basis of 1200 nucko.
tides - sequence -homologics : with- emirics in GenBank-
EMBL datalwses, belongto: dohramobacter xvlose xidens
(100%G). Merhylobircecrivn sp. (99%:), Alealigensy sp.
(995%,  Rhizebiim gofegae (999, R avtheronorins
CEO0SY Agquennicrabivm deflaciuon (100%0) and Siefintro-
phomapas acidaminiphitl- (100%). When these stinins
were cheekid for the capability of growing on 100 mg)™!
Lry\lu”'ln&‘ phenanthrene a8 sole ¢ souree, the growing
struins had different rowth behaviour. While R, aethar-
ovarany produced # diffuse turbidity of calture hroths
(data not showm, Me :hvfn!mrrrrmm Sp. grew in conitact
with the phenanthrene eryswnls, as revealed: by micro-
scopic examinalion. This implies that (he low solubiiity

of phcnunlhn:ne was . Ilmnmg the growth, and the lew

cells frecly present in' the oulture-broth were proh 1hly
thosé sloughed off from the crystal surfaces.

The presence of straing within the culture C iy dhare
ing Lhe time course of phenanthrene degradation was
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Iullnw«d h\- I)G(:F analvsm Dunnz lhc dcumdauon
©PROCCSE, N0 change way eviderced in the bacterial com-
ponénts of Cayy ( Fid. k1] hul snmc. h'md\ mcrcuscd llml
relative iniénsity.
Cp.pr bands were cor rula{cd to the-isolatéd. straw
bands {Fig.: 3J on -the basis of their clectrophoretic
" mobility, Theorctically, Bands wt the -samc position’in

- 1he ekectrophoresis pajtern gontain DNA. Trugetems with -
*h'" had the same-clectrophos .
sarans, band ©P % the same:of ©

‘identical sequences. Bond;

R yoicgae and Aguamicroblum defluviim, band ' the.

sime of- Methvlobacicring: sp., band ¥n® the-same of -
Alvafigenesap, and of one of the vio bands of 4. Xylos- 7

oxiduns and. band “p" the same of the bther hand of A,
xylosoxidans. Bands corresponding 1o & aethvrarorany
and A Nvlosoxidons mereased (heir relative Jimiensity .
during phcnanlhn:nc dcgmdatmn wagcﬂ\m: that these

* sirains fepresent active meibers of 1Ke culiure and are
likely inv olved directly or mdnrccily in the unhmlmn
of pheaanthrene as C dnd energy sources.

~_The overlapping of amplified FCR produm carnot
mnﬁnu that sequences of these isolates are identieal to
the sequehoes ol'cnrrc\pondmﬂ DG(JE L_nnchmum ‘el
_ture bunds,

hg. 3 D(‘GF aualuh:s l‘:vl' \’1 fragmmtw “abtained  Trom

uncharacterized bacterial Lulmre (,‘ ar mnd bacieeinl isolics
drom the cullure., Latics Tl #)7lo) TPy show the profiles
nbiained iram (;,.m afer aud R day growth in'presence
af phcn'mlhncnc lane \’\\ﬂ contains the u.pamnnn putteriy
of a misture of lragmcms o saven isolates. Le. Aleatigens:sp,
Qlane 11 Rhizohiton gnhgrmﬂan:"! Meshviohacrevhim ip, (lahe
3 S‘mmrro,uhmmmt acldeminiphila (lavng &), Agremicrohium

- defhaviuiy hane " 8Y;. A frrmrmb(rc ted m'um\'ufﬂm [Iime “6) apd -

1+

- R aethroraras (e Nos v g0 L

DGGE,
“amheng igpliics, and their sequence types were identified
~us: Peewdontonas and - Arthrobacier, _ respectively. The
-ampl:ﬁcanon of these “hands may be due 1o biases in
:-wlemuc PER amplilication (Hener: and Smalla, 1907),
‘The handls corresponding to . putido and Rulstoni

Band wmcpnnduw to S, m‘r.lrmmuplula has never

U bech reifieved in éulture Gy DPGGE profiles: This
condd be due cither to i1s Inw cell number in the cullure
o1 1o the DNA applied extraction method, Conversely,

species corresponding 10 bands “a” and 7g” W the
profiles of cullure Cpape were not -recovered

sp. have. apprmmmlely the same relative intensuy dur-
ing incubation lime, suggeiting that these species do
not increase doring phenanthrene degradation,

4, Conclusions
* The relults, here presented, all indicate thar foils

highiy conarminated by hydrocarbous displayed iffer-
ent microbioingical propertics. In particular the higher!

~the lnwr.r the pollwant content, the-smalierfthe greiter
_afe fhe activities of some enyymes related 10 nutriem

cycling nnd the viable pacierial cell numbers. The differ-
cnl ‘microbialogical. propertics of the _soils probably

“refidel the difierent bacterial diversity as assessed by

DGGE profiles of the 168 tDNA genes.
Phenanthrene-degrading  mixed " cultures were en-

" riched froy a1l sails excepl the old keavily contaminatéd
“Gcrmnn s0il. When tested in Jiguid baich systems using

sofid’ phenanthrene as € tnd cnergy source, cultures
showed, different. kinctic heliviours, prohably . because
of a different species composition., as evidenced by
‘DGGR 168 rDNA profilés, Theé picsence af different
-species could indicaie n probable existence of different.
mechanisms (v efficient assimilationfupiake of soluble

- ar solid. phenanthsene, as. abserved lor Cppr culture

_that ¢ontained more than one phenamhrene-degrading
‘pactérium. The simultancous presence in the culture of

 Rliadfogoccus and Meilpfobaeierion sirains ntight be ex-

‘plained with {hé capahility to use phenanthrene under
different conditions such s dissnlved, solid associated,
.and perhaps surfuctani-associafed, according to-different
substrate-degrading strategics. Cngr culture also con-
tained bacieria that do not tse phenanthrene, suggesting
1h‘u the pha.nanthrcnc—dcgndcm themseives may be
associated with hacteria vsing metabolites of phenanth-
rene. The prosenee of some DGGE bunds with the some
electrophoretic mphility and the prosence of degrading
‘straing betonging 10 the same species in all the enrich-
ments are indicative of their degradative rele in the cul-
tures. The isolation of baclertu from B-BT soil, that are
‘able 1o grow-on phenanthrene, is consistem with the oh-

. served decrense of PAH and phenambrene conems of

goil-nfier ‘the bivitcatmedt and suggests hat acrobic
phenanthrene biodegradation was ocewrred. The finding
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thai o number of bacteria identitied in culiare Ciay de-
grade phenanthrene supports 1his assamption, The o
laion of R uetherororuns and. Meihviohacterinr sp,
can be consistent with the hvpothesis that different phen.
anthrene-degraders intiabjting soils and enrichment cu)-
twres” muly he adipied 1o difierent -phenanthrene
bioavaitubilitics. The use of these species in microcosm
hioaugmentation trials. could help.in. evahesting their

in sin catabolic behaviour to degrade’ phenanthrene in.

highly poftred soils.
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Polyamine distribution profiles in newly validated

genera and species within the Flavobacterium-

Flex:bacter-Cytophaga-Sphmgobactenum complex

Koo Hamana"" and Yasuyoshi Nakagawa2

'School of Health Sciences, Faculty of Medicine, Gunma University, Masbashl,

Gunma. 371-8614, Japan. and :Nnstitute for Farmentaﬂon, Osaka 532-8686, Jepan
i*Rapnnt addrass) , ' '

Key wordS' polyaminsg, spermiding, homosparmldma. F!svobactenum, Fiaxibacter,
Cyrophaga Sphmgobacrermm :

Abstract

Cellular polyaminas of 58 strains balongmg to the Flavobactar:um-F!ex:bacrer-
Cytophaga- Sphingobacterium tomplax were analysed by HPLC. Homospermidine
was found ‘ih all 'speciss of Flavobacterium, Chryseobactertum, Empedobacter,
Myrolds-s Cellulophaga, Sa!egennbacrer Psychmsarpens and Gelidibacter of the

famlly . Flavobacteriaceae, ~ Flavobacterfum. ferrugineum locatad outslde -of this

family.aléo contained: homospermldlne .Cytophaga farmentans and C. xylanolytica
belonging to tha. famlly ‘Bagteroidaceag contained spermidine. Cytophaga
marinofiava. ‘and " 'C. ‘latercula: belonging to- Flavobacteriaceas contalned
hamospermidine. - The: :Cytophaga :hutchinsonil/C. aurantiaca group contained
hemospermidine which was the major polyamine in Flexibacter maritimus/
F. ovolyticus of the family Flavobacteriaceas. - The Flexibactar sanctiff. fillformis/
Cytophags arvensicola group, F. e!egans, F ruber, F. canadansis, F. flaxilis and
F. tractuosus, ‘were located separately in different -six clusters, and contalned
homospermidine..: The Flexrbacrsr litoralis/F. polymorphus/f. ‘aggragans group
contained sparmrdme, which was detected in Flaxibactar roseoius belonging to a
divergent claster.  Sphingobacterlum and Pedobsctar species of the femily
Sphingobacteriaceae contsined homospermidine.. Polyamine profiles sarve, as a
phenotypic chemotaxonomic marker, for the classification of this complex.

Introduction

The Cytophaga-ﬂavobacter—bactcrmdes (CFB) phylum tentatively
comprise . five . subgroups, Baczemzdes (family Bacteroidaceae),
Flavobacter = (Flavobacteriaceae),  Cyfophaga,  Sphingobacter
(Sphmgobactenaceae), and Sapraspzra (Saprospwaceac) The latter
four subgroups are included in the FIavobacter:um-Flextbacte:n-
Gyrophaga-Sphmgobacrermm complex (Paster ez al., 1994; Weller ¢t al.,

2000).  In this complex, seveh new genera Chryseobactermm,
Perszcabacter, Empedobaczer, F Iammeomrga, Myrozdes, Pedobacter and
Cellulophaga have been created (Bowman, 2000; Johansen et al., 1999;
Nakagawa’ and Yamasato, 1996; Nakagawa e al, 1997; Steyn er al,

1G908; Vancanneyt et al, 1996; Vandamme e al, 1994). Ncw
Marinilabilia species were formerly classified as Cyiophaga species,
belong to. the Bacteroides subgroup (Nakagawa and Yamasato, 1996).
Cytophaga species are  widespread. in the Bactercides, Cytophaga and

Flavobacier subgroups. Flexibacter species are extensively distributed

among the Flavobacter, Cytophaga and Saprospira subgroups.

106 . Mirroblos 108 §2 105-116 2001 Puhlishad and @ 2007 by Tha Faculty Press
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Cellular polyamines of the . members of these.new eight genera and
“the -original four genera - Flavobacterium,: Flexibacter, Cytophaga and
Sphingobacterium have beery analysed (Hamana and -Matsuzaki, 1990,

1991; Hamana et al., 1995). On the other hand, we have reported the
polyamine patterns of ‘apother eighteen genera Bergeyella, C:a_pn_o-
‘  cywophaga, Chitinophaga,: Cyclobacterium, Flectobacillus, Flexithrix,
+ " Haliscomenobacter, Lewinella; Microscilla, Ornithobacterium;, FPolaribacter,
' Psychroflexus, Riemerella, Runella, Saprospira, Spitosoma, Sporocytophaga
and: Waeksella, validated:as ‘members of this complex (Hamana and
Na]{agawfé; 2001)." _D__if‘s_tffributiqn‘" of the diamines, putrescine,
‘cadaverine and ngmatine, and .the trigmines,, spermidine and
homospermidine, serve for chemotaxonomy as phenotypic markers
within this complex (Hamana and Matsuzaki, 1990, 1991; Hamana et
al., 1995; Hamana and Nakagawa, 2001; Nakagawa ‘and Yamasato,

1996; Nakagawa et al., 1997).

“The isolation 'of new species; reclassification’ among. the eight new
genera and the original four genera, have been continued (Bernardet ez
al., 1996; Fujita et al., 1996; Haack and Breznak, 1993; McCammon
and Bowman, 2000; McCammon et al., 1998;:Mudarris et al., 1994;
Shivaji et al., 1992; Vancanneyt et al; 1996). Therefore, polyamine
profiles of 58 strains (34 species) belonging to the twelve genera and
the recently published three genera, Salegentibaczer {(McCammon and
 Bowrnan, 2000), Psychrosérpens (Bowman et al; 1997) and: Gelidibacter
(Bowman ¢t al., 1997): of this complex, were analysed anew for
chemotaxonomic evaluation of their polyamine profiles.” :
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Materials and methods
Tl;g:_,:organisms were cultured aerobically or anaerobically at their
' optimum growth temperatures (10-30°C), in. nutrient broth (NB;
‘Nissuj Pharmaceutical Co., Tokyo, Japan), brain heart infusion broth
(BHIB; Nissui: Pharmaceutical Co.), trypticasé oy brdth (TSB; BBL,
Becton ' Dickinson, Cockeysville, U.S.A.), synithetic 199 medium
(polyamine-free; Nissui Pharmaceutical Co.), 199 medium- dissolved
in 70% sea water (199SW0) and marine broth (MB) (Difco Laboratory,
Detroit, U:S.A.).. The media designated’ IFO, JCM, NCIMB and’
ATCC were found in the catalogues for culture strains. Culture media
are shown in Table 1. g
- Stationary phase cells were harvested by centrifugation. The pellets
of ‘the cells were homogenized in equal volumes of cold 1.0 M
perchloric acid {(PCA). Polyamines extracted into 0.5-M PCA were
analysed by high performance liquid-chromatography (HPLC) on .an
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L6000 high-speed.: liquid chromatograph (Hitachi Co,, Tokyo, Japan),
using- catmn—exchange resin (Hamana er al, 1995). Acid hydrolysis
of cells with 6 M HCI, at- 110°C, for 24 h, was peiformed to detect
polyamines covalently linkedin cells. “The PCA extract was hydrolysed
wn.h 1 M NaOH At ]0"C for 20 b, 10 dcstroy guanidinoamines..

Results and dlscusslon

~ Cellular, ccnncentratlons “of -the. po}yammes deteczed in the newly
o analysed 58 Strams_ (34‘Specres) with ithe previously validated twelve -
. genera’ and thiee new genera (fota
* in comparison with. the other species- previously reportcd Spermine
. was incorporated from the media containing spermine, except for
polyamine-free 199, 199SW and K101 inedia. Distribution of major
polyamines obtained in our previous.(Hamana and Nakagawa, 2001)

‘15 genéra) are shown in Table 1,

and present studlcs are: ahown on a° phyiogencnc wee of the CFB

. phylum (Flgure 1),

Bacteroides subgroup (family Bactemidaceae}

Two Cytophaga species . C,- fermentam and C. xylanolynca, were
phylogenetxcally ]ocated m the Baczerozdes subgroup (Paster et al.,.

as t.he major polyamme (Hamana et aI. 1995) “In; this work, C. xylanalynca

‘contamed sperm:dme as. the ‘major: palyammc (Table 1). Other

Cywphagcz species belonging. to otfier: subgroups ubiquitously con-
tained: homospermldme as: the. major. polyammc {F1gure 1). Indeed, the

“occurrence of spermidine ‘in’ Mamndabzlza species has been used for the

reclassification of Cytophaga agaroverans.and C. salmonizolor into the new

- genus Marinilabilia of ﬂns subgroup (N akagawa and Yamasato, 1996).
- Genus Flextbacter. . . O
" .F,exzbacter aumnnacus Wh]Ch was transfcrred mto the genus Fiavo—

mammus/F ow{yncus group bclongmg to: the family Flavobactcnaccae,
contained- homospermidine. Flexibacter aggregans and: E tractuosus
spccu:s wcze hete:mgencous in their polyammc proﬂlcs (Teble 1). The
type strain of F tractuosus contained homospcrm1dme The type strain

o of P aggregans ‘and the R~ !uoralm/F palymarphus group comamcd

roseoius contamcd cadavcrlne and spermldmc as a umquc polyamme

. profile; but rlus . Flexibacter species was located in’ the most divergent.
cluster within-this- complex:’ Other Flexibacter species, F canadensis,.

F elegans, E filiformis, E sancn, F ruber and K flexilis, were disaibuted

: from the three families (subgroups) Racteroidaceae, Flavobacteriaceae

107 ' “Polvamines in Fiavobactérium, Flexibactek Cytophaga and Sphingobacterium
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L——-——'——‘ Prevotella group -
Bacteroides fragilis -

: L— Porphyromanas / Bacteroides grovp Spd
- Cyt,ophaga xylanelytica- Spd

- Marinilabilia group Spd

Cytophaga Ffermentans Spd

—— Rikenelle mcrof usus KSpd

CeIIuJophaga group HSpd
L Cytophage; marinoflava HSpd
: Gelidibacter ‘algens
1l:f’sychmserpens burtonensis. HSpd
B 2 Cytophaga latercula HSpd.

F]ex:bacterf?anumus/ Hsggoiyucus HSpd
S Psychrof lekus group

[ Salegentibacter salegens H3pd

Polaribacter group HSpd

- L-“—-"*—*—' Plavobacterium group HSpd

- Nyroides group HSpd
Chryssgbacterium group HSpd
Enpedobacter brevig HSpd -
" Weeksella virosa HSpd -
" L—Ornithobactéfium- rhinotracheals HSpd
] Riemerella anatipestifer
Bergeyella zoohselicum HSpd
- Flexibacter aggregans Subsp: . catalaticus HSpd:

— 'j: Sphmgobactenum/ Pedobacter mup HSpd

n-,

Flexlbact.er canadensis: .
Flenbacter glegans HSpd
lunophaga pinensis HSpd
| C~ Flexibactar filiformis HSpd
D Plexibacter sanoti HSpd
o L ——Cytophaga arvensicola HSpd
L La—Fia}'tjnbacterwmsggrrugmaum HSpd ‘
winglla grou ‘
E———— pgosplm grandis Agm ‘
ol Hahscomenobacter hydrossis Spd =
: 'E—Flembacter htorahs/ \ pofymorphus Spd
; Flamaeovirga aprica  Cad
~ Flex jbacter aggregens -Spd
- Persicobacter diffluens Spd
“Plexibacter tractuosvs: HSpd o
—‘Hicroscilla’ furvescens' . HSpd ™ °
" Gytopbaga hutchinsonii / €. aursntiaca HSpd
— Sporocytophaga myxococcoides  HSpd
Flemt.hnx dorothaae Spd
‘Microscilla arenaria’ -
Flexibacter rubsr  HSpd
Spirasoma Jinguale Spd
- Runeila s]nhyf'ormls Spd
Cyc!obacterzum marsmum HSpd
FJexxbacter flexilis HSpd
~ Flectobacillus major: Spd
Microscilla marma Spd

: ‘.Fiexxbacter roseclus 8pd -

Capnocytophaga group HSpd

¢5

.k

-

© W

rm - .«
e Aiatad T W - 2 A e e b Ty s

0w e Bt e i

el i

3 i R LR A Tl B

4-r S Fugura 1 Polyamine typas on the phvloganatic lree for CFB phylum The tree Is based
£5 upon 165 rRNA sequenhde comparlaons hy-Sly et al. (19888), Bowman (2000}, McCaemmon
: and Bowman (2000} and Waller et al, {2000] which were roughly combined, -, Celtular
polyamines wera not detected, For abbreviations of polyamines see Table 1.
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and-Sphingobacteriaceae, and contained homospermidine. The phylo-

- genetic position of F: japonensis containing homospermidine is not

clear,

Genus Flavqbaczerium and Flavobacter subgroup (family Flavobameriaceae)
The newly analys_cd Flavobacterium species, F allerginae (Bernardet ez
al, 1996) and FE hibernum (McCammon et al, 1998) and the

-reclassified species from the ‘genera . Cytophaga and Flexibacter,

contained homospermidine as the major polyamine (Table 1).
Cytophaga marinoflava, C. latercula, Flexibacier maritimus and E ovolytica
belonging to this subgroup also contained homospermidine (Tzble 1 and
Figure 1). Two Myroides species transferred from Flavebacterium and
the new Gelidibacter, Psychroserpens and Salegentibaczer species, analysed

_in the present report, and the new genus Cellulophaga comprising some

species which were transferred-from Cytophaga (Johansen ez al., 1999;

~ Bowman, 2000), contained homespermidine (Table 1).

Homospermidine was ‘the major polyamine in Chryseobacterium
species including C. indoliheticum and C. scophthabmum (Mudarris et

cal., 1994), Empedobacter species (Table 1) and another seven genera,

Capnocytophaga, Polaribacter, Psychroflexus, Weeksella, Ornithobacterium,
Riemerella and Bergeyella of this subgroup, as reported previously
(Hamana and Nakagaws, 2001; Figure 1). F resinovorum which was
reported by Delaporte and Daste (1956) but phylogenetically has not
been validated, contained spermidine, suggesting that this organism
does not belong in this subgroup. Thus, homospermidine was the
major polyamine in the flavobacteria belonging to the 17 genera
(except for Cytophaga and Flexibacter)' located in the Flavobacter
subgroup, at the present dme (Figure 1).

E ferrugineum phylogenetically located in a different -cluster diver-
gent from this subgroup, also contained homospermidine (Figure 1).

* ‘Within- nonvalidated flavobacteria listed .in ATCC and/or NCIMB

catalogues, ‘Flavobacterium buchnei® and “F sulfureum’ contained homo-
spermidine, whereas “E marinéinrosum’ and ‘K tirrenicum’ contained

" spermidine (Table 1),

Sphifﬂgqbacter subgraup (fumily Sph!ngobg;tgriacelne)

The genera Sphingobacterium and Pedobacter consists of a cluster, and

comprise the Sphingobacteriaceae (Figure 1) according to Steyn et al.
(1998). A species of Sphingobacterium, S. antarcticus (Shivaji et al.,
1992), analysed in the present work, as well as another five Sphingo-

" bacterium species and two [Pedebacter species, contained homo-

spermidine as the masjor polyamine (Table 1). Flexibacter canadensis
which is phylogenetically close to this subgroup also contained
homospermidine (Figure 1).

. ARG Paluaminas in Elavnbantarlinm. Flaxibactar.. Cvtoohaas and Sohinoobacterium
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_Table 1 Cellular concentrations-of ‘polyamines. in Flavobacterium-
-’Flex!bacter-Cytophaga Sphmgobactenum comp!ex

14

: .Qrganisr;\» )

Staln

~ tumbser

Polyemines (umol/g wet walghi):
Cad Spd HSpd Spm Agm

 Medium Put

Caltulophags iytica

lC.‘ylophnga !yﬂcal :

- uliginosa
leophaga uhgmosa)

Chryssobs"mn um baius!mum
- {Flavobetterium hal’usrmum} :

gleum

- (F. plaum)

- Indologenes
{F.indologenes) -

" indoitheticum '

I F indoitheticum)

- meningdsepticum :

- LE meningosepticumy) -

.. scophthatmum: - -

LR scophthaimum)}

C'yrop'fféga' aNens&:b{h o

" aurantisca’
feernentans
hutchinsonh

o lalerculn
" marinoflava

xylanoiytica

.E‘mpadobaﬁer brevis
{Fta vabacteriurm bre ve]

F!ammaavlrga aprica
(Cyrpppgga apﬂga[

Fiavobacterium squetile
elferginea R

" {Cytophaga ar!arg:naa) :
aurantistus = :
{Fiexibacter auranrl‘acusl

ATCC 231787 (e}

. pisiantisous subap. excathedrus- ATCC. 23085
. {F aursniiscus subgp excathedrus)

© brachiophilum. -
Abrachiophiis)
“‘buchnal’
L golmnere

- |AM 15139:1* {c)

199 -
‘DSM 2039° S MB 008
- :DSM 2040° MB ' - 0.03
ATCC 23167 " IFO 333 - 0.85
;. ATCE 23174 | 188SW. 005
L L MB -
ATCC 23176 1895W° 0.8
o Me -
1AM 143127 (o) 188BW -
‘JCM12‘JBT ey 199, . -
JeMm 24167 ) 189 -
: "A‘tcc 208977 {b)- 189 0.01
lNCiMB 220" NB. -
- -:‘IFO 126367 - ia) 198 1 001
.ncmmawa"‘}', TSR, -
1AM 126507 (et 188 0.02
1AM 12663 © IAM-BES -
1AM 143007 (e) 11895W .01
1AM 143027 fc)  198SW  0.08.
IAM 126077 18 198 - 001
UNCGIMB 10782 IFO 2768 -
ATCC 231777 180SW 020
-IFO 141707 199 0 0,01
- INCIMB39?T.  1998W -
© ATCC 614297 _ATCC1937 -
| JCMe812T (4 188 0.02
ATCC 321287 (o) 188 1 ¢ < o
1AM 123167 () 199 -
- ATCC 364087 0 NB D .~
“Arccza-m?’ b 188 . . -
IFOZ72 -
IFO 150307 (o) CB -
NCIMB 1786 NB o =

198 .0.02

1.20
2.30

- 2.40

2.10
2.15

0.70

2,55
0.50

110,

1.08°

2.40

580
1.29 .

152

1.60

2.50° -

1.24

1.3

0.85

"1.66:
0.62

- Q.80

5.00

0.07
0.04

0.06

0.10

06.18

Q.16

0.06

0.16

0.36

0.02

0.03

0.01°

.02

0.0
0.04
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T -.Straln - Pdlyamines {umol/g wet weight):

Organism number Moduum Put Cad Spd HSpd Spm Agm
(Cytophaga columnaris)

- {Flexibacter co!umnaﬂ‘a! .
ferrugineum IFO 149827 ley 198 - 001 - - g@2 -  _
flavensa IFO 149607 ) 199 . 001 -~ - g¢g - -
[Cytaphisge flovansis) IAM 123787 - te) 98910 001 - - 130 - -
hibéirium ATCC 514687 °©  ATCC1813 - - - 120 - -
hydatis : 1AM 123657 . (g) 19° . 007 - - 368 -
{Cytophaga equsiilis) :

. Johnsonas FAM- 143047 IAM-B5G: ~ - 080 - -
(Cyfophaga ;ahnsonael JCM 7449 NB - - - 092 - -

JCM 7450 NB - - - 088 - -

JCM 7451 NE - - - o - -

_ JCM:86147 NB - - - .0.6§ - -
‘merinovirosum’ - NCIMB 563 BHIB - - 070 - 0.03 0.02
pectinovarum IAM 133077 ic} 199" 040 - - 210 - -
{Cyviophsge pectivors)
psychirophilum: 1AM 143087 e} 1988W 006 -~ - 290 . .
{Cytophega psychrophils NCIMB 1847 o
{Flexfbac!orpsychmphﬂus ATCC 48418) .
soccharophilum 1AM 143087 {c} 1BOSW - -~ . 0B0 - -
(Cytophaga saccharaphﬂal ’ :
resinovarum NCIMB 87877 NB -~ 086 - - -

" suceinicang IFQ iagos’ &) 199 -~ 001 - - 250 - -
‘sulfuraum’ JCM 7462 " {e) 198. 0.01 -~ - 168 - -
‘tlrrenicum’ NCIMB 1766 BHIB - 002 105 - 0.10 0.04

ATCC 15997 (b} 199 002 - o074 - - 0.08
xanthum . IAM 120267 (b} 189 042 -~ 0.6 170 - 075
(Cytophaga xantha) o

Flexibactor aggregens - NCIMB 1380 MB .- - 110 - - 0.6

o ' NCIMB 1391 188 - - = 142 - 047
MB - - - 140 ~ 019
NCIMB 1432 1989 - - - 130 - 038
MB - = ~ 133 =~ 010
NCIMB 14437 wmB. 7 - - 128 - - -
NCIME 1484 M8 - - - - 080
- MB - - 1713 - 0.06 0.40
‘aggregans subsp, cammricus - NCIMB 1418 799 - - ~  1.00 - -
(Mlcmscula aggregans:subep. catalatica ATCC 23190) MB - - - 148 - -

. &urantiacus subsp; copepodarum )

NCIMB 1354 IFO333 - 145 - - - -
canadensls ATCC 2085017 (o} 189 .. 001 - . - 103 -~ -
elegans. IFO 160887 icl 199 . 001 - -~ 080 - -
filiformis ATCC29486" (g} 188 .. - - - 089 - -
fibxilis ATCC 230787 (s} K101 - 001 - - 194 - -

ATCC 23089 . #FO272. -~ -, - 148 - -

: : : ATCC 23096 - FO272 - - = - 1486 - -
“flaxilis subap. pelliculosus’ ATCC 23088 IFO 272 - - - ~ 15O - -
Jsponensis o JCMm 97387 199 - = - 180 - -
fitoraifs ATCC 231177 FO333 - = 185 - - 045
maritimus NCIMB 2154" MB - =~ 003 080 - 027
(Flavobacterium marltimusl 1AM 143177 fc} -189 001 038 - 040 - -

R ‘ NCIMB 2158 MB - - 002 0.70 - 0.81
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¥
=1 . Table 1 Continued
¥ ] ]
*} R < Stidin : ‘ Polyaminas {pmaol/g wet weight):
, Otganism °~ o number : Medium -Put Cad Spd HSpd Spm Agm
i
it .
: “? {Cytopkiaga marinsl : ‘NCIMB 2183 (g} 1095W - 040 - - 05D - -
=1 ovolyticus - IAM 143187 .. MB - - - oS0 - 008
i :polymorphus ~ . - - ., ATCC278207.. ATCC764. -~ - 103 - 005 -~
3 {polymorpha) .
H raseohis ATCC 23088 IFO341 . - 145 275 - - -
2 ot ‘ ATCC 23087 - IFO332 - c- 430 076 - - =
‘rubsr a - © NCIMB 1433’ - NCIMB'218 001 .- - - 148 - -
o L R ATCC23103T o) KO - - - - 036 - -
i sancti ‘ATCC23002% dc) 198 . - .- - 060 - -
ATCC 23080 IFO 272 - - - 132 - -
f% : ATCC 23057 -  IFO272 - = .- = 200 - . =
i fraciuosus - - NCIMB 1393 e, . - - - - 1.80° -~ 0.0
53 A Mucrosciﬁa rracrunsa‘} : . MB .~ = - = .80 - D04
%4 _NCIMB 1416 199 . . .- 002 - 172 - 002
bex . MB - - - 146 - 007
b5 NCIMB1428 .. MB.. . - - = 135 - 0.3
134 ATCC 231687 © IFQ333. - - - 235 - 065
ATCC 23945 = MB - - pg2 - 002 -~
4 ATCC 23161 . - MB = . = 075 001 -
joe ATCC 23162 1BESW - - 056 002 -~
fh- : - MB e w047 005 001 =
,Ach 23191 MB. - - 070 - - =
54 TR T o
-é_ " Gedld/bacter algens . ) ATCC 700364’ . MB - - - 074 - .02
% Marinilabilie sgarovorsns  iFO 149677 | 188 . 00V - 070 - - -
{(Cytophaga agarovorens) NCIVB 22177 I} 1895W ~ 0.01. - 050 - - -
sl salmonicolor . NCIMB 22167 , (o} 189SW 005 - 126 - - -
i " {Cytopfiaga : salmanfcofod T T e ’ ‘ ’
-5 Myroldes odoratus 1AM 14199 NB - - - 058 - -
- (Ftavobactarium odorstum) JCM 74587 N8 - - - 017 -~ -
e : T "JCMT7489. © . NB . - - = 1 - -
g adamnmrmus - YT LJCM. 74607 ¢ NB - - - 123 - -
41 (F!avabacterfum odararuml ‘ o
e Pedobacter. hepermum 1AM 128557: e} 198 . - 007 ~ 004 256 - -
be = o lSphmgnbacten‘um habbn‘hﬂrh) S : ) :
B © ipisclum . :. IFO14884_ | Ma) 188.i. - -~ .~ - 100 - -
by - ISphingobacrerium pfscwmi IFO 14985 c ey ieg. - =0 - 250 - -
thid- | - : ‘
; ‘$ Persfcobacter d:fﬂuens e NCIMB 1402‘ ,1cl 1995W 020 -~ 230 -~ -, -
- (. ICytophaga diffluens) - NCIMB 1430 - - ‘MB - 2 - - =
. Psychroserpens burtonensls - | - ATCC 7003597 - -'MB - - = -:..0, 02 = 060 = 088
1 _ Salegentibactas salegens.. NCIMB 134617 mMB - e - . 06.80 - 007
i;; {Flavobactetium salegerish. . Do " o '
g{; T Sphingobaclerium faccium T :ij 162907 _:' {e) 188 - - . - 288 - -
L muitivorum’. : : iFO 13310 {c} 198 - - -  2.80 - -
E, : ‘ - IFQ 14087, . ey 88 - - - = 326 - =
s AFO 148477 ¢ (e} WE® - - - - - 256 - -
it - 1AM1493 . (&) 199.. - - . - . 223 - -
s 4 RO 14986 . te) 18D L Tie. 4 - - 185 - =
Sl A IFO 14987 (€ 199 . .. 5 - - 324 - -
Pha spirltivorum - . JFO14848" gy 199 . . - - - 27 - -
Tl L T C IFO 14576 (¢} 199 ~ = - 1.4 - -
- 0 = L .
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Table 1 Continued
Straln ‘ ~ Polysmines tumol/g wet weight):

Organism - : rumber Medium. Pyt Csd Spd HSpd Spm Apm
thatpophitum . MFOM4seIT gy ase . - - 13 - -

mirutae” B . GIFU 12087 (b 199 001 -~ - 380 - 002

(Flavobacterium mizutally - o ‘

antarclicum, co0 T ATCCE1969T 0 NB 0 - - - 128 - -

[antarcticus) ‘

- Put, putrescine; Cad, cadaverine;-Spd, spermidine; HSpd, homosparmildine: Spm, spermine;

Agm, agmatine; T; Type straln; Med, culture medium: -, not detgcted {<0.005); IFO, Institute of
Fermentation, Osaka, Japan; 1AM, IAM Cuilture ‘Collsction, Institute of Molacular and Cellular
Biosciences, The University of Tokyo, Japan: JCM, Japan Callection of Micro-organisms, RIKEN
(Institute of Chémicel and Physical Resaarch), Ssiltama, Japan; GIFU, Glfu University, Schoal of
Medicine, Gifu, Japan; ATCC, Ametican Type Culture Collectian, Manessas, Virginia, U.S.A,;
NCIMB, The Notional Collectione of Industrial, Fadd and Marine Baclerla, Abardean, Scotland,
U.K.; DSM, Deutsche Sammiung von Mikroorganismen. und Zallkulturen, Braunshwslg,
Germany. Former names are shown in parefitiieses, QUdtatian marks indlcate that the sciantific
name has not been validated. a, Cited from Hamana and-Matsuzeki (1890); b, Hemane and
Matsuzaki'(1891); &, Hamana ot al. {(1886), ‘

Gcenaus ‘Cytojbhdga and Cytophaga ‘sub.gi'olu_p‘ ' _

Two Cyophaga clades, one of C. aryensicola and another of C. hutchinsonii/

C. aurantiaca, weré. phylogenetically' located 'in the two divergent

clusters (Figure 1)., Howéver, the type species of the genus Cytophaga
is. C. huichinsonii, und so the definition’ of the ‘Cytophaga subgroup is

conflicting. These two Cytaphaga groups, as well as C. marinoflava and |
C. latercula belonging to the Flavobacter subgroup, contained homo-

spermidine as the major polyamine. =~~~

Saprospira subgroup (family Saprospiracese) - . : -

A - phylogenetic cluster ‘represented” by Saprospira, the - Sdprospira

subgroup, was heterogeneous in their polyamine profiles.: - Saprospira

grandis contained agmatine, Lewinella spermidine, Chitinophaga homo-

spermidine, Haliscomenobacter spermidine, Persicobacter spermidine,

- Flammeovirga cadaverine, as previously described (Hamana et al,

1995; Hamana- and Nakagawa, 2001). - Flexibacter elegans, R filiformis
and F sancti belonging to a phylogenetic cluster of the subgroup
contained homospermidine as the major polyamine, whereas
Flexibacter Htoralis, F. polymorphus and F aggregans belonging to another
phylogenetic cluster of this subgroup contained spermidine as the
major polyamine.

113 Polvamines.in Flavobacterium. Flexibscter, Cvtoohaos and Sohineobacterium
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: . Dlsn'ibunon of spermidine, homospermidine, cadaverine and agmaﬁn:

E Putrescine is. produced by ornithine decarboxylase from L-ornithine,
Eic .and spermldme is synthesized from putrescine by aminopropyl-
= wansferase. Homospermidine :is synthesizéd from  putrescine by
‘%‘i aminobutyl wansfer mediated’ by Schiff-base compiex formation with
E,g,% ry-ammobutylaldchyde Wu!'fin the: Fla'unbacrenum—Flexrbacner»-Cywphaga-
E-,i Sphingobacterium . complcx, except for Flammeowrga aprica, Saprospira
Ei grandis and ‘M:crosczﬂa arenaria’s contsm one of the two triamines,
5 .spermidine and homospermldme Dlsmbutlon of the two triamines
%i roughly correlated with their phylogcncuc positions,  as shown m
e Figuré 1. Homospermldmc was. distributed ubiquitously - i

i Flavobaciér and Spkmgobacter subgroups, but sporad:ca]ly in or.her
5 outside subgroups.’ Distribution: of spermidine was limited in the
é‘% -outside subgroups. The:occurrenge of: spermidineg.or homospermidine

~ as -the  major- polyamlnc in..many Flavabac!erzum, Flexibacter and.
_Cytophaga species phyiogenencally w1dcspread within- this complcx,

Fo Lugle 5g ey B

h ‘and some Cyiophaga spécies bélonging to the Bacteroidacede, serve as
% a chemotaxonomic marker for the reclassification of the species.

gg-}; Cadavcrme s produccd by lysine. decarboxy]ase from. L-lysine.
5 Cadavérine was found as the ma|or polyamine in Flammeovirga aprica
£f) (Nakagawa er af., 1997) and an organism classified as Flexibacter
N Caurantiacus NCIMB 1394/ This diamine was' detected as.a minor
:%‘ polyamine in Microscilla marma, Flexibacier manitimus and Flexibacter
3.

roseolus, contammg spermidine or homospermidine, but the cellular
coneentrations of the diamine in them was altered by culture conditions.

- Agmatine .was -the major polyamine of Saprospira grandis which
lacked trigmines, Within the others containing- sperm1dme or homo-
spcrmldme, agmannc which s produced by arginine decarboxylase
from L-arginine, was detected in some. strains of Cellulophaga lytica,
Flavobacterium xanzhum, ‘Flexibacter aggregans,- Flexibacter Litolis,
Flexibacter naritimus, Flexibacter tractuosus- and Psychroserpens
burtwnensis.. The distribution of agmaline. i§ not .a -good chemo-
taxonomic characteristic because 1ts celluiar concenu-anon cen be
: a]tercd by cu]mre condmons. RS S :
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" Cutting 8 gordian knot: emonded classificati
-Flavobscterium, emended description of the fam]

'BOWMAN J. P 2000. Description of Cé
:surfaces of Antarctic”algae, and reclassification of Cytophaga ullginosa (ZoBall and
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