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Environmental context. Phenanthrene is a persistent soil contaminant, whose toxic mode of action in
earthworms has not been fully examined. We adopt a metabolomics approach, using 'H nuclear magnetic
resonance (NMR) spectroscopy, to measure the response of earthworms to sub-lethal phenanthrene exposure.
The results indicate that NMR-based metabolomics may be used to monitor responses to sub-lethal levels of
contaminants and to delineate their toxic mode of action.

Abstract. 'H NMR-based metabolomics was used to examine the response of the earthworm Eisenia fetida to sub-
lethal phenanthrene exposure. E. fetida were exposed via contact tests to six sub-lethal (below the measured LCsq of
1.6 mgem?) concentrations of phenanthrene (0.8-0.025 mg cm™~?) for 48 h. Multivariate statistical analysis of the 'H
NMR spectra of earthworm tissue extracts revealed a two-phased mode of action (MOA). At exposures below 1/16th of the
LCs5g, the MOA was characterised by a linear correlation between the metabolic response and exposure concentration. At
exposures >1/16th of the LCs, the metabolic response to phenanthrene appeared to plateau, indicating a distinct change
in the MOA. Further data analysis suggested that alanine, lysine, arginine, isoleucine, maltose, ATP and betaine may be
potential indicators for sub-lethal phenanthrene exposure. Metabolite variation was also found to be proportional to the
exposure concentration suggesting that NMR-based earthworm metabolomics is capable of elucidating concentration-

dependent relationships in addition to elucidating the MOA of sub-lethal contaminant-exposure.

Additional keywords: concentration-dependence, contact tests, LCso, metabonomics.

Introduction

Earthworms have been used in ecotoxicological studies as
indicators of soil toxicity!' ! and are considered to be excellent
model organisms, because they are exposed to soil contaminants
by both ingestion and via passive absorption.!"*** There are
many studies that have examined the exposure of earthworms to
lethal contaminant concentrations that result in mortality to 50%
of the population; lethal dose (LDsg) or lethal concentration
(LCsp)."*3] However, these studies may not provide sufficient
information concerning the toxic mode of action (MOA) of a
given contaminant. Currently studies that explore changes in
cellular metabolism, such as fluctuations in synthesis and
breakdown of simple metabolites like amino acids and sugars
due to exposure to very low or sub-lethal concentrations of
contaminants, are lacking.”>®”! Sub-lethal contaminant expo-
sure also results in adverse changes to the physiology of
organisms.[®! Monitoring fluctuations in metabolite levels in
response to sub-lethal contaminant exposure can potentially
lead to an elucidation of the contaminant’s MOA.'%11]
Nuclear magnetic resonance (NMR)-based metabolomics
offers a reliable, reproducible and high-throughput platform
that is currently being utilised to study earthworm responses
to sub-lethal exposure of contaminants in both contact and
soil exposure tests.!' 127! Recent metabolomic studies with
polycyclic aromatic hydrocarbons (PAHs) have suggested that
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the earthworm responses are concentration-dependent, but these
studies did not assess whether or not the toxic MOA could be
ascertained over a wide range of ultra-low sub-lethal concentra-
tions.'>!%17] For example, Brown et al.'?! suggested that
Eisenia fetida earthworm metabolic responses may be corre-
lated with contaminant concentration but their study only
included three different exposure concentrations and did not
clearly identify the MOA. Soil exposure studies have shown that
there is a positive linear correlation between earthworm meta-
bolomic responses and PAH concentration.!'®!”) These pio-
neering studies demonstrate the promise of NMR-based
metabolomics as a novel soil testing tool; however, further
studies are needed to test the ability of earthworm NMR-based
metabolomic methods as a routine tool in the ecotoxicological
assessment of PAHs in the environment. PAHs are prolific and
persistent in soils,!'* %! thus developing better tools to monitor
their risk to soil organisms is needed.

In the present study, the metabolic response of the earthworm
Eisenia fetida to ultra-low sub-lethal phenanthrene exposure
in contact tests was examined using 'H NMR analysis of
earthworm tissue extracts in combination with multivariate
statistical methods. We specifically test if "H-NMR metabolo-
mics can be used over a wide range of sub-lethal concentrations
(i.e. fractions of the LCs), which is important before metabo-
lomics can be used as a widespread tool for elucidating
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sub-lethal toxic responses in soil environments.”?"*?! Further-
more, by using six, sub-lethal concentrations, we hope to build
upon previous studies!'>'” and determine if NMR-based meta-
bolomics can be used to ascertain the MOA over a wide range of
sub-lethal phenanthrene concentrations. We report on the meta-
bolomic responses of Eisenia fetida (the recommended earth-
worm species for use in toxicity tests by the Organization for
Economic Cooperation and Development (OECD))?+!%33! after
exposure to six sub-lethal concentrations of a model PAH,?%2%]
phenanthrene, ranging from 0.8 to 0.025 mg cm 2, whichare 1/2
to 1/64th of the LCs, respectively. Metabolites that have the
potential to be reliable indicators of phenanthrene exposure over
a wide range of sub-lethal concentrations were also monitored to
further build upon previous results!'*!”! with the main goal of
further determining the potential of NMR-based metabolomics
as an ecotoxicity tool for soil contaminants.

Experimental methods
Determination of phenanthrene LCs,

The 48-h LCsq of phenanthrene, using a concentration range
from 0.016 to 10.4 mg cm 2, was determined using the contact
filter paper test as described by the OECD Guidelines.*!
The LCs, for the OECD recommended reference substance,
chloroacetamide, was also measured to assess the accuracy
of the method. Standard 30-mL glass vials with Polytetra-
fluoroethylene (PTFE)-lined caps (Kimble Glass Inc., Fisher
Scientific), which are recommended by the US Environmental
Protection Agency,'*®! were lined with Whatman no. 1 filter
papers. Dichloromethane (DCM) was used as the carrier solvent.
For all compounds, 1 mL of the carrier solution was added into
each vial and evaporated under a slow stream of filtered, com-
pressed nitrogen gas. In all cases, 1 mL of DCM was added to
control vials (ten replicates) and vented. All vials were then
vented for 4 h.

For chloroacetamide, five concentrations between 0.05
and 31.25 ug cm 2 were evaluated. A preliminary range-finding
with five logarithmic concentrations of phenanthrene (between
0.001 and 10.0mgcm ?) was first conducted. This range was
narrowed down to 0.016 to 10.4 mgcm 2 (six concentrations),
with ten worms per exposure concentration. Earthworms were
depurated for 3 h to void the intestinal tracts. A single, mature
earthworm, weighing between 300 and 600 mg was added to
each vial and 1 mL of deionised water was added to moisten the
filter paper. All vials were stored on their side in the dark at
ambient room temperature. After 48 h, mortality was determined.
LCso values were calculated using the Trimmed Spearman—
Karber Program Version 1.5 with automatic trim selected.[***”)
The LCs, value for chloroacetamide was 3.9 pgcm > (95%
confidence interval of 2.6 to 5.8ugcem ?). This is in
good agreement with the reported value of 2.7 ugcm 2 for
chloroacetamide.[*®!

Earthworm contact tests and tissue extraction

Mature earthworms (Accessory publication, ‘Earthworm
maintenance prior to contact tests’ section) were depurated in
the dark for 96 h to empty their intestinal tracts before exposure
tests.*! Earthworms were exposed to six concentrations of
phenanthrene: 0.8, 0.4, 0.2, 0.1, 0.05 and 0.025 mg cm ™2 (cor-
responding to: 1/2, 1/4th, 1/8th, 1/16th, 1/32nd and 1/64th of the
measured 48-h LCs, respectively). Filter papers were placed in
amber glass jars before the addition of phenanthrene solutions
(1mL in chloroform).l'¥ For comparison to non-exposed
earthworms (control set), only chloroform was added to filter

106

B. P. Lankadurai et al.

papers (without phenanthrene).m] The chloroform in all jars
(exposed and controls) was allowed to evaporate and then 1 mL
of distilled water was added before addition of earthworms.
Twelve earthworms per exposure concentration were used and
12 earthworms comprised the control set (without phenanthrene
added to filter papers). The glass jars were kept in the dark for
48 h.I*1 Earthworms were then flash-frozen in liquid nitrogen,
lyophilised and stored frozen until extraction.!!!

Lyophilised earthworms were homogenised in a 1.5-mL
centrifuge tube using a 5 mm-wide stainless steel spatula.!'”]
The homogenised earthworm tissue was then extracted using
1.20 mL of a 0.2-M monobasic sodium phosphate buffer solu-
tion (NaH,PO,4-2H,0, 99.3%, Fisher Chemicals) containing
0.1% (w/v) sodium azide (99.5% purity, Sigma Aldrich) as a
preservative.’! Buffer solution was made with D,O (99.9%
purity, Cambridge Isotope Laboratories) and adjusted to a pD of
7.4 using NaOD (30% w/w in 99.5% D,0O, Cambridge Isotope
Laboratories Inc.). The buffer solution also contained 10 mg L™
of 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS,
97%, Sigma Aldrich) as an internal standard.’*'*! Samples were
vortexed for 30s and then sonicated for 15min to aid with
the extraction. Samples were then centrifuged at 14 000 rpm
(~15000g) for 20 min at room temperature (24°C) and the
supernatant was transferred into a new 1.5-mL centrifuge tube.
The centrifugation procedure was repeated twice more to
remove any additional particulates. Samples were then trans-
ferred into 5-mm High Throughput”™* NMR tubes (Norell Inc.,
NJ, USA) for "H NMR analysis.

"H NMR spectroscopy and data analysis

"H NMR spectra of the earthworm extracts were acquired with a
Bruker Avance 500 MHz spectrometer using a 'H-'""F—'"N-'3C
5-mm Quadruple Resonance Inverse (QXI) probe fitted with
an actively shielded Z gradient. '"H NMR experiments were
performed using Presaturation Using Relaxation Gradients and
Echoes (PURGE) water suppression, 128 scans, a recycle delay
of 35, and 16 K time domain points.*” Spectra were apodised
through multiplication with an exponential decay corresponding
to 0.3-Hz line broadening in the transformed spectrum, and a
zero filling factor of 2. All spectra were manually phased and
calibrated to the DSS internal reference methyl singlet, set to a
chemical shift (6) of 0.00 ppm.

Multivariate statistical analyses were performed on pro-
cessed '"H NMR data using the AMIX 3.8.4 (Bruker BioSpin,
Rheinstetten, Germany) statistics tool to identify differences
in the metabolic profiles of E. fetida following phenanthrene
exposure. The "H NMR spectra were analysed between 8 of 0.5
and 10 ppm and divided into 0.02 ppm-wide buckets, for a total
of 475 buckets.*®! The area between 8 = 4.70 and 4.85 ppm was
excluded to eliminate the small residual H,O/HOD signals. The
integration mode was set to the sum of intensities and the spectra
were scaled to total intensity.['*!>! This created a matrix in
which each row represents an earthworm sample and each
column contains the integrated area of the original spectral
intensities contained within each bucket region. Individual
principal component analysis (PCA) and partial least-squares
discriminant analysis (PLS-DA) scores plots were calculated
to compare the metabolic response of the control and expo-
sed worms for each exposure level. PCA is an unsupervised
statistical method that identifies the maximum variation in
data.*') However, PLS-DA is a supervised statistical method
that identifies variation between groups (for example, between
controls and phenanthrene exposed Worrns).[3 1321 The R%X and
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Fig.1. PCA scores plots of PC1 (first PCA component) v. PC2 (second PCA component) for 'H NMR spectra of
E. fetida aqueous buffer tissue extracts showing the separation of control worms () from exposed worms (O) at
phenanthrene concentrations of (a) 0.025mgem 2 (1/64th of LCsp); (b) 0.05mgem > (1/32nd of LCs);
(¢) 0.10mgem 2 (1/16th of LCsy); (d) 0.20mgem 2 (1/8th of LCs); (¢) 0.40mgcm 2 (1/4th of LCsp); and
() 0.80mgcm 2 (1/2 of LCsg). The P-values were obtained from r-tests that compared the scores of the control

and exposed worms for each component.

R?Y values, which denote the explained variance of X and Y
respectively were obtained for PLS-DA.**! The PLS-DA
models were also cross-validated (internal cross-validation)
using leave-one-out cross-validation (LOOCV) and the cross-
validated R?Y value (reported as Q*Y) was also obtained to
determine the robustness of the model (Accessory publication,
‘Calculation of QY of partial least-squares regression models’
section).[!216:34351 [ evene’s test was used to test for variance
homogeneity among the PCA and PLS-DA scores, which were
found to have equal variances at o= 0.05.% A r-test (two-
tailed, equal variances) was also performed on the first and
second component PCA and PLS-DA scores to determine if
there was a significant difference between the scores of the
controls and the exposed worms at « = 0.05.*”! Corresponding
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PCA loadings plots, which show the relative weight for each
bucket, were also acquired for each of the PCA scores plots to
identify the metabolites that were contributing to the separation
between the scores of the control and exposed earthworms. Both
PCA and PLS-DA showed similar trends in discrimination
(Fig. 1 and Accessory publication, Fig. Al). PLS-DA cross
validation was also used to test the robustness of the separation
and the resulting Q?Y values for all exposure concentrations
were greater than 0.5, suggesting that the models are robust
(Accessory publication, Fig. A1).[' As all of the replicates
were used to make the PLS-DA models, external validation was
not performed with an independent test set to determine the
predictive ability of the model.'*?! Thus, the resulting PLS-DA
models provided no additional discrimination to that obtained
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Fig. 2. Loadings plot for PC1 and PC2 showing the metabolites that were major contributors to the separation

observed in the PCA scores plot. The abscissa refers to the "H NMR chemical shifts (ppm). Concentrations are:
(a) 0.025mgem 2 (1/64th of LCs); (b) 0.05mgem 2 (1/32nd of LCsp); (¢) 0.10mgem 2 (1/16th of LCsp);
(d) 0.20mgem 2 (1/8th of LCs); (¢) 0.40 mgcm 2 (1/4th of LCsp); and (f) 0.80 mgem 2 (1/2 of LCsp).

with PCA; therefore further discussions will focus solely on the
PCA models for brevity.

Difference class 'H NMR spectra were constructed to iden-
tify metabolites that had significantly increased or decreased
relative to the control.l'%**! The buckets generated by AMIX
3.8.4 statistics tool, which represents the binned 'H NMR
spectra of E. fetida extracts were then imported into Microsoft
Excel (version 12.0.6504, Microsoft Corporation, Redmond,
WA). A Levene’s test performed on the buckets revealed that
there was equal variance at o =0.05.%%) A r-test (two-tailed,
equal variances) was then performed comparing the buckets of
the controls with that of the exposure class to identify the
buckets that were statistically different at o =0.05. Average
class "H NMR spectra were obtained by averaging the buckets of
each exposure class. Difference class "H NMR spectra were then
obtained by subtracting the buckets of the average controls from
that of each average exposure class. The buckets representing
metabolites peaks that were not statistically significant from
the controls were then replaced with a zero resulting in a ¢-
test filtered "H NMR difference spectrum.'®*® The buckets
were then imported into ACD/1D NMR manager (Advanced
Chemistry Development, version 12.0, Toronto, Canada) to
acquire the difference spectra. The percentage changes in the
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intensity of metabolite peaks of exposed worms relative to the
controls were obtained by first subtracting the buckets that
pertain to the metabolites in the control earthworms from the
exposed earthworms and then dividing again by the buckets in
the control earthworms. The metabolite peaks were identified
using a database of the "H NMR spectra of a series of standard
metabolites that were previously identified in E. fetida.>'!

A partial least-squares (PLS) scores plot was also
calculated using the AMIX 3.8.4 statistics tool, having
the exposure concentration as the Y-variable, to compare the
control and exposed earthworms at all concentrations to
deduce concentration-dependent relationships in the metabolic
profile. A five-component model was found to be ideal using
LOOCYV. The scores from the PLS plot were then imported into
Microsoft Excel and were averaged per class (concentration of
phenanthrene exposure) and re-plotted with their associated
standard errors.

Results and discussion

PCA scores plots of "H NMR spectra of E. fetida tissue extracts
identified some statistically significant (P<0.05) changes in
the metabolic profiles of the phenanthrene exposed earthworms
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Fig.3. r-testfiltered "H NMR difference spectra of E. fetida aqueous buffer
tissue extracts obtained by subtracting the mean buckets of the control
worms from the mean buckets for each phenanthrene exposure concentration
and retaining the buckets that were statistically different from the controls
at o= 0.05. (a) 0.025 mgem 2 (1/64th of LCsp); (b) 0.05mgem 2 (1/32nd
of LCs); (¢) 0.10mgem 2 (1/16th of LCs); (d) 0.20mgem 2 (1/8th of
LCs0); (¢) 0.40 mg cm 2 (1/4th of LCsy); and (f) 0.80 mg cm ™2 (1/2 of LCs).

relative to the unexposed (control) earthworms (Fig. 1). Brown
etal."?!also showed that exposure of E. fetida to sub-lethal PAH
concentrations via contact tests elicits changes in the metabolic
profile. The #-test performed on the first and second component
PCA scores showed that the higher exposure concentrations
(0.80. 0.40, 0.20 and 0.10mgcm ) resulted in a significant
separation (P<0.05) between the controls and the exposed
worms along the x-axis (PC1; explains ~90% of the metabolic
variation; Fig. 1c—f). However, the lower concentrations (0.025
and 0.05mgem ) did not show significant separation
(P> 0.05) from the controls along PC1 (Fig. la,b). The
0.025mgcm > phenanthrene exposure had statistically sig-
nificant separation (P=0.003) from the controls along the
y-axis (PC2; explains 4% of the metabolic variation); however,
this accounts for very little of the variation in the metabolic
profile (Fig. la). Therefore, higher phenanthrene exposure
results in greater metabolic responses leading to greater
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differences in the overall metabolic profile. Brown et al.' T also
showed that high phenanthrene exposures in soil resulted in
improved separation from the controls along PC1 (explains 74%
of the metabolic variation), with lower concentrations separat-
ing from the controls only along PC4, which only explained
~2% of the metabolic variation.

PCA (PCI1 and PC2) loadings plots were used to identify
metabolites contributing to the separation (Fig. 2).l':!%17:3]
Leucine (6 0.95ppm), isoleucine (6 1.25ppm), alanine
(6 1.47 ppm), arginine (6 1.91 ppm), lysine (6 3.03 ppm), betaine
(6 3.25 ppm) and maltose (6 5.41 ppm) were identified as the
major metabolites contributing to the PCA separation (Fig. 2).
The #-test filtered difference 'H NMR spectra (Fig. 3) highlight
these metabolites and the extent that the metabolic response
varies with exposure to increasing phenanthrene concentra-
tion.!'*3%) The percentage change of the identified metabolites
relative to the control (Fig. 4) suggests that metabolic changes
are also related to exposure concentration over the range of
concentrations studied. This confirms previous studies that
suggest that NMR-based metabolomics is capable of detecting
concentration-dependent responses in soil and contact exposure
tests.'>'®'7] Our study, which included a wider range of
sub-lethal exposure concentrations, shows that significant
(at o =0.05) metabolic responses can be detected consistently
at exposure concentrations as low as 0.1 mgcem ™2 (1/16th of the
LCsg) for select metabolites. For example, significant (at
o =0.05) increases in alanine, lysine and arginine, along with
a significant decrease in maltose relative to the control were
observed at exposures >0.1 mg cm > (Fig. 4a—c,f). The percent-
age increase in isoleucine levels relative to the control was
significant (o =0.05) at all exposure levels (Fig. 4e). The
magnitude of the percentage changes in alanine, lysine, argi-
nine, maltose and the energy molecule adenosine triphosphate
(ATP), all increase with exposure, indicating concentration-
dependent responses to phenanthrene exposure (Fig. 4).1'%!7)
However, the levels of the amino acids and maltose began
to plateau at exposures >0.1 mgcem ™2 Brown et al.l'”! also
observed significant increases in amino acid levels and signifi-
cant decreases in maltose relative to the controls at high
phenanthrene exposures in soil. The consistency in the response
of E. fetida to phenanthrene exposure in soil and in contact tests
shows that contact tests are useful for fast contaminant-exposure
studies that may be representative of exposure responses
observed in soil."'”]

The observed amino acid increases may be attributed to an
onset of protein catabolism that could have been triggered to
meet the increased energy requirement in an attempt to counter-
act phenanthrene toxicity or a complete halt in amino acid
breakdown.'*®)  Brown et al!'"? showed that maltose
concentrations increased (but not statistically significantly) in
earthworms exposed to phenanthrene concentrations of 0.05 and
0.1 mg cm ™2 in contact tests. However, the variation in maltose
concentration was high (i.e. large standard deviations). The
large variation in maltose was likely due to inherent natural
variation in the earthworms and potential errors from using DSS
as an internal standard.!'? In our study, the intensity of the
maltose peak decreased significantly (at o =0.05) for phenan-
threne exposures >0.1 mg cm 2 (Fig. 4f), which may be due
to an increase in glycolysis to fulfil the energy needs of the
cells."' 74 An increase in glycolysis also results in an increase in
ATP production (Fig. 4g). However, a significant accumulation
of ATP at exposures >0.05mgcem 2 also suggests that even
though ATP is produced to meet the higher energy requirements,
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Fig.4. Percentage change in selected metabolites of phenanthrene exposed E. fetida compared with the control
worms. Metabolites are: (a) alanine; (b) lysine; (c) arginine; (d) leucine; (e) isoleucine; (f) maltose; (g) ATP; and
(h) betaine. The percentage changes in the intensity of metabolite peaks of exposed worms relative to the controls
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exposed earthworms and then dividing again by the buckets in the control earthworms.!'**#! The percentage
changes that were significantly different from the control are labelled with an asterisk (*; at « =0.05). The
percentage changes are shown with their associated standard error.

the mode that utilises ATP may be compromised due to Chemical toxicity may either depress or stimulate metabolic
phenanthrene exposure (Fig. 4g). The lack of efficiently utilis- activity."***! Depression of metabolic activity has been corre-
ing ATP contributes to the plateau observed in the response, lated with a decrease in alanine, leucine and isoleucine levels
because energy is no longer available. in the marine mussel Mytilus edulis, which was exposed to
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Multivariate statistical analysis showing (a) PLS scores plot of T1 (first PLS component) v.

T2 (second PLS component) for 'H NMR spectra of E. fetida aqueous buffer tissue extracts. The mean
scores (with associated standard error) were obtained by averaging the scores of each earthworm
class. The ellipses that separate the high, middle and low exposure classes were constructed as visual
aids. The exposure response trajectory is highlighted by a dashed line. (b) PLS scores plot of T1 v. U1.
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T1 represents the scores (first component) that describe the metabolic response of E. fetida obtained
from the "H NMR spectra. The mean T/U scores were obtained by taking the average of the scores for
the worms belonging to each class. The mean T/U scores are shown with their associated standard

€rror.

lindane."***"1 In our study, E. fetida exposure to phenanthrene
showed a general increase in amino acids. Betaine, an osmolyte
that is produced when organisms are exposed to conditions of
drought, high salinity or temperature stress, also decreases as
metabolism slows down.!'®**#! Betaine stabilises cellular
metabolic functions under varying conditions of stress by
enhancing the water retention of cells and by replacing inorganic
salts.B74%%3] Betaine significantly (at o= 0.05) increased at
the lowest exposure of 0.025 mgcm 2 (Figs 3a, 4h). However,
the increase in betaine at exposures >0.025 mgcm ™2 was not
significant (Fig. 4h). Therefore, the increases in amino acids and
betaine levels suggests that there is stimulation in the metabolic
activity of E. fetida on account of increasing phenanthrene
exposure; however, this plateaus as the exposure increases
above 0.1 mg em™2 or 1/16th of the LCs.

PLS regression analysis was also used to further ascertain the
relationships between metabolic responses and phenanthrene

111

exposure (Fig. 5a).314448] The PLS scores plot shows distinct
regions for high (0.8, 0.4 and 0.2mgcm 2), medium
(0.1mgem?), and low (0.05 and 0.025mgcm %) exposure
levels (Fig. 5a). The low phenanthrene exposure level clusters
near the controls whereas the higher exposure levels are further
away, also suggesting a concentration-dependent response. A
trajectory of responses to exposure of a chemical can signify its
MOA, as exposure to chemicals with varying toxicities leads to
trajectories that differ in their geometries or the overall shape of
the curve.['%!1:384950] The trajectory of the metabolic profile
of E. fetida is shown in Fig. 5a. The metabolic response
to phenanthrene exposure increases profoundly from 0.1 to
0.05 mgcm 2 (large shift along T1 which explains 94% of the
metabolic variation). However, increasing the exposure con-
centration beyond 0.1 mg cm 2 alters the position only along T2
(explains only 4% of the metabolic variation). This suggests that
at exposures >0.1 mgcm 2, there is little change in the intensity



of the metabolic response. The PLS analysis also suggests a
two-phased MOA for phenanthrene in E. fetida centred on the
exposure of 0.1 mgem 2. This agrees with the results from the
difference spectra and the percentage change in metabolites,
which also show that the metabolic response plateaus at expo-
sures >0.1 mgem 2 (Figs 3, 4). The PLS T1/Ul scores plot,
which is used to delineate any correlations between the meta-
bolic response and exposure concentration,®"**>!1 shows that
there is a positive linear correlation (R* = 0.99) between expo-
sure level and the metabolic profile that spans from the control to
an exposure concentration of 0.1 mgem 2 (Fig. 5b). However,
including exposure concentrations >0.1 mgcm ™2 results in an
overall non-linear correlation (R*=0.41) between exposure
level and the metabolic profile. Therefore, the difference
"H NMR spectra, percentage changes in metabolites and PLS
analysis indicate that phenanthrene exposure of 0.1 mg cm Zisa
critical concentration for E. fetida in contact tests. The MOA at
the lower concentrations, which were 1/64th and 1/32nd fraction
of the LCs,, may change to a more potent phase at exposures
higher than the critical concentration of 0. mgem > and
remains in that state as the exposure concentration increases
towards the LCsq. Similar concentration-dependent behaviour
was also observed in E. fetida and other earthworm species
exposed to PAHs where the concentration of cytochrome (Cyt)
P450 was being monitored.”*>*! Exposure to xenobiotics
results in an increased expression of Cyt P450 enzymes, allow-
ing the monitoring of total Cyt P450 content to be a biomarker
for exposure of xenobiotics to organisms.”?>°*>>] PAHs have
generally been shown to induce the Cyt P4501a isoenzyme
in many species.”>>>>7 Zhang et al.l** investigated the
concentration-dependent behaviour of E. fetida to pyrene (Py)
and benzo[a]pyrene (BaP) by monitoring the total Cyt P450
content. Total Cyt P450 content did not display any consistent
correlation with PAH exposure and it was concluded that this
observation was made because at certain concentrations, PAHs
act as inducers of specific Cyt P450 isoenzymes while being an
inhibitor for others. This may explain the observation of a MOA
with two distinct phases in E. fetida to phenanthrene exposure.
At concentrations >0.1 mg cm 2 phenanthrene may act as an
inhibitor for specific Cyt P450 isoenzymes. This would com-
promise the earthworm’s ability to combat the toxic MOA of
phenanthrene and the chances for mortality are increased. This
trend culminates with almost 50% mortality at the LCso. The
inconsistency in leucine levels, which contributed to the separa-
tion observed in the PCA scores plots, but did not increase
significantly (at o = 0.05) may also be partially attributed to the
initiation in Cyt P450 expression (Figs 3, 4d). Leucine, which
comprises close to 15% of Cyt P450s amino acid composition,
is the major amino acid in its makeup.l*®! Therefore, initiation in
Cyt P450 production in exposed worms may have resulted in the
observed fluctuations of free leucine levels in E. fetida after
phenanthrene exposure. However, as we did not measure Cyt
P450 levels directly, future studies are needed to confirm the
observed MOA within the context of Cyt P450 activity.

Conclusion

Our study further indicates that "H NMR-based metabolomics is
able to detect earthworm responses to sub-lethal concentrations
of phenanthrene and also suggests that earthworm responses
are correlated with exposure concentration.!'*!”! Furthermore,
in addition to being able to detect earthworm responses over a
wide range of ultra-low sub-lethal phenanthrene concentrations,
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metabolomics also has the potential to delineate the MOA of the
contaminant in earthworms. Two phases of the toxic MOA were
observed for E. fetida in response to phenanthrene exposure. At
exposures below 1/16th of the LCs, phase I of the toxic MOA
is in action, highlighted by a linear correlation between the
metabolic response and the exposure concentration. At expo-
sures >1/16th of the LCs(, the metabolic response to phenan-
threne appeared to plateau, indicating the operation of a distinct
phase II in the MOA. As in previous studies,!'*'”! amino acids
such as alanine, arginine, isoleucine and lysine and the sugar
maltose emerged as potential response indicators of phenan-
threne exposure. The consistency between the response of
E. fetida to phenanthrene exposure in both contact and soil
exposure studies suggests that even though contact tests may not
fully represent the soil environment, they provide a rapid and
reliable screening method for potentially measuring soil expo-
sure responses. Therefore, the results of our study shows that
NMR-based earthworm metabolomics holds great potential for
development as a routine tool in the ecotoxicological assessment
of low and sub-lethal levels of contaminants in the environment.

Accessory publication

Detailed information on the protocols followed for earthworm
maintenance, the procedure followed by AMIX to calculate
0?Y, and PLS-DA scores plots of the '"H NMR spectra of
E. fetida control and phenanthrene exposed earthworms.
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