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Abstract 1H NMR-based metabolomics was used to

examine the metabolic profile of D2O-buffer extracted

tissues of Eisenia fetida earthworms exposed for 2 days to

an artificial soil spiked with sub-lethal concentrations of

polychlorinated biphenyls (PCBs) (0, 0.5, 1, 5, 10, or

25 mg/kg Aroclor 1254). Univariate statistical analysis of

the identified metabolites revealed a significant increase in

ATP concentration in earthworms exposed to the highest

soil PCB concentration, but detected no significant changes

in other metabolites. However, a multivariate approach

which considers alterations in multiple metabolites

simultaneously, identified a significant linear relationship

between earthworm metabolic profiles and PCB concen-

tration (cross-validated PLS-regression with 7 components,

R2X = 0.99, R2Y = 0.77, Q2Y = 0.45, P \ 0.001). Sig-

nificant changes in pair-wise metabolic correlations were

also detected as PCB concentration increased. For exam-

ple, lysine and ATP concentrations showed no apparent

correlation in control earthworms (r = 0.22, P = 0.54),

but were positively correlated in earthworms from the

25 mg/kg treatment (r = 0.87, P = 0.001). Overall, the

observed metabolic responses suggest that PCBs disrupted

both carbohydrate (energy) metabolism and membrane

(osmolytic) function in E. fetida. The ability of 1H NMR-

based metabolomics to detect these responses suggests that

this method offers significant potential for direct assess-

ment of sub-lethal PCB toxicity in soil.
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Introduction

Although no longer in widespread production or use,

polychlorinated biphenyls (PCBs) are a persistent soil

contaminant due to their hydrophobicity and resistance to

biodegradation (Weber et al. 2008) and remain a source of

risk to various ecological receptors (Cooper and Roch

1992; Johnson et al. 2009; Landrum et al. 2004; Meier

et al. 1997; Suzuki et al. 1995; Ville et al. 1995). As with

other soil contaminants, remediation guidelines for PCBs

are often set in relation to a total soil PCB concentration

(CCME 1999; O’Halloran 2006), which does not account

for differences in PCB mixture composition or variations in

PCB bioavailability related to soil properties and age of

contamination (Alexander 2000; Semple et al. 2003).

Direct assessment of soil contaminant toxicity using eco-

logically relevant target organisms such as earthworms

could help prioritize remediation efforts and decrease site

remediation costs (Sousa et al. 2008). Several standardized

tests for assessing the toxicity of contaminated soil to

earthworms exist (e.g. Environment Canada 2004; OECD

1984, 2004), but these methods remain relatively costly

and time-consuming. For instance, the acute earthworm

toxicity test requires 14 days (Environment Canada 2004;

OECD 1984), and since it only measures lethality it may be

insufficient for predicting long-term population fitness

following chronic exposure to contaminated soil. For
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example, Meier et al. (1997) reported that a weathered

PCB-contaminated soil (144 mg/kg Aroclor 1260) which

caused no lethality to earthworms after 14 days completely

suppressed earthworm reproduction after only 21 days.

Clearly, inhibition of earthworm reproduction provides

a more ecologically relevant sub-lethal endpoint than

lethality, but it requires an even longer exposure period for

accurate assessment. Standardized earthworm reproduction

tests require [50 days to complete (Environment Canada

2004; OECD 2004). Sub-lethal earthworm responses to

PCB exposure have also been detected using short duration

(5-day) contact tests which demonstrated that earthworms

can experience immunosuppression and decreased wound

healing after sub-lethal PCB exposures (Cooper and Roch

1992; Ville et al. 1995). However these tests were based on

dermal exposure to contaminated filter paper and have not

been adapted for direct application to field-contaminated

soil. Therefore, there is interest in developing more rapid

methods to predict sub-lethal soil contaminant toxicity to

earthworms.

Nuclear magnetic resonance (NMR)-based metabolo-

mics has been proposed as an alternative method for

measuring sub-lethal toxicity of contaminated soil to

earthworms (Brown et al. 2010; Bundy et al. 2004, 2008;

Gibb et al. 1997; Guo et al. 2009; Jones et al. 2008;

McKelvie et al. 2010; Rochfort et al. 2009). This method

provides insight into the biochemical response of a study

organism to an environmental stimulus by comparing the

concentrations of endogenous metabolites in a collected

tissue or biofluid under varied environmental conditions

(Viant 2008). Interpretation of any changes in the meta-

bolic profile (‘metabolome’) can reveal information about

the organism’s response to contaminant exposure at the

metabolic level as well as the contaminant’s toxic mode of

action (Hines et al. 2010; Viant 2008; Vulimiri et al. 2010).

To date, many metabolomic studies of earthworm respon-

ses to contaminated soil have used soil exposure periods

which were comparable to or longer than the 54 day

exposure required for the earthworm reproduction test (i.e.

21–110 days in Bundy et al. 2004, 2008; Gibb et al. 1997;

Guo et al. 2009; Jones et al. 2008) or collected earthworms

directly from field-contaminated soil (Bundy et al. 2004,

2007). However, preliminary results by Brown et al. (2010)

suggested that NMR-based metabolomics can detect

earthworm metabolic responses to contaminated soil after

as little as 2 days of soil exposure. Therefore, NMR-based

metabolomics may provide a method to assess sub-lethal

toxicity of contaminated soil that is much faster than tra-

ditional ecotoxicological approaches.
1H NMR-based metabolomics has not yet been applied

to assess earthworm responses to PCB contamination. In

this study, Eisenia fetida earthworms were exposed for

2 days to PCB-spiked artificial soil (0–25 mg/kg Aroclor

1254) and their metabolic profiles measured using 1H NMR

spectroscopy. This represents a range of soil PCB con-

centrations considered acceptable for protection of human

and environmental health depending on land use according

to both the U.S. Environmental Protection Agency (EPA

1990) and the Canadian Council of Ministers of the

Environment (CCME 1999). Both univariate and multi-

variate statistical methods were applied to distinguish

metabolic responses of the earthworms to PCBs. By mea-

suring and quantifying the metabolic response of earth-

worms to sub-lethal PCB exposure in freshly spiked

artificial soil, this study provides a foundation for future

metabolomic studies to directly assess PCB sub-lethal

toxicity in aged, field-contaminated soils.

Materials and methods

Soil spiking and total soil PCB concentration

An artificial soil consisting of 10% sphagnum peat (Ward’s

Natural Science), 20% kaolin clay (Ward’s Natural Sci-

ence), and 70% sand (Ward’s Natural Science) was pre-

pared as described in the OECD Earthworm Acute Toxicity

test protocol (OECD 1984). Initially, 125 g (dry weight) of

this soil was added to each of six 1 l clear glass jars. For

the five PCB-exposed treatments, soils were spiked with

10 ml of 25, 50, 250, 500, or 1250 mg/l Aroclor 1254

(Sigma-Aldrich, ON, Canada) in dichloromethane (DCM,

HPLC grade, Fisher Scientific). The unexposed control

treatment was treated with 10 ml of DCM only. All treat-

ments were left in a fume hood for 16 h to allow the DCM

to evaporate (Brinch et al. 2002) and then an additional

375 g (dry weight) of soil was mixed thoroughly into each

jar, resulting in total soil PCB concentrations of 0.5, 1, 5,

10, and 25 mg/kg (dry weight) for the PCB-exposed

treatments. All soils were then wetted with deionized water

to a moisture content of 35% of soil dry weight (OECD

1984) and allowed to absorb the water for 24 h before

introducing earthworms to the jars. Spiked soil PCB con-

centrations were confirmed by soxhlet extraction and

quantification via gas chromatography/mass spectrometry

following the 48 h earthworm exposures to the soils

described in ‘‘Earthworm exposure and preparation for 1H

NMR’’ Section, (Section S1, Table S1 in Supplementary

Material).

Earthworm exposure and preparation for 1H NMR

Earthworms were selected from a healthy population of

E. fetida maintained within our laboratory since 2006

as described in Brown et al. (2008). The original progenitor

earthworms were purchased from The Worm Factory (ON,
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Canada). Ten mature earthworms with a visible clitellum

were added to each of the five PCB spiked soils and the

control soil. Initial earthworm mass ranged from 240 to

490 mg (mean 360 ± 8.5 mg (standard error) wet weight),

with no significant differences in the initial mass between

the six treatments (ANOVA, F5,54 = 1.88, P = 0.11).

Earthworms were kept in closed jars for 48 h at 21�C in

natural light (Eijsackers et al. 2001), then removed and

depurated for 96 h on damp filter paper (Brown et al.

2008). Earthworms were then flash-frozen in liquid nitro-

gen, lyophilized, reweighed and stored frozen until

extraction.

Lyophilized earthworms were homogenized in a 1.5 ml

centrifuge tube using a 5 mm wide stainless steel spatula.

The homogenized tissue was extracted using 1.20 ml of a

0.2 M monobasic sodium phosphate buffer solution

(NaH2PO4�2H2O; 99.3%; Fisher Chemicals) containing

0.1% (w/v) sodium azide (99.5% purity; Sigma-Aldrich) as

a biocide and 10 mg/l of 2,2-dimethyl-2-silapentane-5-

sulfonate sodium salt (DSS; 97%, Sigma-Aldrich) as an

internal standard (Brown et al. 2008). Buffer solution was

made with D2O (99.9% purity, Cambridge Isotope Labo-

ratories) and adjusted to a pD of 7.4 using NaOD (30%

w/w in 99.5% D2O, Cambridge Isotope Laboratories Inc).

Samples were vortexed for 30 s using a VX 100 vortexer

(Labnet, NJ, USA) and sonicated for 15 min using a FS60

mechanical ultrasonic cleaner (Fisher Scientific) to aid with

the extraction. Subsequently, samples were centrifuged at

14,000 rpm (*15,0009g) for 20 min using an Interna-

tional Equipment Company 21000 centrifuge (Fisher Sci-

entific) and the supernatant was transferred into a new

1.5 ml centrifuge tube. The centrifugation procedure was

repeated twice and the final sample extracts were trans-

ferred into 5 mm High Throughputplus NMR tubes (Norell

Inc.; NJ, USA).

1H NMR spectroscopy

1H NMR spectra of the earthworm extracts were acquired

with a Bruker Avance 500 MHz spectrometer using a
1H–19F–15N–13C 5 mm Quadruple Resonance Inverse

(QXI) probe fitted with an actively shielded Z gradient. 1H

NMR experiments were performed using Presaturation

Using Relaxation Gradients and Echoes (PURGE) water

suppression and 128 scans, a recycle delay of 3 s, and 16 K

time domain points (Simpson and Brown 2005). Spectra

were apodized through multiplication with an exponential

decay corresponding to 0.3 Hz line broadening in the

transformed spectrum and a zero filling factor of 2, then

manually phased and calibrated to the DSS methyl singlet,

set to a chemical shift (d) of 0.00 ppm. Metabolite peaks

were identified in each spectrum by comparison with

previously published assignments (Brown et al. 2008; Cui

et al. 2008; Lenz et al. 2005).

Data analysis

1H NMR spectra between d of 0.5 and 10 ppm were

divided into 0.01 ppm wide buckets and the area under

each segment was integrated with AMIX 3.7.10 (Bruker

BioSpin) with the integration mode of sum of intensities.

This resulted in peak splitting for some of the identified

metabolites, so bucket widths were adjusted for these

compounds (Bundy et al. 2007; Guo et al. 2009; Table S2

in Supplementary Material). With the remainder of each

spectrum divided into 0.01 ppm wide buckets and the area

between d = 4.70–4.85 ppm excluded to eliminate small

residual H2O/HOD signals, this resulted in a total of 906

buckets for each earthworm spectrum. The data were

normalized using Probabilistic Quotient Normalization

(PQN) to correct for differences in the total NMR signal

measured for each sample which can vary with factors such

as the mass of tissue extracted (Brown et al. 2009, 2010;

Craig et al. 2006; McKelvie et al. 2009, 2010). PQN has

been proposed to be a robust normalization method for

metabolomic analysis of complex biological mixtures

(Dieterle et al. 2006) and has been applied in several recent

environmental metabolomics studies (Alam et al. 2010;

Bohus et al. 2009; Bundy et al. 2008; Hughes et al. 2009;

Taylor et al. 2009). In a test dataset of 24 healthy control

earthworms, PQN decreased overall inter-individual met-

abolic variability in comparison to integral normalization

[IN, ‘scaled to total intensity’, (Craig et al. 2006)] and

produced a pattern of pair-wise metabolic correlations

which more closely matched that observed for quantified

metabolite concentrations than did the pattern of pair-wise

metabolic correlations calculated using IN data (Whitfield

Åslund et al. in press). Since the multivariate statistics

commonly applied to interpret metabolomics data [princi-

pal components analysis (PCA) and partial least squares

(PLS)] are derived from data correlation and/or covariance,

PQN normalized data was selected for all further analysis

in this study.

Analysis of variance (ANOVA) was used to compare

earthworm mass between treatments. For identified

metabolites, Dunnett’s multiple comparison tests were

applied to compare the PQN normalized bucket intensities

between the control earthworms and each of the five PCB-

exposed treatments.

Both principal components analysis (PCA) and partial

least squares (PLS) regression were applied to detect trends

in the earthworm metabolic profile related to PCB expo-

sure. Background and information regarding these methods

and their interpretation can be found in Eriksson et al.

(2006). PCA was performed using the covariance matrix

838 M. L. Whitfield Åslund et al.
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since the variables have been normalized to the same scale

(Jackson 1991). PLS regression, via the NIPALS PLS

algorithm (Vendeginste et al. 1998), used the bucketed and

normalized NMR spectra as the ‘X’ matrix of multiple

predictors and soil PCB concentrations as the ‘Y’

(response) matrix. PLS models were cross validated using

leave-one-out cross validation (Hawkins et al. 2003; Var-

muza and Filzmoser 2009) and the number of components

selected for each final PLS model was determined using the

1CV strategy described by Westerhuis et al. (2008). For

each PLS model, the explained variation of X and Y (R2X

and R2Y) were reported to indicate how well the model fit

the training data (Eriksson et al. 2006) and the internally

cross-validated R2Y value [reported as Q2Y (Cramer

1993)] was reported as a preliminary measure of the pre-

dictive ability of the model (Hawkins et al. 2003; Varmuza

and Filzmoser 2009). An alternative PLS model was also

created using only 80% of the data and then used to predict

the remaining data in order to simulate how well as PLS

model built from this data could predict an external test set.

In addition, the significance of each PLS model was esti-

mated through response permutation testing (Alam et al.

2010; Eriksson et al. 2006; Section S2 in Supplementary

Material).

Pair-wise Pearson correlation coefficients (r) were cal-

culated between the PQN normalized intensities of all

identified metabolites in earthworm extracts grouped by

treatment. To control Type I errors due to calculations of

multiple pair-wise correlation coefficients, correlation sig-

nificance was assessed by comparison to a Bonferroni

adjusted a value [aadjusted = a/c where c represents the

number of simultaneous comparisons (Broadhurst and Kell

2006; Camacho et al. 2005)]. For each metabolite pair, the

correlation coefficient measured in control earthworm

extracts (r0) was contrasted to that calculated for extracts of

earthworms exposed to the highest soil PCB concentration

(r25) using the Fisher Z-transformation (1) and comparison

to the z-distribution (Spiegel 1991; Morgenthal et al.

2006). Metabolite pairs for which r0 and r25 differed sig-

nificantly were selected for further examination.

Z ¼
ln 1þr0

1�r0

� �
� ln 1þr25

1�r25

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n0�3
þ 1

n25�3

q ð1Þ

Unless otherwise specified, statistical significance was

assessed at a = 0.05. Means were reported as the mean

value ± standard error. ANOVAs, Dunnett’s multiple

comparison tests and correlation analyses were performed

in SPSS 17.0. Multivariate statistics (PCA and PLS) and

permutation tests were performed in R (R Development

Core Team 2009) using the Chemometrics package

(Filzmoser and Varmuza 2010).

Results and discussion

Univariate and multivariate analysis of earthworm

metabolomic responses to PCB exposure

Following the approach of Bundy et al. (2008), the iden-

tified metabolites were categorized into one of five func-

tional groups (sugars, osmoregulators, energy transfer

molecules, amino acids, or organic acids; Fig. 1). Although

some metabolites have functions not represented by these

groups and/or may belong in multiple categories, this

classification fit the patterns of earthworm responses to

PCB exposure (Fig. 1). A visual inspection of the nor-

malized metabolite intensities of the identified metabolites

suggests that some metabolites increased or decreased

following PCB exposure (e.g., possible increases in malt-

ose, glucose, and betaine; Fig. 1), but these differences

were statistically insignificant for most metabolites due to

high inter-individual metabolic variability (Dunnett’s

multiple comparison test, P [ 0.05; Fig. 1). The only sta-

tistically significant metabolic response was an increase in

the PQN normalized intensity of ATP observed in earth-

worm extracts from the 25 mg/kg PCB soil treatment

(Dunnett’s multiple comparison test, P = 8.5 9 10-4,

Fig. 1c). Interestingly, Berdanier et al. (1975) reported that

PCB exposure increased ATP and decreased ADP, AMP,

and Pi in the livers of weanling rats. PCBs were hypothe-

sized to have inhibited active transport pumps fueled by

ATP (transmembrane ATPases), resulting in an impairment

of membrane function (Berdanier et al. 1975). Similarly,

inhibition of ATPases such as Na?/K? ATPase and Mg2?

ATPase has been reported following PCB exposure in

rainbow trout (Davis et al. 1972), rats (La Rocca and

Carlson 1979), and Atlantic salmon (Lerner et al. 2007).

Furthermore, Gastaldi et al. (2007) suggested that

decreased ATPase activity may be part of a general stress

response in earthworms, as the earthworm E. andrei

exhibited significant decreases in the activity of Ca2?

ATPase in the intestinal epithelium following 1 day of

exposure to either copper or benzo[a]pyrene. A similar

mechanism may have increased ATP concentrations in

PCB-exposed E. fetida in the current study. Since ATPases

are critical to the transport of essential nutrients into the

cell and for cell osmotic control (Dhalla and Zhao 1988;

Lingrel and Kuntzweiler 1994), this suggests that earth-

worms exposed to the 25 mg/kg Aroclor 1254 spiked soil

in this study may have been under considerable stress.

Since multivariate statistics consider many variables

simultaneously, they can detect meaningful trends in met-

abolomic data that may not be identified by traditional

univariate analyses (Varmuza and Filzmoser 2009). Ini-

tially, PCA was applied as an ‘exploratory data analysis’

tool (Broadhurst and Kell 2006; Verouden et al. 2009) to

1H NMR metabolomics of earthworm responses to PCB exposure in soil 839

123



help identify general similarities and differences in the

data. This PCA produced four principal components (PCs)

which explained 97.4% of the total data variance (PCs 1, 2,

3, and 4 explained 73, 19, 4.5, and 0.9% of the total var-

iance, respectively). A plot of the sample scores for PC1

versus PC2, which together explained 92% of the total data

variance, provided a general separation between control

and PCB-exposed earthworms (along PC1) but little dose

dependent separation between earthworms exposed to

‘high’ and ‘low’ soil PCB concentrations (Figure S1 in

Supplementary Material). For instance, this scores plot

demonstrates overlap between the mean PC scores

(±standard error) of earthworms exposed to the highest soil

PCB concentrations (25 mg/kg) and those exposed to the

lowest soil PCB concentration (0.5 mg/kg), and provides a

better separation between control earthworms and those

exposed to 1.0 mg/kg PCBs in soil than it does between

control earthworms and those exposed to 25 mg/kg PCBs

in soil (Figure S1 in Supplementary Material). However,

PCs are constructed to explain maximum amounts of total

data variance without discrimination regarding the source

of the variation. Therefore the PCs which explain the

largest amounts of data variance may not always be related

to the experimental treatment since PCs also incorporate

other sources of metabolic variation such as sampling error

and natural biological variation (Verouden et al. 2009). As

a result, it can be useful to consider higher order PCs in the

interpretation of metabolomic datasets (Broadhurst and

Kell 2006; Bundy et al. 2004; Johnson et al. 2007; Rochfort

et al. 2009; Rousseau et al. 2008; Schock et al. 2010;

Scholz and Selbig 2007; Warne et al. 2000). In this study, a

better concentration-dependent separation of the PC scores

was obtained by plotting PC1 versus PC3 (Fig. 2), which

together explained 77.5% of the total variance. This sug-

gests that the metabolic profile of PCB-exposed earth-

worms could be distinguished from that of control

earthworms, as the mean PC scores of earthworms exposed

to PCB concentrations greater than 0.5 mg/kg (±standard

error) lie outside of the mean PC scores (±standard error)

of the control (unexposed) earthworms (Fig. 2). PC1 pri-

marily separated the control earthworms from the PCB-

exposed earthworms and PC3 provided some concentra-

tion-dependent separation between soils spiked with ‘low’

and ‘high’ PCB concentrations. Since PC1 explained a

greater amount of the total data variance than PC3, changes

in the earthworm metabolic profile were more pronounced

between ‘control’ and ‘exposed’ earthworms than between

earthworms exposed to different soil PCB concentrations.

Although PCA detected some concentration-dependent

variation in the earthworm metabolic profile, considerable

overlap in the scores plot remains between different PCB-

exposed treatment groups (Fig. 2a). This may be due to

biological metabolic variation, which is not related to the

PCB treatment, but is nevertheless included in the unsu-

pervised PCA model (Parsons et al. 2009). Since PLS

analysis focuses on variation between treatment groups, it

may provide a better discrimination between each of the

PCB treated groups (Eriksson et al. 2006). Therefore, a

PLS model was constructed using the spiked soil PCB

concentrations as the Y-table and the bucket intensities of

all earthworms in the study as the X-table. Cross-vali-

dated prediction error was minimized for a model with

seven components, so this PLS model was saved for

further interpretation (Westerhuis et al. 2008). This model

fit the training set data well (R2X = 0.99, R2Y = 0.77),

but a leave-one-out cross-validation suggested that only

45% of the variation in soil PCB concentration could be

predicted by the earthworm metabolomic responses

(Q2Y = 0.45) (Eriksson et al. 2006). Nevertheless, a

permutation test confirmed that the predictive capacity of

this model was significantly better than what would be

expected if random treatment labels had been applied to

each earthworm (P = 9.0 9 10-5, Figure S2 in Supple-

mentary Material). The best fit linear relationship between
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the observed and predicted soil PCB concentrations for the

cross-validated predictions is given by [PCB]predicted =

0.56([PCB]observed) ? 2.9, which has an R2Y of 0.47 and

provides a predicted PCB concentration of 2.9 mg/kg for

the control soil (Fig. 3). However, the data appear to more

closely match a log–log relationship, with a rapid increase

between the control group and the lower PCB concentra-

tions and a near plateau at the higher PCB concentrations

(Fig. 3). When the data was transformed to eliminate the

‘zero’ PCB concentration of the control using the trans-

formation [PCB] ? 1 (Bundy et al. 2007; McKelvie

et al. 2010), the cross-validated predictions fit a loga-

rithmic regression relationship of [PCB]predicted = 4.58

(ln([PCB]observed ?1)) ? 0.22, which had a similar R2Y of

0.54 and provided a lower predicted PCB concentration of

0.22 mg/kg for the control soil (Fig. 3). When the PLS

model was reconstructed using only 80% of the total data

with 20% left out for application as an external test set,

similar patterns were noted for the predicted values of the

external test set (Section S3, Figures S3, S4 in Supple-

mentary material). This pattern may suggest that the meta-

bolic pathways mediating the earthworm response to PCBs

were saturated at the higher soil PCB concentrations so that

no further toxicity was expressed (Steenland and Deddens

2004). Ville et al. (1995) noted a similar log–log pattern of

response for lysozyme activity in two closely related Eisenia

species (E. hortensis and E. andrei) following a five-day

contact exposure to PCBs (exposure concentrations of 0, 1,

5, 10, and 30 lg/cm2) which suggests that this pattern of

toxic response may be characteristic of the reponse to PCB

exposure for the Eisenia species. Overall, the PLS models

suggest that the earthworm metabolic profiles can be weakly

but significantly correlated to soil PCB concentration, and

that the biochemical processes mediating the PCB toxic

response modeled by PLS may have become saturated at

higher concentrations.

For the PLS model constructed using the complete

dataset, the cumulative variable importance to projection
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PC score for the treatment class and error bars represent the standard

error of the mean. b The corresponding PC1 and c PC3 loadings

versus chemical shift. Spectral regions contributing to the observed

variance are labeled with selected metabolites. Mal maltose, Glu
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Fig. 3 Average predictions of PCB concentrations (ŷi) given spectra

i by the PLS model derived during the leave one out cross-validation

procedure with spectra i omitted for PLS models (7 components)

constructed with soil PCB concentration as the Y variable and the

quotient normalized bucket intensities as the X table. The solid line
indicates a linear regression between the actual and predicted values

([PCB]predicted = 0.56([PCB]observed) ? 2.9, R2Y = 0.47) and the

dashed line indicates the a logarithmic relationship between the

actual and predicted values ([PCB]predicted = 4.58(ln([PCB]observed ?

1)) ? 0.22, R2Y = 0.54). Error bars represent the standard error of

the mean
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(VIP) values were calculated to ascertain which variables

contributed most to the model (Eriksson et al. 2006).

According to this method, the top ten most important

unique and identifiable variables in this PLS model, in

decreasing order of importance, were leucine, glucose,

betaine, glycine, glutamate, alanine, maltose, valine,

lysine, and lactate (Figure S5 in Supplementary Material).

The univariate patterns of these metabolite intensities were

therefore re-examined, even though no statistically signif-

icant difference from the control had been detected when

metabolites were considered individually (Fig. 1). The

mean intensities of the sugars (maltose and glucose) in the

top 10 VIP list were generally elevated in comparison to

the control for all PCB-exposed earthworms (Fig. 1). This

agrees with several earlier earthworm metabolomic studies

which reported increased sugar levels following exposure

to pesticides (Rochfort et al. 2009), naphthalene and

phenanthrene (Brown et al. 2009) and 3-trifluoromethyl-

alanine (Warne et al. 2000). However, this response is not

universal, as other earthworm metabolomic studies have

reported decreased sugar levels following earthworm

exposure to contaminants such as copper (Bundy et al.

2008) and phenanthrene (Brown et al. 2010). The observed

increase in sugars in the current study may be related to a

down-regulation in glycolysis, since glycolysis is inhibited

by ATP (Horton et al. 2006), which was observed to have

increased in PCB-exposed worms (Fig. 1). Furthermore,

Leroy et al. (2010) reported that PCBs inhibited two key

enzymes in the glycolytic pathway (enolase and glycer-

aldehyde-3-phosphate dehydrogenase) in a freshwater

amphipod, so it is known that PCBs can disrupt carbohy-

drate metabolism.

For the osmoregulators identified in the VIP list, mean

metabolite intensities were generally increased for betaine

and decreased for glycine in PCB-exposed earthworms

(Fig. 1). As it has been suggested that PCB exposure may

lead to complication in cellular osmotic control due to

inhibition of transmembrane ATPases (Berdanier et al.

1975; Davis et al. 1972; La Rocca and Carlson 1979; Lerner

et al. 2007), it is possible the levels of these organic osmo-

lytes were manipulated in an attempt to stabilize cellular

osmotic potential and prevent cell lysis. Other earthworm

metabolomics studies have reported increased levels of

betaine following exposure to contaminants as diverse as

copper (Bundy et al. 2008), cadmium chloride, atrazine, and

fluoranthene (Guo et al. 2009). In addition, Guo et al. (2009)

demonstrated that increased betaine was strongly correlated

with decreased reproduction rate in earthworms following

exposure to both inorganic and organic contaminants.

The mean intensities of the amino acids in the top ten

VIP list (leucine, glutamate, alanine, valine, and lysine)

exhibited a variable response to earthworm PCB exposure

(Fig. 1). For earthworms exposed to the low soil PCB

concentrations (B10 mg/kg), mean amino acid intensities

were decreased in comparison to those of the untreated

control earthworms. However, the mean intensities of these

amino acids were increased in comparison to those of the

control earthworms for the highest soil PCB concentration

(25 mg/kg). Bundy et al. (2008) observed a similar pattern

(decreased below control at low concentrations and

increased above control at high concentrations) for the

amino acids phenylalanine, tyrosine, valine, and leucine in

earthworms exposed to a range of copper concentrations

for 70 days. Likewise, other earthworm metabolomic

studies have reported both increases (Brown et al. 2009,

2010; Jones et al. 2008; McKelvie et al. 2009, 2010;

Rochfort et al. 2009) and decreases (Brown et al. 2009;

McKelvie et al. 2010) in various amino acids which differ

between the type of contaminant, length of exposure, and/

or concentration. As PCBs have been demonstrated to

interfere with glycolysis and therefore the production of

pyruvate as a substrate for the citric acid cycle (Leroy et al.

2010), it is possible that amino acids were converted

to pyruvate, acetyl CoA, acetoacetate or other citric acid

cycle intermediates to supplement energy production

(Horton et al. 2006). This could explain the initial decrease

of amino acids in the current study as well as that observed

for the organic acid lactate (also one of the top ten VIP

metabolites), which can also be converted to pyruvate

(Horton et al. 2006). A similar mechanism was proposed

by Van Scoy et al. (2010) to have decreased lactate levels

in salmon smolts exposed to both crude and dispersed oil.

In contrast, increased amino acid levels in earthworms have

previously been attributed to breakdown of muscle or other

tissue under toxic stress (Brown et al. 2009, 2010; Jones

et al. 2008; McKelvie et al. 2009, 2010; Rochfort et al.

2009). Therefore, the apparent rebound in the mean

intensity of amino acids in earthworms from the highest

soil PCB concentration (Fig. 1) may indicate that this

concentration was sufficient to induce a rate of earthworm

tissue degradation that exceeded the rate at which the

resulting amino acids could be oxidized for energy

production.

Alterations in metabolite correlations following

PCB exposure

Traditional approaches to environmental metabolomics

measure changes in the concentrations or relative propor-

tion of key metabolites in organisms after exposure to an

environmental stressor (Bundy 2005; Robertson 2005;

Simpson and McKelvie 2009). However, some research

has suggested that metabolic responses may also be

reflected through changes in the correlations between

specific metabolites (Camacho et al. 2005; Steuer 2006). In

the current study, the strength of the correlation (r) of
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several metabolites to ATP, betaine, and valine was

observed to differ significantly in earthworms at the highest

soil PCB concentration (25 mg/kg) in comparison to the

control earthworms (comparison of correlation coefficients

performed by Fisher Z-transformation [1], P \ 0.023,

P \ 0.012, and P \ 0.04, respectively).

Specifically, the relationship of a number of the amino

acids (glutamate, lactate, leucine, lysine, phenylalanine,

tyrosine, and valine) with ATP changed from a weak

negative correlation in the control earthworms (mean

r = -0.08 ± 0.05, mean P = 0.74 ± 0.1, Fig. 4a) to a

strong positive correlation in the earthworms exposed

to 25 mg/kg PCBs (mean r = 0.86 ± 0.01, mean P =

0.001 ± 2.6 9 10-4, Fig. 4a). This positive correlation

first emerged in earthworms exposed to soil PCB

concentrations of 1.0 mg/kg, and became increasingly

pronounced as soil PCB concentration was increased

(Fig. 4a). In addition, in control earthworms, several amino

acids (alanine, glutamate, lactate, leucine, lysine, phenyl-

alanine, and tyrosine) showed a reasonably strong negative

correlation with betaine (mean r = -0.685 ± 0.009, mean

P = 0.030 ± 3.09 9 10-3, Fig. 4b), but this relationship

was reversed to a weak positive relationship for earth-

worms exposed to soil PCB concentrations greater than or

equal to 1.0 mg/kg (e.g., mean r = 0.44 ± 0.012, mean

P = 0.211 ± 0.014 for earthworms in the 25 mg/kg

treatment group, Fig. 4b). These changes in metabolite

correlation between numerous amino acids and both ATP

and betaine suggested that PCB exposure significantly

altered aspects of both energy metabolism and membrane
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Fig. 4 Examples of metabolite correlations which were altered

significantly by PCB exposure. a Lysine:ATP. This pattern of
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betaine. This pattern of correlation change is representative of similar
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not shown) c Lysine:valine. This pattern of correlation change is

representative of similar changes observed between valine and lactate

(data not shown)
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(osmolytic) function in E. fetida. This is congruent with the

findings of both the univariate and multivariate (PCA and

PLS) statistical analyses of earthworm metabolic profiles in

the current study, and also with earlier studies that showed

PCB exposure could disrupt these metabolic functions at an

enzymatic level in diverse species such as rats, fish, and a

freshwater amphipod (Berdanier et al. 1975; Davis et al.

1972; La Rocca and Carlson 1979; Lerner et al. 2007;

Leroy et al. 2010). Moreover, the increasing correlation

between ATP and lactate as well as a number of amino

acids supports the hypothesis that amino acids and lactate

are used as an alternative energy source by E. fetida

earthworms following PCB disruption of glycolysis as

suggested by the results of the univariate and multivariate

analyses in this study. In contrast, although a significant

increase in the correlation coefficient was detected between

lactate and valine and between lysine and valine from

the control earthworms (mean r = 0.78 ± 0.05, mean

P = 0.01 ± 0.0067, Fig. 4c) to those exposed to

25 mg/kg of PCBs (mean r = 0.99 ± 7.06 9 10-4, mean

P = 7.64 ± 0.18 9 10-8, Fig. 4c), a visual inspection of

these relationships at each PCB exposure level (Fig. 4c)

did not suggest any change in the underlying metabolic

network as a strong positive correlation between these

metabolites is conserved in tissue extracts from all soil

PCB concentrations.

Conclusions

This study provides several lines of evidence suggesting

that changes in the earthworm metabolic profile can be

directly and quantifiably correlated to soil PCB concen-

tration in a freshly spiked, artificial soil after 2 days of

exposure. These changes appear to match well with known

toxic modes of action for PCBs that have been previously

identified using longer exposure periods and/or other

organisms. Although further study is required to explicitly

link metabolic profile changes to traditional ecotoxicolog-

ical endpoints, the results of this study suggest that 1H

NMR metabolomics of D2O-buffer extracted earthworm

metabolites may be useful to directly monitor the bio-

availability and toxicity of PCBs in soil in a much shorter

period of time than traditional methods. In addition, this

study demonstrated that earthworm metabolomics is highly

sensitive to PCB exposure, as changes in the metabolic

profile were noted even at the lowest soil PCB concentra-

tions in the study (0.5 mg/kg). However, since the current

study used freshly spiked artificial soil, this may have

overestimated earthworm sensitivity to PCBs in a realistic

field setting as contaminant availability to soil organisms

(and therefore toxicity) is expected to decrease over time

(Alexander 2000; Semple et al. 2003). For example, Meier

et al. (1997) reported no lethality (measured after 14 days)

or reproduction impairment (measured after 21 days) in

E. fetida exposed to an aged and weathered soil collected

from a former electrical transformer storage yard that was

contaminated with approximately 70 mg/kg of PCBs

(Aroclor 1260). Therefore, future work is required to

investigate the application of earthworm metabolomics to

the assessment of PCB toxicity in weathered, field-con-

taminated soils such that this technique can be adapted for

use as a risk assessment tool.
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