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Abstract

Two methods were developed for evaluating natural attenuation and bioremediation of mineral oil after environmental spills and during in
vitro experiments. Gas chromatography—mass spectrometry (GC-MS) in selected ion monitoring (SIM) mode was used to obtain compound-
specific data. The chromatographic data were then preprocessed either by calculating the first derivative, retention time alignment and
normalization or by peak identification, quantification and calculation of diagnostic ratios within homologue series of polycyclic aromatic
compounds (PACs). Finally, principal component analysis (PCA) was applied to the preprocessed chromatograms or diagnostic ratios to
study the fate of the oil. The methods were applied to data from an in vitro biodegradation experiment with a North Sea crude oil exposed
to three mixtures of bacterial strains: R (alkane degraders and surfactant producers), U (PAC degraders) and M (mixture of R- and U-strains)
over a 1-year-period with five sampling times. Assessment of variation in degradability within isomer groups of methylflunzhés)(
methylphenanthrenesn(z 192) and methyldibenzothiophenew/¢ 198) was used to evaluate the effects of microbial degradation on the
composition of the oil. The two evaluation methods gave comparable results. In the objective pattern matching approach, principal component
1 (PC1) described the general changes in the isomer abundances, whereas M samples were separated from U and R samples along PC
Furthermore, in the diagnostic ratio approach, a third component (PC3) could be extracted; although minor, it separated R samples from U
and M samples. These results demonstrated that the two methods were able to differentiate between the effects due to the different bacterial
activities, and that bacterial strain mixtures affected the PAC isomer patterns in different ways in accordance with their different metabolic
capabilities.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction microbial degradation lead to transformation of the original

compounds.
Crude oil and refined petroleum products released intothe  Numerous authors have investigated microbial degrada-

environment are subject to a number of weathering processegion of mixtures of petroleum hydrocarbons, in sji+5]

that change the oil composition, including physical (e.g. and under laboratory conditiof-9]. Evaluation of the role

evaporation, emulsification, natural dispersion, dissolution of biodegradation in environmental oil samples is, however,

and sorption), chemical (photodegradation) and biological often difficult due to the inherent complexity of the chemical

(mainly microbial degradation) procesdé$. The physical hydrocarbon mixtures, and due to the variety of weather-

processes result in redistribution of oil components in com- ing processes affecting oil compositifitD]. Consequently,

partments of the environment, while photodegradation and most bioremediation studies have been limited to few ‘model’
compounds, and to a selection of bacterial strains capable

* Corresponding author. Tel.; +45 35282456; fax: +45 35282398. of utilizing petroleum hydroc?-rbons_ for_ growfh,11-14]
E-mail addressjch@kvl.dk (J.H. Christensen). Although, hundreds of such investigations have been per-
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formed since the 1980s, the development of evaluation tech-as a decrease in the ratios (3MP +2MP)/(4 + 9MP + 1MP),
niques has been limited. Gas chromatography-flame ion- (2 + 3MD)/1MD and) MF/1MF [5,9].
ization detection (GC-FID) and Gas chromatography—mass Changes in isomer patterns within alkylated PAC series
spectrometry (GC-MS) are the standard methods for the anal-and in the corresponding diagnostic ratios are highly specific
ysis of petroleum hydrocarboffig,9,15] for biodegradation, as no such changes occur during phys-
Bulk properties such as total petroleum hydrocarbon ical weathering9]. In contrast, a few studies have shown
(TPH) concentration, measured by GC-FID, and gravimet- that chemical weathering can lead to changes in the isomer
ric analysis of the aliphatic, aromatic and polar fractions of patterns, although the sequences of alteration are different
weathered oil samples have been used frequently to evalufrom those observed during biodegradatjdg]. Jacquot et
ate the effects of oil weatheririg,16,17] GC-MS analysis  al. observed increasing photodegradability of methylphenan-
can, on the other hand, resolve a broad range of petroleumthrenes for the sequence 2MP < 1MP <BM4 + 9MP[32]
hydrocarbons including individual PACs within homologue wherexMP denotes the positionof the methyl substituent
series. Thus, evaluation of compound-specific data providedin the phenanthrene skeleton. These differences may be used
by GC-MS can lead to more comprehensive assessments ofo distinguish between chemical and biological weathering
weathering and biodegradation. The distribution of alkylated effects.
PAC homologues of naphthalene, dibenzothiophene, phenan- Methods for evaluating the effects of weathering, and
threne, fluorene and chrysene are commonly employed inspecifically biodegradation, on the composition of spilled
this respecf9,18,19] In general, increased molecular com- oil have mainly been limited to subjective pattern match-
plexity leads to a decrease in the susceptibility to microbial ing and univariate plots. Multivariate statistical methods such
attack. Specifically, the rate of PAC degradation in the envi- as principal component analysis (PCA) provide useful tools
ronment decreases with increasing compound size (humbeifor more extensive and objective chemical characterization
of rings) and degree of alkylatiof®,20,21] Thus, the rate  based on chromatographic data. Multivariate methods have
of degradation of alkylated PACs i5g€ C1 > Cp > C3> Cy, been used regularly for data analysis in organic geochem-
where G denotes the total number of side chain car-  istry [33,34] but they have only recently been adopted for
bon atoms. Similar effects occur for physical weathering oil spill identification [35-39] and for studying the fate of
such as evaporation and dissolution, since the physicochempetroleum hydrocarbons in the environmg2?,40] The
ical properties of PACs (i.e. boiling point and solubility) advantages of multivariate over univariate methods are man-
also depend on number of rings and degree of alkylation ifold. In particular, they allow for simultaneous analysis

[9]. of a large number of correlated variables, and thus facili-
Normalization to a conservative internal marker tate a more comprehensive evaluation of the effects of bio-

compound such as &21B-hopane[22-25] 17«,21B- degradation.

norhopand17] or vanadium[26] has been used frequently Here, we present two novel methods for evaluating in

in weathering studies to correct for heterogeneity encoun- situ and in vitro biodegradation of mineral oil. The aim has
tered in field samples and to calculate the percent loss of oilbeen to reduce time and cost, to increase the amount of
orindividual analytef21]. Percentlosses based on preserved data considered and to increase the objectivity. The meth-
internal markers describe the combined effects of physical, ods are based on chemometric data analysis of aligned and
chemical and biological weathering processes. Only during normalized regions of GC-MS chromatograms and a selec-
controlled laboratory experiments can the isolated effects of tion of diagnostic ratios of PAC isomers within homologue
microbial degradation be described by subtracting the loss inseries. These methods were applied to data from an in
sterile controls. Conversely, in samples collected in the field vitro biodegradation experiment where a North Sea crude
after oil spills, the low molecular weight hydrocarbons such oil was exposed to three mixed bacterial inocula over a 1-
as heptadecanenCi;), octadecanenCsig), pristane (Pr), year-period with five sampling times. Chromatographic data
phytane (Ph) and 2-3 ring PACs are often heavily affected from tiered GC-MS analysis of methylfluorene/¢ 180),
by physical weathering processes. methylphenanthrener{z 192) and methyldibenzothiophene
Several authors have observed that microbial degradation(n/z198) groups were used for evaluating effects of microbial
is isomer specifi¢s,7,9,15,27,28]Changes imCy7/Pr and degradation.
nCyg/Ph have long been used as indicators for biodegradation
[4,29]. Likewise, preferential degradation of specific isomers
within homologue PAC series have been described since the2. Methods
1980s[7,28,30] Recently, Wang et al[5,9,31] observed
differential susceptibility to degradation within series of alky- The methodology employed consists of four steps: sam-
lated PAC homologues of 1©Cs-naphthalenes, methylflu-  ple preparation and GC-MS analysis, chromatographic pre-
orenes (MF), methylphenanthrenes (MP) and methyldiben- processing, multivariate statistical data analysis by PCA or
zothiophenes (MD) by subjective pattern matching and weighted-least-squares PCA (WLS-PCA) and data evalu-
univariate comparison of diagnostic ratios. In particular, ation. Fig. 1 presents a flowchart of this general metho-
Wang et al. observed isomer specific microbial degradation dology.
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Fig. 1. Flowchart of the general method based on multivariate statistical data analysis for evaluating biodegradation of mineral oil.

The techniques used in the method are automated and?.1. In vitro biodegradation experiment
objective extensions of standard evaluation techniques often
used in the literature, based on previously published meth-2.1.1. Bacterial strain mixtures
ods for chemical fingerprinting using chemometi(igs,38] Three mixtures of bacterial strains were used, R, U and M
Until now, assessment of environmental oil degradation hastowhere M was a mixture of R- and U-strains:
alarge degree been based on subjective evaluation of changes R was a mixture of bacterial long-chain alkane degraders
in GC-MS chromatograms and univariate plots of concentra- and biosurfactant producers, includiRgeudomonas aerug-
tions and diagnostic ratios. inosaRR1,Weeksellsp. RR7 Acinetobacter calcoaceticus
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RR8,Burkholderia cepaci®®R10,Rhodococcuspp. RR12 assess the biodegradation of oil exposed to any of the three
and RR14 andXylella fastidiosaRR15, which have been mixtures of bacterial strains, while the sterile controls were
characterized elsewhej£l]. used to isolate the effects of physical weathering.

U was a mixture of bacterial PAC degraders includ-
ing unclassified Gram-positive strains VM445, VM450 and
VM504 andSphingomonasp. VM506[42], Mycobacterium
frederiksbergens&an9[43] and a mixture of strains pre-
viously described in deta[l#4]: Sphingobiunsp. EPA505,
Pseudomonas aeruginos@RE11, Mycobacterium van-
baaleniiPYR-1,Mycobacterium gilvur®J-3p Sphingobium
chungbukensi&B126, Mycobacteriumsp. VF1,Mycobac-
terium frederiksbergenskeB501T andNocardia asteroides
VM451. Previously, each strain in the U-mixture was found
to degrade one or several of the following unsubstituted PACs
phenanthrene, anthracene, fluorene, fluoranthene, pyrene
biphenyl by incubation witH*C-labelled pure compounds
(datanotshown). In addition, their ability to grow in seawater-
modified M9 medium was ensured in a pre-experiment using
a complex medium (data not shown).

2.2. Sample preparation and GC-MS analysis

The experimental procedure used here is based on a semi-
guantitative approach with limited sample preparation and
cleanup. The sample units (oil and water) were extracted three
times with~10 mL dichloromethane by shaking the flasks.
The water and dichloromethane phases were then separated in
a 100 mL separatory funnel, and the dichloromethane phase

_cleaned through a funnel with glasswool and sodium sulphate
'to remove particles and water. Each sample was adjusted to
% precise volume of 50 mL with dichloromethane resulting
in a nominal oil concentration of 2000 mg/L at the begin-
ning of the experiment. A selection of surrogate standards
was spiked to samples prior to extraction to enable com-
pound quantification using the internal standard method,
but the standards were not used for quantification in this
2.1.2. Incubation study.

A sample of Brent Crude oil was autoclaved (TZ1 The GC-MS analyses were performed in one GC-run
30min) and incubated at IC in trace element- covering a large variety of petroleum hydrocarbon groups
supplementef45] M9 medium[46] (modified by replacing including, alkanes, alkylbenzenes, petroleum biomarkers and
9/10 of the M9 with autoclaved Baltic Sea water) on arotary the G-Cy-alkylated PACs (e.g. naphthalenes, dibenzothio-
shaker (200 rpm) in the dark. The experimental units were phenes, fluorenes, phenanthrenes, biphenyls and chrysenes).
100 mL Erlenmeyer flasks each containing 25.5 mL medium Oil extracts were analyzed on a Finnigan TRACE D8Q
and 100mg oil. The experimental treatments included a Single Quadrupole GC-MS (Thermo Electron Corpora-
series of sterile control flasks (SC), and three series of flaskstion) operating in EI mode and equipped with a 60 m HP-
exposed to either R mixture, initial density k1P cells 5MS capillary column (0.25mm [.D< 0.25um film). One
per mL, U mixture, 4.0< 1P cells per mL or M mixture, microlitre of aliquots were injected in PTV splitless mode
1.1x 1P cells per mL. starting at 35C and increasing with 14%C/s to 315C

At 20, 54, 132, 224 and 364 days after the start of the and hold for 1 min during transfer. Column temperature pro-
experiment, two complete experimental units (replicates gram: 35°C (2 min), 60°C/min to 100°C, 5°C/min to 315
andb) per treatment plus one sterile control were sacrificed. (20 min) and transfer line and ion source temperatures: 300,
Hence, the complete data set comprised four samples taken aand 250 C, respectively. Fortyfour mass fragments were
day 0, seven samples per incubation time plus four analytical acquired in eight groups of 12 ions using selected ion monitor-
replicates of one extract of a R-treatment sacrificed at daying (SIM). GC-MS/SIM chromatograms of methylfluorenes
132 (sample &R), leading to a total of 43 samples. The (m/z180), methylphenanthrenas/g 192) and methyldiben-
extraction of two samples &R and 5-SC) failed, leadingto  zothiophenesnyz 198) were used in this study. The chem-

a total of 41 samples in the entire data set. Sample labels ardcal structures of methylfluorene, methylphenanthrene and
explained irFig. 6. The aim of the in vitro experimentwasto  methyldibenzothiophene are showrFig. 2

Methylfluorene Methylphenantherene Methyldibenzothiophene

Fig. 2. Chemical structures of methylfluorenes, methylphenanthrenes and methyldibenzothiophenes.
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A blank and a laboratory reference oil solution were ana-
lyzed between every eight sample extracts (samples were
analyzed as part of a larger sequence of samples, blanks,
references and quantification standards). The reference olil
solution was a 1:1 mixture of Brent crude oil and a heavy
fuel oil with a nominal oil concentration of 2500 mg/L. The
references were used for quality control, optimizing the data
preprocessing and calculating the relative analytical standard
deviation (RSIR).

Although the above sample preparation scheme and
GC-MS analytical protocol are recommended as part of a
hyphenated method, standard sample preparation and frac-
tionation procedures, as those described by Wang et al.
[47,48] can be used alternatively. This would increase the
analytical time and costs, but may further enhance the ana-
lytical selectivity and robustness.

2.3. Data preprocessing

Multivariate data analyses of sections of GC-MS/SIM
chromatograms and diagnostic ratios respectively, require
different preprocessing to reduce variations in oil compo-
sition unrelated to biodegradation. A selection of prepro-
cessing procedures, including baseline removal, normaliza-
tion and chromatographic alignment was performed using
a modification of the method to preprocess fingerprinting
data recently described by Christensen et[38]. Con-
versely, the diagnostic ratio approach required selection and
identification of compounds of interest as well as peak
quantification.

A proper variable selection or weighting of variables in
the fitting of the PCA model is important to exclude or to
scale down noisy variables, leading to an increase in the
resolution power of the PCA model. Resolution power is
defined as the ability of the PCA model to describe the effects
of biodegradation, which is the ratio between the variations
within replicate biodegradation samples to the total variation
described by the model (c.f. Eq%&a)—(5c).

2.3.1. Preprocessing of sections of chromatograms

Chromatographic baselines (d€ig. 3a—c) can negatively
affect both warping49,50] and normalizatiorj38] and are
thus, removed by calculating the first derivative. The first
derivative is calculated numerically as the difference between
consecutive points, which makes integration straightforward
by cumulative summation.

The most severe impediment to multivariate statistical
analysis of sections of chromatograms is retention time shifts
caused mainly by deterioration of the capillary colufah].
Hence, PCA will model both such time shifts and effects
of biodegradation as genuine variations in sample composi-
tion. This hinders any sensible interpretation of the PCA and
thereby creates a need for alignment. Here, the GC-MS/SIM
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chromatograms were aligned by correlation optimized warp- 1gg in unweathered Brent crude oil.

ing (COW). In COW, a ‘target chromatogram’ is divided
into segments, and the optimal boundary positions for corre-

Fig. 3. GC-MS/SIM chromatograms of (ajz 180, (b)m/z192 and (c)nwz
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sponding segments are determined for each of the remainingNhereag is the peak area, peak height or concentration of
chromatograms (‘sample chromatograms’). Segment lengthcompounch or the sum of several compounds in an oil sam-
and slack are used as inputs in the COW algorithm, where theple. The commercial GC-MS software Xcalibur v. 1.3 was
slack parameter is the number of data points each boundaryused for peak identification and integration. The diagnostic
is allowed to move. Furthermore, a new parameter, padsize ratios and the RSRP's were calculated in Microsoft Excel

defined as the number of segments comprised of noise thafrom peak areas and exported to MATLAB 6.5.1 for chemo-
are added to each end of the chromatograms is introducedmetric data analysis.

It allows for adequate corrections in the parts retained for
the PCA. The noise regions (i.e. pads), added to each chro- . .
matogram prior to warping, are removed immediately after 2.4. Vaniable selection
warping.

The method described by Christensen ef{28] to opti-
mize the warping parameters was used. Hence, the optimal
choice of warping parameters is the one that maximizes the
first singular value in the PCA model without mean center-
ing based on the replicate reference oils. The use of COW for
aligning chromatograms has been described in detail else-
where[38,49,50]

Normalization using Eq(1) as described by Christensen
etal.[38] was applied to compensate for concentration effects

Some diagnostic ratios or chromatographic abundances
re more informative than others, while still others may lead
to incorrect conclusions, if kept in the data set. Hence, a
proper variable selection is paramount in order to keep the
uncertainties to a minimum and yield reliable results.

The approach used here to select diagnostic ratios and
retention times for PCA corresponds to the method suggested
by Christensen et al. which are based on the diagnostic power
(DP) (Eq.(3)) and RS}, respectively35,38]

and sensitivity changes, RS
Dp = ~oDv )
v Xnj " RSDa
X, = —F/———
" ij'zlxﬁj where RSI is calculated from the replicate reference oils

and RSLy is the relative standard deviation of the 41 labo-

wherexy; is the first derivative of the-th chromatogram at  ratory biodegradation samples. The denominator in(Bj.
thej-th retention time and is the total number of retention  can be substituted by R§Dwhich in biodegradation studies
times. In this study, a more complex normalization scheme would be the relative standard deviation calculated from sam-
was also adopted by using only a limited set of retention ples affected by physical or chemical weathering processes.
times. The selection criterion was based on the RSDal- Subsequently, either an increasing number of variables can
culated from aligned and normalized replicate references. be excluded from the data analysis starting with the one with
Hence, only chromatographic abundances with R3&ss the smallest DP and removing one at a time until exhaustion,
than a predefined threshold were used for normalization. or, alternatively, variables with RSDbelow a predefined
Under such circumstances, the denominator in(Bds mod- threshold are excluded from the PCA.
ified to the sum of the squared first derivatives of selected
abundances. In addition, the relative importance of the indi-
vidualm/zchromatograma§/z180, 192 and 198) in the data
set, can be adjusted by multiplying each data point with the
number of retention times in the respective chromatogram
termed relative scaling of chromatograms.

Preprocessing was performed in MATLAB 6.5.1 (The
MathWorks). The COW algorithm was downloaded from
http://www.models.kvl.dk

2.5. Chemometric data analysis

The preprocessed data are collected in a two-way data
*matrix (X) of sizel (oil samples)x J (diagnostic ratios or
chromatographic abundances). Subsequextig,bilinearly
decomposed by PCA into products of scorei, x 1), and
loading vectorsp’ (1 x J) (i.e. T in superscript means the
transposed matrix qf), plus residuals (I x J). The bilinear
decomposition withK principal components is defined in Eq.
2.3.2. Data preprocessing of diagnostic ratios (4).
Diagnostic ratios can be calculated either from quantita- «

tive (i.e. compound concentrations) or from semi-quantitative X — Zt <ol | +E
data (i.e. peak areas or heights). Ratios of compound con-"" kX Pi
centrations or double-normalized diagnostic ratios, as those k=1

proposed by Christensen et §5], describe the relative  |n addition, PCA was fitted according to a weighted-least-
chemical composition. In this study, diagnostic ratios were squares criterion (WLS-PCA). We applied the PCAW algo-

(4)

calculated by using Eq2), rithm [52] for this purpose using the inverse of R§@s
s weights. All chemometric data analyses were performed in
DR — 4n ) MATLAB 6.5.1 The PCAW algorithm was downloaded from

(a$ +ad, http://www-its.chem.uva.nl/research/pac
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2.6. Optimal preprocessing and data analysis spectra with that of standards purchased from Chiron AS,
Norway except for 3-methylfluorene, which was tentatively

The optimal combination of preprocessing and data analy- identified. The 9-methylfluorene isomer elutes 2 min prior to

sisis determined by maximizing the resolution power. Specif- the peak cluster of methylfluorenes used in this study.

ically, the optimization was done by minimizing the variance

of replicate sampleswith respect to their average scotgs 3.1. Evaluation of biodegradation based on time

(Eq. (5a) compared to the variance explained by the model warping and PCA

(Eq.(5b)) using a predefined number of principal components

K. 3.1.1. Retention time alignment
_ — — The capillary column was trimmed during the analyti-
dRep= Z(”S -1 lz(ti — )t~ ts)T (5a) cal sequence, thus chromatograms obtained after the column
5 €S trimming were manually shifted (33 data points) prior to
I warping to avoid the need for inexpedient high flexibility
dal = ZtitiT (5b) (i.e. high slack) that could result in insufficient alignment.
i—1 After manual shifting, calculation of the first derivatives and
exclusion of noisy data points from the beginning and end of
= dRep (5¢) the chromatograms (five points at each side), the thvize
dail chromatograms comprised 70@/¢ 180), 700 (Wz192) and
whereSs are the row indexes for thg replicates of oil sample 790 (1z 198) data points.
st is thei-th row of T, andr is dimensionless. Thus, the PCA ~_Initially, using combinations of segment lengths of 100,

with highest resolution power minimizegEq. (5c)), where 150, 200 and 250, slacks of 2, 3 and 4 and padsizes of 2,
day is the normalization factor that accounts for the increase 4 and 6 times the applied segment length were tested to

in drep due to a larger number of principal components. find the optimal warping parameters for the reference set.
A reference sample analyzed halfway through the analytical

sequence was selected as the target chromatogram in COW
3. Results and discussion to reduce the need for correction. After warping, the three
GC-MS/SIM chromatograms were reduced to 90, 175 and

The multivariate statistical approaches for evaluating 22° data points, respectively, by omitting parts before and
biodegradation of mineral oil were tested on oil samples after the relevant peak clusters. The gxplamed. variance of
from the in vitro biodegradation experiment. The ‘complete & One-component PCA model, which is proportional to the
data set’ comprised 74 samples including 33 replicate refer- first s_mgular value, was calculated for the normalized data
ences (‘the reference set) and the 41 biodegradation sam-S€ts in the reference set (330, 33x 175 and 33« 225,
ples (‘the sample set’). For each sample, GC—-MS data from respectl\{ely). It increased from 43.6, 49.1 and _44.7% (w!th—
methylfluorene vz 180, Fig. 3a), methylphenanthrenen(z out yvarpmg) t0 97.6, 98.5 and 98.4% for the optimal warping
192, Fig. 3b) and methyldibenzothiophenevg 198,Fig. ) attained for segments of 200, 15Q and 150, s!acks of 4, 4
isomer groups were used for evaluating effects of microbial @hd 4 and padsizes of 4, 6 and 4 times the optimal segment
degradation, based on relative changes inisomer abundancedengths.

The identity of individual isomers and abbreviations used in  1he complete data sets (#490, 74x 175 and 74x 225
the remaining sections are listedTable 1 The former was  data points) were aligned using the optimal warping param-

determined by comparing peak retention times and mass-eters determined from the reference set. Chromatograms in
each data set were then normalized using (Epand com-

Table 1 bined for each sample in the reference setX3®0 data
Description and abbreviation of individual isomers of methylfluorenes, POiNts) and in the sample set (41490 data points).
methylphenanthrenes and methyldibenzothiophenes The effects of the optimal time warping procedure on 10
No.  Compound Abbreviation ~ randomly selected normalized and combined reference chro-
1 3-Methylfluorene (tentatively identified) 3aMFE matograms are illustrated Fig. 4. Note that the plot regions '
2 2-Methylfluorene 2MF are extended compared to the size of the sample set. The addi-
3 1-Methylfluorene 1IMF tion of sections of noise prior to warping was important and
4 g'Me‘Ey:f"rJ]ore”eh 42’”: allowed for adequate corrections in the part retained for the
> “Methylphenanthrene MP PCA. The improvement is evident and, as also observed by
6 2-Methylphenanthrene 2MP . . . .

7 4- and 9-Methylphenanthrene (coeluting peaks) ~ 49MP Chrlstensen.et al38], the r§5|d.ual shift after warping was at

8 1-Methylphenanthrene 1MP most one point when considering the complete data set. Com-
9 4-Methyldibenzothiophene 4mMD pounds present in individual GC-MS/SIM chromatograms
10 2-Methyldibenzothiophene 2MD (tri- and tetra-cyclic steranes and methylated PAC homo-
11 3-Methyldibenzothiophene 3MD

logues) have similar physicochemical properties. Hence, they
are affected similarly by changes in the column properties,

=
N

1-Methyldibenzothiophene 1MD
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3 and the complete chromatographic sections (90, 175 and
€ -0.1} 1 225 data points, respectively) for normalization. The RSD
< ool | were used for variable selection by excluding retention times
' with RSDy below a predefined threshold thereby retain-
-0.3} . ing the peak regiongsig. 5a shows the weights (RSD!)
: : : : : used in WLS-PCA to scale the importance of retention
100 200 300 400 500 : . : . . .
(b) Retention Time (arbitrary units) times with respect to their analytical uncertainty, &gl 5o

shows the first derivative of the aligned and normalized
Fig. 4. First derivative of the normalized and combined chromatograms of mean combined chromatogram of the unweathered Brent
m/z 180, 192 and 198 for 10 references: (a) without time alignment and (b) crude oil.
with time alignment. The optimal COW parameters consisted of segment ; ; ; ;
lengths of 20%_, 150 and 15_Of)slack of four?or all thneevalues and padsige |OWT\r/1veeigE?Sk ??ﬂsnotll’?ee Iﬁg':r?;nizvs% ;)zsa?(el?etlgvlf)lr):,s Tlsgfr:lgf? d
of 4, 6 and 4 times the optimal segment lengths. : ’ . . A o ’
compared to those of noise regions, during fitting of the PCA
model Fig. 5).
which is the most likely reason for the consistently high warp-
ing quality of COW on GC-MS/SIM data. 3.1.3. Chemometric data analysis
Conversely, in chromatograms based on less selective PCA was performed on the mean-centered sample set
detectors such as GC-FID, retention time shifts may appearusing combinations of hormalization, relative scaling of the
more irregular since the variation in physicochemical prop- three GC-MS/SIM chromatograms, PCA methods and opti-
erties of the compounds present generally are greater tharmal number of principal components (PCs). The chromato-
in a GC-MS/SIM chromatogram with more closely related graphic sections (90, 175 and 225 data points, respectively)
compounds. Thus, closely related isomers (as detected bywere applied for normalization using EL). Furthermore,
GC-MS/SIM) are not expected to change their order of elu- thresholds from 0.1 to 1.0 with increments of 0.1 were
tion even if significant changes in the column stationary phaseimposed, thereby retaining between 13 and 78 data points
take place, while compounds with different physicochemical in m/z180, 23-116 inm/z 192 and 17-133 im/z 198. Sub-
properties (as detected by GC-FID) often do, and COW can- sequently, data were either left unchanged or multiplied by
not adequately correct for such changes. This may explainthe sizes of the corresponding data sets. This increased the
why some author$49,50] have experienced that optimal relative importance ofivz 198 (225 data points) compared
chromatographic alignment is achieved if the segment lengthto m/z 192 (175 data points) anav/z 180 (90 data points).
is of the same order of magnitude as the peaks, since a highFinally, data were analyzed by PCA with variable selection
flexibility is necessary to correct for irregular retention time or WLS-PCA using two or three PCs. The optimal prepro-
shifts. cessing and data analysis was obtained by minimiziig
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Eq. (5) (maximizing resolution power) using the duplicate 0.8 T T T

biodegradation samples to calculdfe,. 3p-MA A 5a-M
The resolution power of PCA models with three PCs was 0.61 4b-M—da-M

significantly lower (=0.0346-0.231) than for PCA mod- A SﬁM

els with two PCs 1(=0.0188-0.0477). Furthermore, from 0.4r 3aM
visual inspection of loadings it was clear that PC3 and higher

order components described the residual shifts rather than ) 0.2 .

systematic changes in chemical composition. Residual shifts @ I A ) Asar

show up in the cumulative sum of loadings as first deriva- Q A %U 5b-RA Ada-u
tive peaks. As an increasing number of PCs is extracted from |~ 2&M 22U saRD DU
data, the ratio between the systematic information and the A 5aU
variations caused by insufficient alignment decreases until 54| U D
the latter becomes the most pronounced. Christensen et al. 3a-U ALA
[38] extracted four reliable components from the calibration 08 . . . . . , Sb-
set of 61 oil samples 1231 data points. In this study only 04 02 0 0.2 PC1 04 06 08 !
two components could be extracted, since the number of inde-

pendent variations was smaller. Fig. 6. Score plot PC1 vs. PC2 based on the sample set 48D data

Normalization and relative Sca”ng of Chromatograms points), using WLS-PCA and normalizgtion_to data points with RSMD. 1.

influenced the resolution power. Normalization consistently "¢ Sample labels signify; 0-5, sampling time 0, 20, 54, 132, 224 and 364
. days;aandb, duplicates; R, U and M, the bacterial strain mixture; SC, sterile

affected the-value for WLS-PCA from 0.206 (with a thresh- control. The labels for the cluster of unaffected samples located at low PC1

oldat0.1) to 0.230 (using all data for normalization). Relative and around 0 for PC2 have been left out.

scaling diminished the resolution power of the PCA model,

because then/z 198 chromatogram became more influen-

tial and thereby introducing more noise in data (e.g. the M samples incubated for 54-364 days are located at

r-value of PCA with variable selection using a threshold of increasing PC1 and PC2 depending on incubation time. For

0.2 increased from 0.0188 without scaling to 0.0263 with instance, samples incubated for 54 daysli2and b-M) are

scaling). located at lower PC1 and PC2 than samples incubated for 132

The highest resolution power£0.0188 to 0.0198) was  days (&-M and 3-M) and so forth (e.g. &M and $H-M).
obtained by PCA with variable selection using a threshold Likewise, U and R samples are located at increasing PC1,
of 0.2-0.3. However, WLS-PCA with normalization to data but decreasing PC2 as incubation time increases. The results
points with RS} <0.1 gave comparable resolution power indicate that PC1 describes the general biodegradation pat-
(r=0.0206), and it is a more attractive method since no datatern of the Brent crude oil and signifies an increasing change
are excluded from the analysis. Furthermore, the resolutionin the PAC isomer patterns due to preferential degradation of
power may not always be the best criterion for choosing isomers. The U- and M- mixtures degrade the PAC methyl
the optimal combination of preprocessing and data analysishomologues faster than the R mixture.
following time alignment. Exclusion of small but important The biological duplicatess#R/4b-R and &-M/3b-M have
variations caused by decreasing the threshold may by chance greater variability in the score plot than the remaining
lead to an increased resolution power. duplicates. The reason is most likely that these samples are

The score plot of PC1 versus PC2 using WLS-PCA collected during periods where the rate of microbial degra-
with mean-centering, normalization to data points with dation (and hence the degree of preferential degradation)
RSDa <0.1 and no scaling is shown ig. 6. The two PCs of C1-PAC isomers is high, since the biological variability
describe 82.9% of the total variation in the sample set. becomes more pronounced during such periods.

Sterile control samples, R samples incubated from 20to  The cumulative sums of the PC1 and PC2 loadings are
132 days (sampling time 1-3) and M and U samples incubatedcompared irFig. 7a and b with the normalized mean com-
for 20 days cluster together with oil samples from day 0, at bined chromatogram of unweathered Brent crude oil.
lowPC1,and~0in PC2 fig. 6). Thus, the changesin relative The general degradation order along PC1 within each indi-
isomer abundances of methylfluorenes, methylphenanthrenesidual homologue series can be deduced by comparing the
and methyldibenzothiophenes appear to be insignificant in normalized loadings of individual peaks with the normal-
these samples. The low variation within the cluster of unaf- ized mean chromatogram of the unweathered Brent crude
fected oil samples, including the sterile controls, shows that oil (Fig. 70). The PC1 loadings for methylphenanthrene iso-
most of the variations unrelated to the chemical composition mers compared to the mean chromatogram are for instance
have been effectively removed by the chromatographic pre- lowest (most negative) for 2MP and 3MP followed by 1MP
processing procedure. Likewise, the within-class variations and 49MP, where the latter has the most positive loading
of replicate references (not shown) are low compared to thecompared to the mean chromatogram. Thus, the relative
class-to-class variations (from one sample to the next sample)concentrations of 2MP and 3MP are lowest in oil samples
observed in the score plot. located at high PC1 and highest for samples located at low
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T ' T T Table 2
Methylfluor. | Methylphenanthrenes Methyldibenzothiophenes Description of diagnostic ratios, RGDRSD, and DP for each diagnostic
ratio calculated from the reference set
Diagnostic ratios RSD (%) RSDy (%) DP
o 2MP/(1MP + 2MP) 72.4 0.7 101.3
=2 3MP/(3MP + 1MP) 66.2 0.7 100.8
= 3MP/(3MP + 49MP) 67.8 0.8 88.8
S 2MP/(2MP + 49MP) 74.0 0.9 79.1
p 1IMF/(1IMF + 4MF) 11.2 0.3 35.2
£ 3MF/(3MF + 4MF) 72.1 2.2 33.1
2MD/(2MD + 1MD) 73.8 23 31.8
49MP/(49MP + 1MP) 15.0 0.5 28.7
2MF/(2MF + 4MF) 33.0 1.4 24.2
2MF/(2MF + 1MF) 50.8 2.2 22.6
3MF/(3MF + 1MF) 74.0 3.4 21.7
50 100 150 200 250 300 350 400 450 SMF//(3MF +2MF) 66.3 3.2 205
(a) Retention Time (arbitrary units) 3MP/(3MP +2MP) 10.1 0.5 18.7
2MD/(2MD + 3MD) 74.7 4.8 15.6
0.4 . . . 4MD/(4MD + 1MD) 75 0.7 10.9
Methyifluer. | Methylphenanthrenes Methyldibenzothiophenes 4MD/(4MD + 2MD) 12.2 1.6 7.7
03t @ 3MD/(3MD + 1MD) 20.9 2.9 7.3
4MD/(4MD + 3MD) 5.1 2.0 2.6
0.2
w . . . . .
2 - Thus M, the combined mixture of bacterial strainsin U and R,
§ ' affected the PAC isomer pattern differently than did both the
o B U and the R mixtures. The PC2 loadings are compared with
Q \ the aligned and normalized mean chromatogram of unweath-
1 (10)" (11) | ered Brent crude oil irFig. 7b. The comparison indicates
a less preferential degradation of 1IMF (most positive load-
02 ing) over 2MF (most negative) and 1MD (most positive) over
>~23MD (most negative) in M samples than in U and R sam-
Akt ; . . . \ : ! , ples. Furthermore, a more preferential degradation of 1MP
50 100 150 =200 250 300 350 400 450 ; .
(b) Retention Time (arbitrary units) (most negative) over 49MP (most positive) is observed.

Fig. 7. Loading plots based on the sample set{4B0), using WLS-PCA 3.2. Evaluation of biodegradation based on diagnostic

and normalization to data points with RgB 0.1. (a) The cumulative sum ratios and PCA

of the PC1 loadings (red and broken line) compared with the cumulative

sum of the aligned and normalized mean chromatogram of unweathered . .

Brent crude oil (blue line) and (b) The cumulative sum of the PC2 loadings 3-2.1. Data and variable selection

(red and broken line) compared with the unweathered Brent crude oil (for ~ All possible combinations of diagnostic ratios of single

interpretation of the references to color in this figure legend, the reader is compounds within each of the homologue series @PBCs
referred to the web version of this article). were calculated. Hence, 18 diagnostic ratitable 2 with
potential sensitivity to biodegradation due to preferential

PC1 (the unaffected samples), whereas the opposite is thelegradation of specific isomers were included in this study.
case for 4OMP. The general degradation orders observedlhe reference set (33 sampled8 diagnostic ratios) was
are 2MP =3MP > 1MP >49MP for the methylphenanthrene Used to calculate the RG>, whereas the sample set (41
homologue series, 3MF > 1MF > 2MF > 4MF for methylfluo- Samplesx 18 diagnostic ratios) was used to calculate RSD
renes and 2MD > 1MD >4MD > 3MD for methyldibenzoth- and the PCA models. The RARDRSDy and DP for each
iophenes. It is of special interest that the co-eluting peaks diagnostic ratio are listed ihable 2
2- and 3-methyldibenzothiophenes (23MD), which usually
are considered as one common peak cluster, show preferen3.2.2. Chemometric data analysis
tial degradation. Hence, 2MD is the isomer most susceptible  PCA was performed on the mean-centered sample set
to microbial degradation by R, U and M mixtures, whereas using PCA with variable selection (including 1-18 diagnos-
3MD is the least degradable. In fact, due to the significant tic ratios) and WLS-PCA, with 2 and 3 PCs leading to 38
peak overlap, the retention time of 3MD changes due to lossindividual PCAs. The optimal data analysis was determined
of 2MD, a trend which can be observed in the loading plot as by optimizing the resolution power based on the duplicate
a shift to higher retention time of the 3MD isomer peak. biodegradation samples.

Another interesting observation in the score plot is that  The number of PCs was determined by cross validation
the M versus the U and R samples are separated along PC2o three, and further verified by evaluating the loadings and
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0.6 T T YN explained by a stronger increase in 49MP/(49MP + 1MP) and
5b-M a weaker increase in 2MF/(2MF + 1MF) and 3MD/(3MD +
04T oM fom- 1MD). Hence, 1MD is less degraded compare¥IMD and
A da-M 1MP more degraded than 49MP in M samples thaninU and R
02y Secll ] samples. The within-class variations (e.g. the unaffected oil
o ld A . | samples) are, as for the evaluation based on _tinje-warping and
N 25 M 2@ A 4a-U PCA, much less than the class-to-class variations. The con-
& 0o 2=l & 4 UA 52U | clusions made fronfrig. 8a and b correspond to those made
3p-UA A3 ” from Figs. 6 and Wsing time warping and PCA. In addition,
04} 5a-R£%a_ | although a minor component, data for U and R samples are
SR 5b-U separated by PC3 due to less preferential degradation of e.g.
06| . 1MF over 2MF and 3MP over 2MP in R samples compared
to U samples.
08 52 o G 1 Co-elution of compounds at low concentrations that inter-
(a) PC1 fere with target compounds, such ag-@aphthalenes with

C,-dibenzothiophenes imVz 198, may affect the results neg-

g g atively. The risk of introducing undesirable variability from
0.4} 49MP/MP 1 such minor components is higher when using preprocessed
X chromatographic sections compared to the diagnostic ratio
02t 23&15//;&”5 1MF>’2‘MF AMD/3MD 1 approach based on peak identification and quantification.
SMFIAMF % X 3MP2MP Furthermore, the biodegraded samples are more likely to be
OF X upime X$x X 3MF/1MF X affected since the relative abundances of these minor com-
& 2mD/1mp SUPANE 4MD/AMDxVMD/2MD ponents may change due to selective weathering processes.
o -02¢ 2MP/49MP 1 However, since the concentrations of thePAC isomers are
high in Brent crude oil the results are, in the present study,
3MD/1MD X . . .
0.4t T most likely unaffected by co-elution of minor components.
2MF/AMF X Time warping combined with PCA represents a highly
-06} y 1 objective alternative to standard evaluation methods. The
OMF/4MF complete data treatment, including data preprocessing and
0 %7 03 02 o 0 0T o2 analysis, can be performed with only limited human inter-
(b) PCA vention. However, whether or not the method provides an

appropriate tool for assessing effects of weathering in a spe-
Fig. 8. WLS-PCA on mean-centered data using 3 PCs. (a) Score plotof PC1cific case study depends on the ratio between the inherent
vs. PC2 based on the sample set £418) and (b) loading plot of PCL Vs, ariapility in the data set and the variability due to insuffi-
PC2. The labels of diagnostic ratios are simplified. . . .

cient alignment. Two components were extracted, which was

one less than by the diagnostic ratio approach. Although the
scores. The optimal number of PCs varied depending on thethird component (PC3) explained only a minor percentage of
number of diagnostic ratios retained for the analysis. The the total variance it was important for separating R samples
highest resolution power € 0.0207-0.0251) was obtained from U (and M) samples.
by PCA with variable selection using between 5 and 13 diag-  Furthermore, variations in peak shape (e.g. from sym-
nostic ratios with highest DP. However, the resolution power metrical to tailing) during column deterioration will affect
was comparable for the WLS-PCA modeH0.0252). the multivariate data analysis negatively due to changes in

The score and loading plots of PC1 versus PC2 for the intensity distribution of adjacent retention times within peak
three-component WLS-PCA model with mean-centering are regions. Peak quantification is less affected by these factors
shown inFig. 8a and b, respectively. The three PCs describe since peak areas and heights are relatively independent of
98.9% of the total variation in the sample set. peak shape.
PC1 describes the general biodegradation pattern of

the Brent crude oil. The effects of microbial degrada-
tion on the relative isomer abundances are shown as and. Conclusions and perspectives
increase (ratios located at high PCL1 in the loading plot)
or decrease (ratios located at low PC1) in the diagnostic = Assessments of biodegradation in the field after oil spills
ratios. The general biodegradation trends observed alongand during in vitro experiments are difficult due to the inher-
PC1 causes among others a decrease in 3MP/(3MP + 1MP)ent chemical complexity of mineral oil and to the multitude
2MD/(2MD + 3MD) and 3MF/(3MF + 4MF) and an increase  of processes changing its composition. The two novel meth-
in 4AMD/(4MD + 1MD). The M versus U and R samples are ods presented in this paper enabled a comprehensive analysis
separated along PC2. The cause of this separation can bef the effects of biodegradation with limited time consump-
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tion and cost and high objectivity compared with standard

J.H. Christensen et al. / J. Chromatogr. A 1090 (2005) 133-145

[8] G. Thouand, P. Bauda, J. Oudot, G. Kirsch, C. Sutton, J.F. Vidalie,

assessment methods. In the first method based on analyses Can. J. Microbiol. 45 (1999) 106.

of sections of chromatograms, the large data set (41 sam-

plesx 490 retention times) was evaluated in three plots (i.e.
one score plot and two loading plots). In the diagnostic ratio

approach, a third component was extracted from the data set

(41 samples 18 diagnostic ratios) distinguishing R from U

samples. The results showed that the PAC degradation patten{lll]

was different for each of the three bacterial strain mixtures.
Thus, preferential degradation patterns in the natural envi-

[9] Z.D. Wang, M. Fingas, S. Blenkinsopp, G. Sergy, M. Landriault, L.
Sigouin, J. Foght, K. Semple, D.W.S. Westlake, J. Chromatogr. A
809 (1998) 89.

[10] R.C. Prince, R.M. Garrett, R.E. Bare, M.J. Grossman, T. Townsend,

J.M. Suflita, K. Lee, E.H. Owens, G.A. Sergy, J.F. Braddock, J.E.

Lindstrom, R.R. Lessard, Spill. Sci. Techn&® 8 (2003) 145.

B.V. Chang, S.H. Wei, S.Y. Yuan, J. Environ. Sci. Heal. B 36 (2001)

177.

[12] W.R. Cullen, X.F. Li, K.J. Reimer, Sci. Total. Environ. 156 (1994)

27.

ronment cannot be established from data obtained during in[13] A.T. Law, K.S. Teo, J. Mar. Biotechnol. 5 (1997) 162.

vitro experiments using simple mixtures of bacterial strains.
A wide range of potential applications exists for the two

evaluation methods described in this paper such as asses&s]

ment of other complex mixtures of contaminants (e.g. per-

[14] J.C. Roper, F.K. Pfaender, Environ. Toxicol. Chem. 20 (2001)
223.

H. Budzinski, N. Raymond, T. Nadalig, M. Gilewicz, P. Garrigues,
J.C. Bertrand, P. Caumette, Org. Geochem. 28 (1998) 337.

[16] T.K. Dutta, S. Harayama, Environ. Sci. Technol. 34 (2000) 1500.

sistent organic pollutants) and other weathering processes|17] J. Oudot, F.X. Merlin, P. Pinvidic, Mar. Environ. Res. 45 (1998) 113.

The relative changes in the homologue series-afkanes
(e.g.m/z 85) can for example be used to deduce the effects
of evaporation, whereas ratios wfalkanes and isoprenoids
can describe the initial phase of biodegradation.
Furthermore, by normalizing to one or several surrogate
standards (which corresponds to the internal quantification
method) or by using the normalization factor of the clos-
est reference for normalization (which corresponds to the

external guantification method), concentration effects can be

retained in data. Such modifications would allow the moni-
toring of levels of complex mixtures of pollutants in environ-
mental samples with limited use of resources and high objec-
tivity compared to standard tiered analytical approaches.
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