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Abstract

Screening of aerobic culturable hydrocarbon (HC)-degrading microorganisms isolated from petroleum-polluted soils and cyanobacterial
mats from Indonesia resulted in the collection of 33 distinct species. Eight bacteria, 21 fungi and 4 yeasts were identified to the specific
level by molecular and phenotypic techniques. Bacterial strains belonged to the Geméoaia, Brevibacterium, Aeromicrobium, Dietzia,
Burkholderia and Mycobacterium Four species are new and not yet described. Fungi belongéggergillus, Penicillium, Fusarium,
Amorphoteca, Neosartorya, Paecilomyces, Talaromyaes Graphium Yeasts wereCandida, Yarrowiaand Pichia. All strains were
cultivated axenically in synthetic liquid media with crude oil as sole carbon and energy source. After incubation, the detailed chemical
composition of the residual oil was studied by gravimetric and gas-chromatographic techniques. Thirteen parameters for assessing the
biodegradation potential were defined and computed for eacin.siaximum degradation was observed on the saturated HCand
isoalkanes, isoprenoids), whereas aromatic HC degradation was lower and was related to the structural composition of the molecules.
A principal components analysis (PCA) permittgrouping and classifying therafns as a function of their deadative capacities. It was
shown that the most active strains produced polar metabolites whicimatated in the resins and asphaltene fractions. These fractions
are highly resistant to microbial metabolism. No taxonomic trend could be defined between microbial phyla in terms of HC biodegradation
activity.
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1. Introduction bic HC degraders have beewlated from HC-contaminated
ecosystems, even in extreme habitats. In environmental stud-
The extensive use of petroleum products leads to the con-ies, the identification of active strains is not always ascer-
tamination of almost all compartments of the environment. tained to a sufficient degree, and misidentifications or in-
Biodegradation of hydrocarbons by natural populations of complete identifications are sometimes reported. Molecular
microorganisms is the main process acting in the depurationtechniques for the identification of hydrocarbon-degrading
of hydrocarbon-polluted environments. The mechanism hasbacteria have been only rarely used in environmental stud-
been extensively studied and reviewed [3,16,27]. ies [8,24]. Furthermore, the biodegradation activity is not al-
Numerous microorganisms, including bacteria, fungi and ways confirmed by chemical analyses of the degraded HC.
yeaStS are known for their ab|l|ty to degrade hydrocarbons The purposes Of th|s Work were to (|) C0||ect a number
(HC). Anaerobic microorganisms have been isolated from ¢ 5erobic culturable HC-degrading microorganisms from
petroleum reservoirs [17,23] whereas predominantly aero- hetroleum polluted terrestrial sites in Indonesia, (ii) identify

the isolates to species level using molecular techniques for
* Corresponding author. b_f';ct_eria a_nd yeasts qnd morphc_)logical_ c_haracters for fur_19i,
E-mail addressoudot@mnhn.fr (J. Oudot). (i) investigate the biodegradation activity of each strain
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by detailed chemical analyses of petroleum residues afterwere supplemented with 20 g agar for plate utilisation.
cultivation on petroleum-basededia, and (iv) describe the  The organic source of carbon and energy was trypticase soy
population of HC degrading strains by principal components and malt for total culturable bacteria and fungi, respectively,
analysis (PCA) using 13 biodegradation parameters. and crude oil for hydrocarbon-adapted microorganisms. The

BAL 150 crude oil was composed after steam sterilisation

of 38% saturated HC, 38% aromatic HC, 11% resins and
2. Materialsand methods 13% asphaltenes. The complete and oil-based media were

used with a view to obtaining a specific diversity as high

The zone under study was located in S.E. Kalimantan as possible [7]. After inoculation, the plates were kept at

(Borneo island, Indonesia) in a petroleum activity site. 28+ 1°C for 8 days for total populations and 30 days for
Samples were taken from soitontaminated for several hydrocarbon-adapted populations. At the end of the incuba-
years by Indonesian crude oil, and from cyanobacterial tion, individual colonies were picked out and streaked on
mats present in freshwater oil-polluted ponds. Soil and solid media M1 (bacteria) or M3 (fungi and yeasts) for con-
water samples were frozen and transported by air to theservation, selection and further identification.

laboratories. A first screening of strains was done after Gram staining
and microscopic examination for bacteria and macro- and
2.1. Isolation of strains microscopic examination for fungi to eliminate apparently

similar strains. This resulted in the collection of 94 BHT,

The objective of the study was to isolate as many cul- 49 BAH, 39 CT, 41 CAH and 5 LAH. All strains were sub-
turable strains as possible in order to determine their HC mitted to a preliminary testof utilisation d hydrocarbons.
biodegradation potential in standardised culture conditions. Each isolate was cultured in 20 ml liquid M2 (bacteria) or
In this way, we did not analyse the total diversity of the M4 (fungi and yeasts) medium in 20200 mm test tubes, to
microbial community by molecular techniques applied to which 0.1 ml of BAL 150 was added. The tubes were incu-
extracted genetic material [1]. Strains were isolated ac- bated without shaking for 30 days at 281 °C. The strains
cording to already published methods [20]. Serial dilu- that caused visible turbidity or development of mycelium
tions of soil or mats were made in 10 ml sterile dis- were scored as potentially able to use HC as a carbon and
tilled water, 0.1 ml of each dilution then being spread on energy source. At the end of the preliminary test, the number
Petri dishes that contained different culture media accord- of presumably active strains was 27 BHT, 29 BAH, 36 CT,
ing to the microbial phylum. Bacterial strains were iso- 38 CAH and 5 LAH. A second morphological screening for
lated on two media, a medium M1 for the isolation of to- the elimination of identical isolates reduced this number to
tal culturable heterotrophic bacteria (isolates referenced as12 BHT, 19 BAH, 12 CT, 14 CAH and 4 LAH, which corre-
BHT) and a medium M2 for the isolation of hydrocarbon- sponded to 31 bacterial strains, 26 fungal strains and 4 yeast
adapted bacteria (BAH). M1 as composed of trypticase- strains. All isolates were identified and submitted to quanti-
soy (Bio-Mérieux, Marcy I'Etoile) 30 git!. M2 composition tative HC biodegradation cultures.
was: KHPOy, 0.68 g I'1; NapHPQy, 1.79 gil; MgSOy,
0.35 gl NOsNH4, 1 gi1; CaCh, 0.2 gil; FeSQ, 2.2. ldentification of strains
0.4 mgt?! and 0.1 ml of a solution containing 100 mg|

of HzBO4, MNSQy, ZNSQ;, CuSQ, and CoCla. A refer- Bacteria were cultured in trypticase-soy agar afG0
ence Arabian light crude oil topped at 180 (BAL 150) Gram-positive bacteria wetlgsed according to [12]. DNA
was added at a concentration of 1-4.| After steam steril- was extracted and purified with the Wizard Genomic DNA

isation, the lightest compounds of the oil up to nC15 were Purification Kit (Promega, Madison, WI). The almost com-
lost by volatilisation. This implies that only microorganisms plete 16S rDNA sequences of strains were compared to all
growing on C15+ compounds could be isolated, while the bacterial sequences available from the GenBank database by
few microorganisms that grew exclusively on light HC could using the BLAST program (National Center for Biotechnol-
not be collected with this method. ogy Information). All 16S rDNA sequences were aligned

Similarly, fungi were isolated on two different media: with CLUSTAL V, and neighbour-joining trees [25] were
M3 for total fungi (CT) and M4 for hydrocarbon-adapted constructed (not shown).

fungi (CAH). M3 was composed of malt 20 gl and chlo- Fungi were identified accordinto general principles
ramphenicol 100 mgt. M4 contained KCI, 250 mgit; of fungal classification, using selective media and macro-
NaHPOy, 1 gt MgSQy, 0.5 gt NOsNH4, 1 g2, and microscopic examination of morphological characters

chloramphenicol, 100 mgt, and BAL 150, 1 gt1. Some [19]. CETEP (Orgeres, France) achieved the molecular
hydrocarbon-adapted yeasts grew on the M3 and M4 me-identification of yeasts [14] by sequencing the 25S rRNA
dia and were also selectively isolated on Sabouraud mediumgene, D1-D2 region (280-326 bp) and comparison with
composed of yeast extract (Sigma, Steinheim), 101gl  sequence alignments from a database (GenBank, NCBI)
pectic-peptone (Merck, Briare le Canal), 107¢; glucose, containing over 1500 yeast sequences. Phylogenetic trees
20 gIL. Yeasts were referenced as LAH. The four media were constructed (not shown).
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Table 1 detector FID both set at 33C; carrier gas was helium under
Parameters measured on BAL 150 cultures for the estimation of petroleum 110 kPa; the column was a CP Sil 5 CB (Varian) capillary
biodegradation column (50x 0.32 mm, film thickness 0.25 pm); tempera-

Parameter number  Description ture programming was 80-32@, 3°C min~1. Acquisition
P1 Total biodegraded oil (GR) and further numerical treatment of data were performed us-
P2 Total GC biodegraded oil (GC: total area of ing custom-made computer programs. In the aromatic frac-
the chromatogram) tion, identification of molecular types was achieved through
P3 Total saturated hydrocarbons (GR)
pa Sum of GC-resolved saturated HC (GC) gas?chromatqgraphy/massespometry analyses. For each
P5 n-Alkanes, sum (GC) strain, 5 gravimetric and 8 chromatographic parameters of
P6 Isoalkanes, sum (GC) biodegradation activity were quantified relative to sterile
P7 Pristanet phytane (GC) ' controls (Table 1). The 13 parameters of biodegradation ac-
P8 Satlyrated ””resr?"’edlrlfp'ex mixture UCM (GC):tjvity were compared amongst the 33 active microorganisms
P9 CTy(;; :;%Zﬁ: Eyﬁ?oiaf:;r:;enss (GR) by principal components analysis PCA using the Matlab
P10 Sum of GC-resolved aromatic hydrocarbons (G¢) ~ (Mathworks) software.
P11 Aromatic unresolved complex mixture UCM (GC):
polycyclic aromatics
P12 Resin fraction (G_R) 3. Resultsand discussion
P13 Asphaltene fraction (GR)

GR: gravimetric data, GC: gas-chromatographic data. 3.1. Identification of HC-degrading strains

2.3. Determination of biodegradation activity The identification of HC-degrading strains is given in Ta-
ble 2 which lists a single isolate per taxon and also indi-

The determination of the biodegradation potential was cates the origin of the isolate (polluted soil or cyanobacterial
made according to already published methods [18]. Each ac-mat). A total of 12 bacterial isolates were shown to de-

tive strain was grown in duplicate without shaking in 250 ml
Erlenmeyer flasks containing 150 ml of M2 (bacteria) or
M4 (fungi and yeasts) medium and 200 pl (179 mg) of

grade HC. Four isolates were precisely identified to named
species Gordonia terrae, Aeromicrobium erythreum, Gor-
donia hydrophobicandBurkholderia thailandens)s5 iso-

BAL 150 crude oil. The activity of a mixed culture CM
including the five most active bacteria (BAH 18, BAH 23,
BAH 6, BAH 2, BAH 11) was also monitored. The mean Brevibacteriunmspecies close t8. epidermidis, B. iodinum
difference between the biodegtation rate of the two repli-  andB. linens isolate BAH23 corresponds to a new species
cates was less than 2%. Sterile controls were used to quanef Mycobacteriumand isolate BAH 6b may correspond to a
tify the abiotic losses due especially to evaporation. The new genus close tActinomycesndThermoleophilum
volatilisation of the lightcompounds up to nC15 during A total of 19 isolates did not significantly assimilate
steam sterilisation and incubation led to an abiotic loss of the hydrocarbons of the BAL 150 petroleum; they be-
34% of the initial oil. All results of biodegradation were ob- longed to the generBacillus (B. megaterium, B. firmus,
tained in reference to sterile controls. At the end of an in- B. cereus, B. sphaericus, B. subtilis, B. pumilusgBup
cubation time of 30 days at 2&, the residual petroleum aquaemaris), Brachybacteriusp., Brevibacterium(group
was recovered by dichloromethane extraction. After solvent B. epidermidi¥, Microbacterium sp., Cellulosimicrobium
evaporation, the total biodegradation rate was determinedcellulans, Paenibacillus glycanolyticuk.was already ob-
as %B= 100(WI — WC)/WI), in which WI is the mass  served that bacterial strains that were scored as positive after
of the residue in the sterile control and WC is the mass of the preliminary visual test did not confirm significant HC
the fraction in the culture. The total residual oil was frac- biodegradation potential in definitive cultures [20]. This can
tionated into main molecular classes. After precipitation of be explained either because they were false-positives grow-
asphaltenes in hexane and filtration on GF/A Whatman fil- ing at the expense of organic carbon traces resulting from
ters, the maltenes were separated into saturates, aromaticthe transfer of M1 medium used for conservation of the
and resins by successive elutiwith, respectively, hexane, strains at the time of inocui@n, or because they immedi-
hexane-dichloromethane /3, v/v) and methanol on an ac- ately lost their HC degradation capacities. This is particu-
tivated silica gel (60—100 mesh) column. The solvents were larly clear for Bacillus members that are sometimes cited
evaporated, and the biodegradation rate (%B) of each frac-as hydrocarbon degraders. Under our strictly controlled ex-
tion was determined as above. perimental conditions where HC degradation is chemically
A detailed analysis of the saturated and aromatic fractions monitored, this activity is not confirmed, and theBacil-
was made by computerized capillary gas chromatographylus species that were tested did not assimilate HC, although
GC [20] after addition of an internal standard (n-eicosene). some strains were isolated on medium M2 and were positive
The Hewlett Packard HP 4890 chromatograph was equippedafter the preliminary test. In facBacillus spp. are consid-
with a split injector (split ratio 301) and a flame ionisation  ered as secondary degraders, i.e., they assimilate the metabo-

lates were precisely identified to an unnardeetziaspecies
(referred to as E9-2); isolate BHT 14 corresponds to a new
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Table 2
Identification of HC-degradun strains of microorganisms
Strain number Identification and GenBank accession number % identity Origin
Bacteria
BHT 14 Brevibacteriumsp. (new species) S
BAH 2 Gordonia terraeX 81922 99.4 M
BAH 5 Aeromicrobium erythreurAF 005021 98.4 M
BAH 6b New taxon, close téctinomyces/Thermoleophilum M
BAH 11 Dietziasp. group E9-2 S,M
BAH 13 Gordonia hydrophobic& 87340 96.9 S
BAH 18 Burkholderia thailandensit) 91838 98.4 S
BAH 23 Mycobacteriumsp. (new species) S
Yeasts
LAH 1 Yarrowia lipolyticaAF 335977 99 S
LAH 2 Candida viswanathiCVU 45752 99.7 S
LAH 3 Candida palmioleophilaCPU 45758 98 S
LAH 5 Pichia guilliermondiiAF 25727@Candida 99.6 S
fukuyamaensi€FU 62311/C. xestobiilCXU 45707
Fungi
CT1 Aspergillus fumigatu§resenius S
CT2 Fusarium oxysporurbesmaziéres S,M
CT4 Penicillium oxalicumCurrie & Thom S
CT8 Penicillium simplicissimunfOudemans) Thom S
CT9 Penicillium verruculosuniPeyronel S
CT11 Aspergillus clavatu®esmazieres S
CT 16 Penicillium montanenskl. Christensen & Backus S
CT 19 Penicillium pinophilumHedgcock S
CT 99 Aspergillus sydowi{Bainier & Sartory) Thom & Church S
CAH 2 Amorphoteca resinaBarbery S
CAH 3 Neosartorya fischeriWehmer) Malloch & Cain S
CAH 4 Penicillium janthinellumBiourge S
CAH 5 Aspergillus nigefVan Tieghem S
CAH 7 Paecilomyces variotiBainier S
CAH 9 Talaromyces flavuglocker) Stolk & Samson S
CAH 11 Graphium putredinigCorda) Hughes S
CAH 13 Cunninghamella echinulatél haxter) Thaxter S
CAH 22 Penicillium restrictumGilman & Abbott S
CAH 33 Aspergillus terreu§hom S
CAH 44 Eupenicillium ochrosalmoneufcott & Stolk S
CAH 55 Fusarium decemcellularBrick S

Origin: S, polluted soil, M, cyanobacterial mat.

lites produced by true primary HC degraders [10]. In other B. cepaciaalready known to be HC degraders [5]. Strains
taxa like Brevibacteriumspp., some isolates were HC de- of Mycobacteriunare known to be HC degraders [4,9], like
graders when close strains were not. In the bacterial activeBAH 23. Four strains (BHT 14, BAH 6b, BAH 11, BAH 23)
strains (Table 2)BrevibacteriumBHT 14 was isolated on  are new and not yet described species. Then a number of
the complete medium M1, vile all other BAH were iso- species identified in this work are newly cited as HC de-
lated on synthetic M2 medium. Six HC-degrading strains graders, but similar bacterial groups may have been identi-
originated from the soil and 4 from the cyanobacterial mats. fied previously under different names due to evolving bacter-
Seven species of the 8 idendifi were Actinomycetales. Two  ial nomenclature and classifition concepts. In this way, the
were Gordonia (G. terrae BAH 2 and G. hydrophobica  frequently previously cited geneRhodococcus, Arthrobac-
BAH 13). G. terraewas formerly identified alRhodococ- ter, CorynebacteriurandPseudomonasmay have been sim-
cus terrad11]. G. hydrophobicas phylogenetically close to ilar or very close to the strains presently identified. Due to
G. alkanivoranswhich is known to be an HC degrader [13]. molecular techniques, the identifications reported here are
Aeromicrobium erythreurBAH 5 was previously identified ~ much more precise than in most previous works.
asArthrobacter[11]. Dietziasp. group E9-2 (BAH 11) was Concerning fungi, all 26 isolates showed HC degradation
the most frequently isolated species (5 isolates); it is re- activity. However, 5 were replicates. Thus the identification
lated toRhodococcuand members of the genus are HC de- of 21 isolates is reported in Table 2. All the genera identi-
graders [28]. The pseudomonBdrkholderia thailandensis  fied have already been cited as HC degraders. As currently
BAH 18 is close to specidB. pseudomallei, B. multivorans, observed, members of the genétapergillusand Penicil-
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lium are largely dominant [19]. Some species of these gen-
era @. oxalicum, P. montanensas well asCunninghamella
echinulata, Eupenicillium ochrosalmoneum, Fusarium de-
cemcellulareand Neosartorya fischerare newly cited HC-
degrading fungi. The active fungal strains were isolated al-
most equally from the complete (CT) and synthetic (CAH)
media. Only one strainH oxysporurh was isolated from
cyanobacterial mats (and from the soil as well), while all
others originated from the soil.

Of the 5 yeast isolates, 2 weWarrowia lipolytica With
the exception ofCandida viswanathiithe species listed
(Y. lipolytica, C. palmioleophilaand P. guilliermondi) are
known to be HC degraders [2,26]. Except fer guiller-
mondii which cannot be separated froth fukuyamaensis
andC. xestobiiby 25S rRNA sequencing, all yeast species
were unambiguously identified by molecular methods.

The screening of HC-degrading microorganisms in oil-
polluted Indonesian sites permitted selecting 33 active spe-
cies. The specific diversity of bacteria is relatively low
(8 species) although over 300 isolates were initially col-
lected. On the other hand, the specific diversity of fungi is
high, with 21 distinct species.

3.2. Biodegradation potential
The results of the biodegradation potential of the bacterial

strains are reported in Fig. 1 which also includes results of
the mixed culture. Data for fungi are given in Fig. 2 and in
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Fig. 1. Biodegradation potential ofabteria. The bars of the histograms
represent percent biodegradation as compared to sterile controls. See

Table 1 for the 13 parameters and Table 2 for identification of strains. CM Fig. 2. Biodegradation potential of fungi. See Table 1 for parameters and
Table 2 for identification of strains.
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Fig. 3 for yeasts. The bars of the histograms represent thetions [18]. The persistence of biomarkers of the hopane se-
biodegradation rate %B for each of the 13 biodegradation ries (Fig. 4) is verified as in laboratory and field observa-
parameters listed in Table 1. The %B were calculated with tions [21,22].
reference to sterile controls. The values of the minimum,  The aromatic fraction of the BAL 150 crude oil (P9)
maximum and mean values %B for the 13 biodegradation is less degraded than the saturated fraction (0-17%). Such
parameters are given in Table 3. Fig. 4 reports the gasvalues for total aromatic biodegradation are on the low side
chromatograms of the saturated and aromatic fractions ofof what was already observed for this parameter. This can be
the sterile controls; the chmmatographic races obtained, explained in part by the fact that the chemical composition
respectively, for moderately ae¢ and highly active strains  of the reference crude oil BAL 150 used in this study may be
on the two fractions are also illustrated in the figure. All slightly different from previously used reference oils. Also,
compounds below nC15 were lost by volatilisation during the Indonesian crude oils that contaminate the site under
steam sterilisation of the culture flasks. study have a low content in aromatic HC (15-25%) and do
The biodegradation rate (gravimetric) for total oil (para- notcontain the whole spectrum of molecules that are present
meter P1) is relatively low, ranging from 4.9 to 22%. The in Arabian light crude oils which are composed of over 40%
data for total GC biodegradation (P2) are almost twice as aromatic HC. The pressure selection for aromatics in the
high, from 9 to 41%. The difference from P1 values comes field could be lower than with Arabian oils, which could
from the fact that the two methods do not quantify the same explain the relatively low aromatic metabolism observed.
petroleum compounds. GC data do not include the heaviestThe GC-resolved aromatic peaks (P10) are degraded to a
compounds of the oil nor the resins (P12) and asphaltenesmean of 20%, and the aromatic UCM which contains most of
(P13) that cannot be resolved by GC and are very resistantthe polycyclic aromatic HC to a mean of 10%. Considering
to biodegradation. The saturated fraction (P3 and P4) is thethe molecular types of aromatic HC (Fig. 4), it is observed
most strongly degraded, with thealkanes (P5) and isoalka-  that light compounds (alkyl naphtalenes and fluorenes) are
nes (P6) being extensively degraded (up to 100%). The iso-more degraded than heavy ones (alkyl chrysenes) and that
prenoids pristane and phytane (P7) are slightly attacked bythe biodegradability of the molecular classes decreases when
some strains, while they are completely metabolised by oth- the number of methyl substitutions increases. This confirms
ers. The polycyclic alkanes contained in the unresolved com-already known data [6,18].
plex mixture (UCM) of the chromatograms of the saturated ~ The %B values for resins (P12) and asphaltenes (P13)
fraction (P8) are much less degraded (mean 18%) than theare often negative, as can be seen in Figs. 1, 2 and 3.

aliphatic compounds. This confirms a number of observa- This is explained by the fact that polar metabolites result-
ing from the biooxidation of alkanes and aromatics are ex-

0QTTTTET I T (T T YT (T Ty tracted and pooled with the polar fractions (i.e., resins and
LAH 3 ) ) ) . .
] asphaltenes) of the residual oil during the fractionation pro-
sl ] tocol [20]. These polar metabolites are predominantly ali-
cyclic and aliphatic organic acids and ketones [15], some of
II I II I II I I I- which can hamper subsequent biodegradation due to their
o == e T toxicity that represses microbial metabolism. In fact, resins
and asphaltenes which are composed of highly condensed
V| I | ISR | . and polymerised macromolecules are known to be extremely

T 1aH S resistant or refractory to microbial metabolism [18]. How-
‘ ever, some bacteria (BAH 5), fungi (CAH 7, CAH 55) and
lII | -Il I

50p

yeasts (LAH 3, LAH 5) demonstrated a slight biodegrada-
tion activity (10—15%) on these fractions, as previously ob-
served [19].

The biodegradation rates reported here do not reflect the
highest values that can be obtained. Biodegradation rates
have been shown to be higher in continuous cultures in
Fig. 3. Biodegradation potential of yeasts. See Table 1 for parameters andWhich toxic metabolites do not accumulate [18]. However,

Y]

Table 2 for identification of strains. such techniques cannot be conveniently used when handling
Table 3

Minimum, maximum and mean values (%) for the 13 biodegradation parameters listed in Table 1

Parameter P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13
Minimum 5 9 10 58 81 31 5 0 0 0 0 —104 —65
Maximum 22 41 55 93 100 88 100 55 17 52 42 16 24
Mean 11 20 28 80 96 65 59 16 6 20 8 -11 -11

See Figs. 1-3 for details.
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Fig. 4. Gas chromatograms of BAL 150 résal oil. Left: saturated fraction; right: aromatic fraction (vertical scal@.5 as compared to saturates). Top:
sterile control; mid: moderately active strains; bottom: highly activairsér |.S internal standard (n-1 egame), UCM unresolved complex mixe. Saturated
fraction: Ci number of carbon atoms in thealkane chain, intermediate peaks are isoalkanes, *f@pemmarkers. Aromatic fraction: NPH naphtalenes, FLU
fluorenes, DBT dibenzothiophenes, Righenanthrenes, CHR chrysenes. C1-C4 number of methyl substitutions.

a high number of cultures. In any case, the protocol of this values). Resins (P12), GC-resolved aromatic peaks (P10),
study allows accurate intercomparison between strains culti-and asphaltenes (P13) are predominant along PC2. The most
vated under the same standaedi£xperimental conditions.  globally active strains BAH 2, BAH 23, BAH 6b and mixed
culture CM are included in one cluster in which an increase
3.3. Principal components analysis (PCA) in the resin fraction is observed. The mixed culture is as
active (but not more) as the most active individual strains.
The results of PCA are reported in Fig. 5 which illustrates The second group CT 9, CAH 4 and BHT 14 is dominated
the distribution of the 34 cultures in the PC1-PC2 plane. by the asphaltene augmentation. It can be noted from PCA
Fig. 6 shows the correlation of the 13 biodegradation pa- thatthe most efficient strains produce the highest amounts of
rameters with the two first PCA axes. The variation along metabolites. The chemical structure of the metabolites was
the two first axes represents 56.6% of the total variation. not studied here; it is likely that their distribution between
The predominant variables along PC1 are GC-resolved iso-resins and asphaltene fractions is governed by the relative
alkanes (P6), total saturat&C-resolved peaks (P4), gravi-  polarity of the metabolites produced. The group showing the
metric total saturate (P3), isoprenoids pristanghytane  lowest biodegradation activity (CAH 22, CAH 5, BAH 5,
(P7) and total gravimetric residual oil (P1). In this way, the CAH 11, CT 11) is located on the negative values of PC1.
strains are classified along PC1 from lowest biodegradationThe excentric position of BAH 18 is explained by its total
activity (negative values ) to the highest activity (positive inactivity on aromatic HC. Amongst the three most active
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3l ' ' ' ' ' | ready known as HC degraders, although under a different
. cTe BHTia nomenclature. Using a highlyethiled chemical analysis of
of “en ) the biodegradation potential and treatment of data by prin-
«CT4  caHss cipal components analysis, it was possible to characterise
1t Las Carss  BAMIS . the microorganisms as a function of their degradative ca-
. LAz 2 catins pacities. Biodegradation followed a general similar scheme,
o BAH5 * G127 Can7® CAHA4 . .
O of o o® CAH3, = ,*CAHO 1 with the same compounds being totally degradable and oth-
I i PO ers resistant or refractory to microbial metabolism, indepen-
-t . * «CM 1 dently of the taxonomic position of the strain. No clear tax-
CAH11 o BAHE . . ..
o ©BAH23 onomic trend related to HC degradation was visible between
2F . BAHZ ] the phyla, thus confirming that the biodegradation of petro-
—_—— leum compounds is more closely related to their intrinsic
-3r * ] biodegradability than to the peculiar enzymatic capacities
6 _; D) 0 > 1 5 of the microorganisms involved. The fact that a high num-
PC1 ber and diversity of HC-degrading microorganisms were iso-

. .y . . . . lated from the tropical site under study confirms that micro-
Fig. 5. Principal components analysiHC-degrading strains versus bio- ial b . . . . | in th
degradation parameters. Data projection on the first two principal axes. Seeb'a b|0(jegradat|on IS a Wldespr(_aad pFOCE§S involved in the
Table 2 for identification of strains. CM mixed culture. depuration of petroleum-contaminated environments.
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