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(Eisenia fetida), Coelomic Fluid, and Coelomocytes 
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Dr. Cynthia K. Larive, Chairperson 

 

 

 

Earthworms (Eisenia fetida) are abundant and vital members of the soil environment and 

monitoring their metabolism may be a useful indicator of soil health and ecotoxicity. This 

dissertation aimed to expand the analysis of nonlethal and noninvasive earthworm 

metabolite pools to probe their usefulness in environmental monitoring. Coelomic fluid 

(CF) is a biofluid that fills the body cavity of the worm and contains free-moving liver-like 

and immune cells called coelomocytes (CC). 1H NMR, GC-MS, and LC-MS were used to 

identify metabolites in earthworm, CF, and CC extracts. Fifty-four metabolites were 

detected in earthworm extracts, 47 in CF, and 41 in CC using 1H NMR. GC-MS was only 

employed with CF extracts, where 44 metabolites were detected. Targeted LC-MS analyses 

detected 97 metabolites in earthworm extracts, 82 in CF, and 67 in CC. Significantly, 

assignment of the earthworm metabolomes led to the identification of a new metabolite: 

(−)--ʟ-malyl-ʟ-glutamate. Malylglutamate was detected in several invertebrate species at 

concentrations in the ng/mg – m/mg range, and it was elucidated as a chelator and 
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potential store for malate and glutamate. This dissertation also sought to explore the 

response of earthworm metabolism to environmental stressors. CF of earthworms exposed 

to six chloroacetanilide herbicides (acetochlor, alachlor, butachlor, metolachlor, S-

metolachlor, and propachlor) were collected and analyzed using 1H NMR and GC-MS. 

Perturbations in lipid metabolism and -oxidation were observed, suggesting that 

chloroacetanilide herbicides affected earthworms in a manner similar to the herbicidal 

mode of action. Exposure to chlorothalonil was used to compare the impact of metabolites 

in earthworm, CF, and CC extracts using 1H NMR and LC-MS. CF extracts were the most 

sensitive matrix to detect the effects of chlorothalonil exposure, where increased glutamine 

levels was the only biomarker detected at both doses. Chemometrics revealed N-

acetylserine and ophthalmic acid as strong biomarkers in the high dose group of CF 

extracts, which may indicate increased oxidative stress. ADP ribose was the only 

metabolite consistently affected and its increase could be a response to chlorothalonil-

induced DNA damage. This work supports metabolic profiling in earthworm and CF 

extracts to determine which matrix is most sensitive for detecting environmental stress.  
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CHAPTER ONE 

Introduction 

Based in part on papers published in the Journal of Proteome Research 

J. Proteome Res. 2017, 16 (9), 3407-3417 

J. Proteome Res. 2018, 17 (8), 2611-2622 

 

This dissertation research aims to develop new methods for using metabolomics to 

identify the non-targeted, sub-lethal effects of toxicants in the soil environment, using the 

earthworm species Eisenia fetida. Improvements in methods for monitoring environmental 

health and advancing our understanding of environmental effects depends on advances in 

technologies for chemical analysis and ecotoxicity assessment. Current limits of detection 

strain the true characterization of chemicals in the environment, some of which may hold 

significant toxicological implications at their low, unquantifiable levels or interact as 

components of a complex mixture through synergistic effects. Thus, alternative methods 

are needed to identify contaminants and evaluate ecotoxicity. One such approach is 

environmental metabolomics, which seeks to understand how organisms respond to 

toxicants by analyzing changes in metabolite levels within cells, tissues, or biofluids.1-2  

Earthworms are abundant and vital members of the soil environment. They are 

sensitive to contaminants and monitoring their metabolism may be a useful indicator of 

soil health and ecotoxicity. Herein, this dissertation aimed to study complementary, 

nonlethal, and noninvasive metabolite pools to probe their usefulness in environmental 

monitoring. These studies first required identifying earthworm metabolites to allow 
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interpretation of biological perturbations, which led to the elucidation of a new, abundant 

earthworm metabolite: malylglutamate. A significant portion of this dissertation also 

focuses on elucidating the structure of malylglutamate and screening for its presence in 

invertebrates. Nuclear magnetic resonance spectroscopy (NMR), gas chromatography-

mass spectrometry (GC-MS), and liquid chromatography-mass spectrometry (LC-MS) are 

used orthogonally to understand earthworm metabolism and its response to environmental 

stressors through the following objectives:  

 

Objective 1: Identify and assign 1H NMR resonances of metabolites in E. fetida coelomic 

fluid, coelomocyte, and whole-earthworms. (Chapter 2)  

 

Objective 2: Elucidate the structure and absolute configuration of the major earthworm 

metabolite, malylglutamate. (Chapter 3) 

 

Objective 4: Explore the function of malylglutamate and screen for its presence in closely-

related invertebrates. (Chapter 4)  

 

Objective 5: Profile the metabolic impacts of chloroacetanilide herbicide exposure in 

earthworm coelomic fluid and identify potential structure-activity relationships using 1H 

NMR and GC-MS. (Chapter 5) 
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Objective 6: Compare the metabolic impacts and identify biomarkers of chlorothalonil 

exposure in coelomic fluid, coelomocytes, and whole-earthworms using 1H NMR and 

targeted LC-MS. (Chapter 6)  

 

1.1. Environmental Metabolomics and Ecotoxicology  

Assessing ecotoxicity is an arduous task, with an understanding of the effects of a 

contaminant often delayed until adverse effects are seen in species higher on the trophic 

level. There is a need to identify environmental insults prior to ecosystem-wide problems. 

Indicator species or bioindicators are used monitor the health and integrity of an ecosystem, 

analogous to the canary in the coal mine.3 A good indicator species is representative of a 

particular life zone, and can serve as an early warning sign of environmental stress over a 

wide range and intensity of stress.3 Indicator species should also help diagnose the effects 

on that ecosystem, instead of merely identifying a change. Indicator species are a 

cornerstone of ecotoxicology, a discipline of toxicology that aims to understand the effect 

of toxicants on ecology in order to mitigate the effects of anthropogenic pressures on the 

environment.4  

Omics technologies and systems biology (Figure 1.1) provides a global view of 

cellular processes on an individual to population-wide level, providing the opportunity to 

revolutionize how scientist use indicator species in biomonitoring. Stress exposure (e.g., 

pesticide, climate change) induces changes in gene expression and protein production, 

which are reflected in the small molecule metabolites that comprise an organism’s 

metabolome.1 Changes in metabolite levels can be used to indicate deviations from 
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homeostasis in an individual or population. This field of study, known as metabolomics, 

provides a promising avenue to examine the effects of contaminants on lower trophic level 

species and provide insights into environmental problems prior to food chain-wide effects. 

 

 

Figure 1.1. Depiction of the hierarchy of systems biology.  

 

1.1.1. Metabolomics 

Metabolomics is used to track global changes in metabolites in biofluids, cells, 

tissues, and organs from stressors, such as disease, toxicity, or environmental conditions.1-

2 The goal of metabolomics experiments is to quantify perturbations in the metabolome to 

provide signatures of an applied stress. Note the difference between xenobiotic metabolites 

produced through detoxification mechanisms, and endogenous metabolites, which are 

products or byproducts of normal metabolic pathways and are the focus of metabolomics 

studies. Metabolomics encompasses the study of all primary and secondary metabolites in 

an organism such as amino acids, lipids, organic acids, terpenoids, and sugars. 

Metabolomics methods can be targeted, which are designed to probe defined compounds 

with similar physiochemical properties or metabolic pathways, or untargeted (i.e., globally) 
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which aims to detect all known or unknown metabolites in a sample.5 For example, 

lipidomics is a branch of metabolomics that specifically investigates lipid metabolism.6  

Metabolomic studies can be further divided into metabolic profiling and metabolic 

fingerprinting. Although these terminologies are often used interchangeably, metabolic 

fingerprinting refers to the pattern of a spectrum or chromatogram that distinguishes 

between healthy versus unhealthy, and thus, hundreds to thousands of metabolites are 

detected without knowledge of their identity.2, 7-9 Metabolic fingerprinting experiments 

tend to be high-throughput and aim to determine if there is a difference in the metabolomes 

of two populations. Metabolic profiling aims to simultaneously detect and quantify 

metabolites in a sample set.9 Metabolite identification is crucial to these experiments 

because they aim to understand the differences in metabolite levels. Since a major goal of 

metabolic profiling is to understand perturbations in biochemical pathways, this method is 

typically limited to identifiable metabolites. Metabolomics is the comprehensive study of 

all metabolites within a cell, tissue, biofluid, or organism, which is analytically 

unachievable since current technology cannot identify every single metabolite in a given 

sample.2, 10 

 

1.1.2. Environmental Metabolomics 

Metabolic profiles revealed through mechanistic investigations of toxicity and 

disease spawn novel approaches to diagnose fitness and investigate environmental health. 

As the outcome of genomics, transcriptomics, and proteomics, metabolomics reflects what 

has happened in an organism rather than what is happening now or may occur in the future.2 
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Environmental metabolomics is an expanding field that includes identifying toxicity 

signatures of environmental stressors to understanding the roles of microorganisms in 

biogeochemical processes.1, 11-13 In terms of ecotoxicology, environmental metabolomics 

aims to identify and use metabolic biomarkers of xenobiotics to measure individual, 

population, and ecological health.1 Functional changes induced by exposure to xenobiotics 

are observed at the molecular, cellular, organ, individual, and population levels and 

describing these deviations in adverse outcome pathway (AOP) models is increasingly 

emphasized.14 Metabolomics may be a useful tool in defining toxicant mode of action 

(MOA) and aiding to the description of AOPs; however, many challenges remain in 

implementing metabolomics in systems toxicology, including validating and predicting 

biomarkers, relating metabolic perturbations to critical outcomes, and mapping species-

specific metabolic pathways.  

Perturbations in bioenergetic processes are fundamental metabolic responses to 

stressors, which strive to provide extra energy to maintain homeostasis. These strategies 

are commonly used and documented in the study of tumors and carcinogenesis (i.e., the 

Warburg effect) where increased lactate levels are a signature of upregulation of energy 

production and the result of anaerobic glycolysis, pentose phosphate pathway, and 

glutaminolysis.15-16 In glutaminolysis, for instance, glutamine is converted into glutamate 

and then converted into α-ketoglutarate and pushed into the TCA cycle, either by reaction 

with oxaloacetate to produce aspartate as a byproduct or pyruvate to produce alanine as a 

byproduct. Lactate reduction, alternatively, may indicate gluconeogenesis or its use in ATP 

production, as seen in Chinook salmon pre-smelt exposed to dispersed oil.17 Also observed, 
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histidine downregulation can signify its catabolism into α-ketoglutarate to increase 

production of ATP. Furthermore, changes in ratios or concentrations of carnitine 

biosynthesis metabolites may also indicate perturbation of β-oxidation.18 Due to the 

interwoven nature of TCA cycle metabolites throughout the biochemical map, there are 

many combinations that indicate different strategies to increase energy production, so it is 

critical to consider all metabolite changes when trying to determine mode of action of 

stressors. 

 

1.1.3.  Metabolic Flux Analysis  

Metabolic flux or fluxomics is a facet of metabolomics that examines the flow of 

metabolites in biochemical pathways or changes in the rate of metabolism.19-20 Metabolic 

profiling is useful for identifying changes in metabolite levels, but it does not give insight 

into the rate of metabolism. Metabolic flux cannot be directly measured, instead it requires 

the introduction of stable (e.g., 2H, 13C, 15N) or radio isotopes into cells or tissues and 

observation of their metabolism over time. Metabolic flux analyses are stoichiometric in 

nature, where the goal is to observe transient changes in metabolites within a metabolic 

pathway.21 All the common pathways and their corresponding enzymatic activity has been 

elucidated, so these experiments tend to be more targeted to probe the regulation of 

metabolites.19 Isotopic enrichment is analyzed using mass spectrometry (MS) or nuclear 

magnetic resonance spectroscopy (NMR). MS measures mass, therefore MS cannot 

distinguish the position of the label and only detects the number of labeled nuclei present, 

which are known as isotopologues.22 NMR spectroscopy can decipher the number and 
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position of isotopic labels, which are referred to as isotopomers.22 Metabolic flux analyses 

are challenging but powerful tools that aid our understanding of the effects of stressors on 

metabolism.  

 

1.2. Measuring Metabolic Perturbations 

1H NMR and MS are the most common analytical tools used to measure metabolites 

in biological samples.9 NMR is an inherently quantitative, non-destructive, and highly 

reproducible analytical tool capable of rapidly detecting a wide range of metabolites with 

minimal sample preparation.1-2, 23-25 Analysis by NMR is independent of solvent choice, 

polarity, and pKa, thus offers a less biased analysis compared to other techniques.1, 23 NMR 

offers a large dynamic range and is inherently quantitative, where peak intensity is directly 

proportional to concentration.1, 23, 26 NMR experiments rely on signal averaging, where 

scans are acquired typically in multiples of four and summed together to increase the 

signal-to-noise ratio.27 Many NMR-active nuclei are biologically relevant and include 1H, 

13C, 15N, and 31P, allowing for detection and confirmation of metabolites using 

heteronuclear NMR techniques. Sensitivity of each nuclei is dependent on their 

gyromagnetic ratio () and natural abundance, unless performing stable isotope enrichment 

experiments.27 Sensitivity increases proportionally with magnetic field strength as 5; 

however, noise also increases by the square root of the observation frequency, meaning the 

signal-to-noise ratio scales as 5/2 with field strength.27 Spectral dispersion also increases 

with magnetic field strength, resulting in sharper peaks and increased resolution. 

Cryogenically cooled probes and receivers have become more popular in routine NMR 
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spectroscopy because they reduce thermal noise (i.e., Johnson-Nyquist noise) resulting in 

a 4-8 times gain in sensitivity compared to conventional systems.27 Though higher 

magnetic fields and longer acquisition times can enhance the sensitivity of NMR 

measurements,23 using the most easily accessible instruments operating at 500 - 700 MHz 

and efficient acquisition times (10 – 60 min), 1H NMR is limited to detection of micromolar 

or lower concentrations of many metabolites. Therefore an advantage of complementary 

analysis with MS is its generally greater sensitivity, detecting metabolites as low as 

picomolar concentrations.5  

The coupling of MS detection with separation methods like GC or liquid 

chromatography (LC) offers further opportunities for untargeted profiling, such as 

characterizing the detoxification mechanisms of nano-Cu on cucumber plants, and targeted 

analysis, like profiling ascarylose-derived glycolipids in Caenorhabditis elegans.28-31 GC-

MS typically offers better separation and resolution than LC-MS, and effectively avoids 

ion suppression issues when using electron ionization; yet, for most metabolites GC-MS 

requires derivatization by silylation to increase metabolite volatility.32 Additionally, large 

metabolite libraries exist for GC-MS and NMR, providing straightforward metabolite 

identification that is particularly useful in untargeted approaches. LC-MS is widely used in 

targeted analyses due to broad choices in suitable solvents, column chemistry, and polarity 

that allow researchers to develop strategies to screen for particular metabolites or 

pathways; however, LC-MS is still well-suited for untargeted approaches, although matrix 

effects and sample complexity can contribute to a poor LC separation.33 Nevertheless, LC-

MS is superior in detecting more metabolites compared to other techniques due to its high 
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sensitivity and chromatographic versatility (e.g., polarity, charge). One instrument cannot 

comprehensively measure every metabolite present in sample, therefore experiments that 

combine NMR and MS data can greatly expand metabolite coverage beyond what is 

possible using either technique alone.28, 30, 34-39 

 

1.2.1. Sample Preparation 

Sample preparation methods for metabolomics studies tend to be simple to extract 

as many metabolites as possible; however, it is a critical step that must be conducted 

carefully. Biological matrices vary (e.g., biofluids, cells, tissues, and whole-organism) and 

each sample requires optimization, but there are some general steps that can be taken to 

ensure high reproducibility. Generally, samples need to be quenched after removal from 

organisms to halt enzymatic activity.1 Quenching with liquid nitrogen is suitable for cells, 

tissues, and whole-organism.1, 40 Ice-cold methanol can also be used to quench metabolism 

in cells.41-42  Some enzymes, like in the fungi species Neurospora crassa, are particularly 

robust and require heating to halt metabolism.43-44  

For tissue samples, homogenization is often the next step which can be conducted 

before or after lyophilization.1, 37, 45 Homogenization can be conducted by grinding tissue 

with a mortar and pestle with liquid nitrogen to keep it cold.44 Additionally, tissue samples 

can be bead-beaten or homogenized with a spatula.37, 46 The liquid or homogenized solid 

samples are subjected to extraction to solubilize metabolites, precipitate proteins and 

remove lipids, although this step is not always necessary. The most common extraction 

method is the Bligh and Dyer method, where 2:2:1.8 or 1:1:0.8 ice-cold 
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chloroform:methanol:water is used to separate polar and nonpolar metabolites.47 Other 

common methods replace methanol with acetonitrile or isopropanol, or change solvent 

ratios.5, 44-45 Perchloric acid extraction is another common extraction method used for polar 

metabolites, but should be used with care as some metabolites can be oxidized by this 

treatment.45, 48 Single solvent extractions occasionally are performed with buffers, 

H2O/D2O, acetonitrile, or methanol.1, 5, 46 Following extraction, the aqueous layer and, if 

performing lipidomics, nonpolar layer are dried under nitrogen gas or subjected to 

speedvac  because dried extracts are more stable and stored at -80C until analysis.  

 

1.2.2. Nuclear Magnetic Resonance Spectroscopy 

Nuclei with a nuclear spin quantum number () greater than zero possess nuclear 

spin.27 When placed into a magnetic field (B0), a magnetic moment () is generated by the 

angular momentum () and charge. The gyromagnetic ratio () is a constant unique for 

each nucleus and defines the strength of the magnetization.27  The magnetic moment 

described by the equation  =  and is defined as the torque the nucleus experiences as a 

result of the magnetic field. This torque causes the nuclei to precess when placed in the 

center of a static, external magnet. The rate of precession is known as the Larmor 

frequency, 0 = -B0 and the direction of the precession is defined by the sign of .  

Protons (1H), the most common nuclei detected in metabolomics experiments, have 

spin-½ and reside in two energy states. The lower energy state, , is aligned with the 

applied magnetic field (B0) and the higher energy state, β, is opposed to the applied field. 

Because the energy difference between the two states is small at thermal equilibrium, the 
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population difference between the two states as defined by the Boltzmann distribution is 

also small.27, 49-50 As the energy difference between the spin states and therefore, their 

population difference, increases with applied magnetic field, NMR sensitivity also 

increases with magnetic field strength, roughly as B0
3/2.27 However, even at the highest 

available magnetic fields, this population difference is still small, making NMR less 

sensitive than many other spectroscopic techniques. Experiments such as dynamic nuclear 

polarization (DNP) increase the nuclear population difference by transfer of electron spin 

polarization and hold much promise for increasing both the sensitivity and the selectivity 

of metabolic profiling and flux experiments.51-52 

The detected signal in pulsed NMR experiments is produced by application of 

radiofrequency (rf) pulse creating a transient secondary magnetic field B1 orthogonal to B0. 

The rf pulse perturbs the populations of the two spin states and creates coherence as the 

spins precess around both B0 and B1.  This coherent precession induces an image current 

in the receiver coil of the probe that is recorded as a free induction decay (FID).  Fourier 

transformation of the FID generates the NMR spectrum. 

After the rf pulse, nuclei relax through two separate processes known as spin-lattice 

relaxation or longitudinal relaxation (T1) and spin-spin or transverse relaxation (T2). Spin-

lattice relaxation leads to the re-establishment of equilibrium spin state populations. 

Obtaining accurate concentrations requires care to ensure that complete relaxation (i.e., 

return to equilibrium) occurs between scans or, if shorter relaxation delays are used, that 

correction factors based on the unique T1 relaxation times of each nucleus are applied.23, 

52-53 Spin-spin relaxation causes the coherence generated by the rf pulse to be lost. For 
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small molecule metabolites in non-viscous solutions the T2 relaxation times are typically 

in the range of 1-5 s.27 Resonance line widths are inversely proportional to the apparent T2 

(T2
*) which includes the natural T2 and contributions from magnetic field inhomogeneity.  

Metabolomic samples are complex mixtures of metabolites, leading to spectral 

complexity and there are important steps to take to yield high-quality NMR data. Shimming 

is a critical component of achieving a good NMR spectrum by correcting for magnetic field 

inhomogeneities to achieve a thin, sharp, and symmetrical lineshape.27 Additionally, tuning 

and matching of the probe head is required to compensate for sample-dependent 

differences in conductivity and dielectric constant and match the resonance frequency of 

the rf coil to the Larmor frequency of the nuclei to be detected.27, 50 Metabolomic samples, 

even those reconstituted in deuterated solvent, often contain some amount of water, so 

solvent suppression methods are used to reduce the intensity of the water signal and 

maximize the receiver gain. There are many types of water suppression methods, with the 

most commonly used in metabolomics being presaturation which applies a radiofrequency 

field centered around the resonance of water directly before acquisition, saturating the 

water’s spins so that they are no longer observable.27, 54  

Though the Larmor equation predicts that all nuclei of a given type would have the 

same spin, in practice even a simple molecule typically gives rise to an NMR spectrum 

with multiple resonances.  The circulating electrons around the nucleus create a secondary 

induced magnetic field (Bloc) that opposes the applied magnetic field, partially shielding 

the nucleus from the effects of the applied field. The resonance frequency, , (called the 

chemical shift) of a given nucleus is dictated by its local environment ( = -Bloc). The 
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effect of shielding on the local magnetic field can be represented by introducing a constant, 

, which is unique for each individual chemical environment, Bloc = B0 (1 - ).  Electron 

donating groups increase the shielding of a nucleus (larger , lower chemical shift) while 

electronegative atoms or electron withdrawing groups like carboxylic acids or aldehydes 

lead to deshielding and a larger chemical shift.49  

In addition to affecting chemical shift, neighboring NMR-active nuclei couple with 

each other through bonds increasing the multiplicity of the resonances and further 

complicating the spectrum. This type of coupling is known as scalar or J-coupling and it 

provides structural information about the number of NMR-active nuclei connected to a 

nucleus through chemical bonds. The multiplicity of resonances can be very simple with, 

no coupling (i.e., a singlet) and increase in complexity to doublets, triplets, quartets, 

doublet of doublets, etc. In cases where the difference in frequency between coupled nuclei 

is similar in magnitude to the coupling constant, the nuclei are said to be strongly coupled 

and both the multiplicity and the relative intensity of the resonances is more complex and 

must be analyzed through quantum mechanics equations that account for mixing of the 

spin states.27 

For weakly coupled spin ½ nuclei, the multiplicity and intensity of their resonances 

is related by Pascal’s triangle. In a doublet the intensity of the peaks is in a 1:1 ratio, while 

in a triplet the peak intensities are in a 1:2:1 ratio, and so forth.27, 49 The multiplicity of a 

resonance is determined by the relationship 2NI + 1, where N is the spin (e.g., 1H = ½, 2H 

=1), and I is the number of coupled nuclei. For instance, -ketoglutarate has four protons 

(Figure 1.2), where each set of protons has two neighbors and therefore multiplicity = 
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2(½)2 + 1 = 3. As shown in the red spectrum of Figure 1.2, -ketoglutarate has as spin 

matrix consisting of two triplets. The two resonances have distinct chemical shifts due to 

their different chemical environments where the carbonyl group (C2) causes deshielding of 

the protons bonded to C3 shifting the triplet downfield. Chemical shift and J-coupling are 

the basis for assigning resonances and identifying metabolites in complex metabolomics 

samples.  

 

 

Figure 1.2. -Ketoglutarate chemical structure and illustration of resonance assignment in 

the 1D NMR spectrum of a biological (black). The spectrum of an authentic standard of -

ketoglutarate (red) is plotted below the sample spectrum. The resonance chemical shifts 

and J-coupling patterns of the -ketoglutarate standard align well with the sample 

resonances, confirming its assignment.  
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1.2.2.1. NMR Resonance Assignments 

It is imperative to know what metabolites are present in a sample because changes 

in metabolite levels signal perturbations in biochemical pathways. Therefore, identification 

of metabolite resonances is a primary step in NMR-based metabolomics. An advantage of 

NMR is that it detects the resonances of all molecules simultaneously and in an unbiased 

manner. However, because metabolomics samples contain tens to hundreds of molecules 

above the NMR detection limit, spectra contain many resonances and resonance overlap is 

a common problem.  

Spectral libraries like the Human Metabolome Database (HMDB), Chenomx 

Software, and the Madison Metabolomics Consortium Database are the first pass for the 

assignment of NMR resonances.55-56 These databases are used to suggest the identity of 

metabolites and help make assignments. Because pH, temperature, and the sample matrix 

can affect the chemical shift and J-coupling of resonances, it is critical to purchase 

authentic standards of suspected metabolites, when available, and acquire spectra using the 

same buffer and experimental conditions used for the samples. For example, Figure 1.2 

compares the NMR spectra of an -ketoglutarate standard (red) and a biological sample 

(black). The chemical shifts and J-coupling of both triplets align well with the unknown 

resonances, suggesting that -ketoglutarate is indeed the correct molecule. 

Due to the complexity of biological samples and similarities in chemical shift and 

J-coupling of many metabolites, it is important to use two-dimensional (2D) NMR 

spectroscopy experiments to confirm assignments and elucidate the structures of unknown 

components. Experiments that provide homonuclear (e.g. 1H-1H) and heteronuclear 
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correlations (e.g. 1H-13C) are very helpful in confirming metabolite assignments. The 

simplest 2D pulse sequence, the [1H-1H] 2D J-resolved spectroscopy experiment, disperses 

chemical shift and coupling into two dimensions. This experiment is particularly useful for 

resolving resonances in overlapped regions of the spectra where it can be difficult to 

discern between a resonance’s multiplicity.27, 57-58 Also, because a 1D proton-decoupled 

spectrum can be generated by the F1 projection, overlapped multiplets can be resolved and 

integrated.   

Correlation spectroscopy (COSY) and total correlation spectroscopy (TOCSY) are 

two related homonuclear 2D NMR experiments with COSY providing correlations for 

directly coupled (i.e., neighboring) nuclei and the TOCSY provides correlations within 

spin systems (i.e., rings).27, 59-62 The diagonal peaks in these experiments is equivalent to 

the 1D spectrum and the off-diagonal peaks, called cross-peaks, are correlations between 

neighboring spins. Following connections between the diagonal and cross-peaks facilitates 

resonance assignments especially for peaks that are obscured by overlap in the 1D 

spectrum.  

The heteronuclear single quantum correlation spectroscopy or HSQC is the most 

common heteronuclear experiment used. This experiment displays correlations between 1H 

and attached 13C, providing an extra layer of confidence in the assignment since 

correlations of two different nuclei are assessed.27, 63-66 In addition, the greater chemical 

shift dispersion of 13C helps to overcome resonance overlap problems in complex mixtures. 

Lastly, the heteronuclear multiple bond correlation spectroscopy (HMBC) is a particularly 

useful experiment when trying to elucidate the structure of unknown compounds because 
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it shows correlations between 1H and neighboring 13C nuclei providing information about 

which groups are connected to each other. 27, 67  

 

1.2.2.2. Measuring Isotopic Enrichment 

Measuring metabolic flux with NMR requires a different approach compared to 

metabolic profiling experiments. The most common isotopic labels used in flux 

experiments are 13C and 15N, both spin ½ nuclei with low levels of natural abundance. As 

described in section 1.2.2, coupling between two spin ½ nuclei leads to a doublet. For 

compounds with 13C at natural abundance (1.1%) this leads to two resonances, called 

satellites on either side of the 1H-12C resonance at an intensity of 0.55% of the center peak.   

The one-bond coupling constant between the 1H-13C resonances is much larger than that 

observed between adjacent protons, typically 120 – 160 Hz.27 Because of the low 

probability of having two adjacent 13C nuclei (.0112), smaller long range couplings are not 

easily observed in 1H NMR spectra of compounds with natural abundance levels of 13C.  

In13C flux experiments, cells are provided with a precursor metabolite, for example 

glucose, incorporating the label at levels near 100%, either uniformly or as a site-specific 

label. As the 13C-labeled glucose is metabolized, the 13C nuclei are incorporated into 

downstream metabolites giving rise to more intense satellites on either side of the 1H-12C 

resonance than are observed in the natural abundance spectrum (Figure 1.3). Long range 

coupling to 13C nuclei through 2 or 3 bonds gives the 1H-13C satellite peaks a more complex 

multiplet pattern than is observed for the 1H-12C doublet or the natural abundance satellites. 

This multiplicity provides isotopomer information that can be useful in the elucidation of 
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metabolic pathways especially when a site-specific label is used. It is possible to use 1D 

13C spectra to calculate positional enrichment of isotopomers which can be advantageous 

since 13C is only 0.01% naturally abundant, and thus the observed signals are primarily due 

to enrichment.68 However, 13C is four-times less sensitive than 1H and 13C nuclei have 

much longer T1 relaxation times than 1H, thus this approach is not suitable for dilute 

samples. 

The simplest experiment to determine the extent of label incorporation involves 

acquisition of a simple 1D 1H NMR spectrum and comparison of the peak areas of the 

satellites against the unlabeled resonance to calculate percent incorporation, where %13C = 

(1H-13C Peak Area) / ((1H-13C Peak Area) + 1H-12C Peak Area).68-69 Overlap of the 

satellite resonances with the 1H resonances from other components of the sample makes 

this quite challenging. To remove the background due to overlapping resonances, a second 

1D experiment can be acquired with 13C-decoupled during acquisition by applying a 

radiofrequency field at the center of the 13C spectrum, effectively removing the 1H-13C 

coupling. This spectrum can be compared with the coupled 1D spectrum, and the two 

spectra can be subtracted yielding a spectrum that contains only the 13C satellite peaks 

which can be easily integrated (Figure 1.3).  

Because metabolic flux analysis can be challenging using 1D spectra, 2D NMR is 

often employed as the second dimension reduces spectra complexity. The zero-quantum 

filtered (ZQF)-TOCSY is commonly used to study flux because it provides a method to 

measure the position of isotopomers in a molecule without the need for separation.70-72 

Alternatively, the heteronuclear (1H-13C) 2D J-resolved spectroscopy experiment  can be 
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used to disperse heteronuclear J-coupling (i.e., 13C satellites) into a second dimension 

(Figure 1.4), reducing spectral complexity and providing a means to quantify 13C-labeled 

isotopomers.69-70, 73-76 Slices in the F2 dimension can be taken, simplifying the integration 

of resonances to calculate the percent 13C incorporation (Figure 1.4). There are many 

different approaches to measuring metabolic flux, but NMR is usually the preferred method 

when sensitivity is not an issue due to its ability to provide absolute quantitation and 

isotopomer position.  

 

 

Figure 1.3. Representative 1D 13C-coupled (green), 13C-decoupled (blue), and subtracted 

(red) spectra of an extract of earthworm coelomocytes dosed with uniformly 13C-labeled 

glucose. 13C satellites are the resonances labeled with 1H-13C, while resonances labeled 1H-

12C represent the resonances of the unlabeled fraction of alanine and lactate in the sample. 

The multiplicity of the 13C satellites is indicative of uniformly labeled alanine and lactate.  
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Figure 1.4. Representative heteronuclear 2D J-resolved spectrum (left) showing the 

dispersion of alanine and lactate 13C satellite resonances into the second dimension, with 

1D slices (right) showing the 1H-12C and 1H-13C resonances used to calculate percent 

enrichment for alanine and lactate.  

 

1.2.3. Mass Spectrometry  

Mass spectrometry (MS) offers complementary tools to expand and confirm 

biomarkers of exposure with greater sensitivity and resolution than NMR it requires small 

sample volumes.1 Coupling a gas chromatography (GC) or liquid chromatography (LC) 

separation with MS detection provides the opportunity to target specific metabolites or 

pathways by adjusting the column, eluents or methods to favor physiochemical properties 
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of compounds, like hydrophobicity or volatility. Even in untargeted approaches, method 

biases such as column choice, ionization efficiency, and matrix effects must be considered. 

Although often preferred, separation is not necessary for metabolomics studies. Direct 

infusion-mass spectrometry (DI-MS) detects metabolites simultaneously as a sample is 

infused into the mass spectrometer.77 DI-MS experiments require a high-resolution 

instrumentation to reduce overlap and assign peaks using accurate mass. 

Mass spectrometers detect the mass to charge ratio, denotated as m/z. To be 

amenable to MS detection, molecules must be ionized using an ion source before being 

introduced into the mass spectrometer. The most commonly used source in LC-MS and 

DI-MS is electrospray ionization (ESI).77-79 ESI uses high voltage to ionize compounds as 

they flow through a capillary, generating small, highly-charged droplets that are directed 

into the mass spectrometer.78-79 Other methods such as atmospheric pressure chemical 

ionization (APCI) and atmospheric pressure photo ionization (APPI) can also be used.79 

Electron ionization (EI) is the most commonly used source in GC-MS. EI collides high 

energy electrons from an ion beam with gas-phase molecules, fragmenting the molecule 

into ions.80 Other sources used in GC-MS include chemical ionization (CI), although its 

use is uncommon in metabolomics studies.80  

After ionization, ions travel through ion optics to the mass analyzer and detector. 

Common mass analyzers used in metabolomics research include the single quadrupole (Q), 

triple quadrupole (QQQ), time of flight (TOF), quadrupole - time of flight (QTOF), 

Fourier-transform ion cyclotron (FT-ICR), and orbitrap. Many metabolites are structural 

isomers, and thus, have the same mass but their functional groups are arranged differently. 
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Because MS only detects m/z, structural isomers cannot be differentiated through the mass 

spectrum alone, which makes separation techniques important for the analysis of complex 

samples. Tandem mass spectrometry (MS/MS) experiments can be used to confirm 

identification of metabolites.81 Tandem MS instruments first isolate a parent ion, fragment 

that ion in a collision cell, and detect the resulting fragments.81 The resulting fragmentation 

patterns can be pieced together like a puzzle to elucidate the parent ion structure. 

 

1.2.3.1. Gas Chromatography – Mass Spectrometry 

GC-MS is a robust, economical tool for detecting a broad range of metabolites. GC 

columns separate compounds based on volatility and properties like hydrophobicity or 

aromatic ring content, yet many metabolites do not meet the criteria of being thermally 

stable and semi-volatile.32, 82-83 Derivatization methods have been developed to lower 

boiling points and increase stability, targeting amine, carboxylate, and hydroxyl functional 

groups.32, 35, 82-83 The most common derivatization method is a two-step approach where 

methoxyamine is first added to protect the carbonyl, followed by a silylation step that reacts 

with amine, carboxylate, and hydroxyl groups to increase volatility (Figure 1.5).28, 32, 39, 82-

84 MSTFA (N-methyl-N-(trimethylsilyl)trifluoriacetamide) and BSTFA 

(bis(trimethylsilyl)trifluoroacetamide) add trimethylsilyl- groups and are the most common 

silylation reagents.32, 82-83 Alternatively, tert-butyldimethylsilylation with N-(tert-

butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA) is particularly useful for 

structural elucidation and metabolic flux analysis since it yields a single parent ion, unlike 

the trimethylsilyl derivatives.32, 83, 85-87 Other derivatization reagents have been employed 
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in metabolomic studies, such as hexamethyldisilazane (HMDS) and trifluoroacetic acid 

(TFA), but are less commonly used.35, 88  

A significant advantage of trimethylsilyl derivatization is that large libraries exists 

to aid identification of unknown metabolites, such as the U.S. National Institute of 

Standards (NIST) Mass Spectral Library and the Golm Metabolome Database.89 In addition 

to containing fragmentation patterns for metabolites, these libraries provide retention 

indices that significantly aid in compound identification in GC-MS.  The retention index 

(RI) is calculated using relative retention times that compensate for differences in column 

and method, as long as the same column chemistry and a linear temperature gradient are 

used.83, 90-92 Because GC methods are robust, RIs are a convenient aid in compound 

identification and make GC-MS particularly attractive for metabolomics research. 

 

 

Figure 1.5. Derivatization scheme of -ketoglutarate with methoxyamine and MSTFA for 

GC-MS analysis.  
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1.2.3.2. Liquid Chromatography – Mass Spectrometry 

There are several chromatography strategies used in LC-MS metabolomic analyses, 

with the most common being reverse phase (RPLC) and hydrophilic interaction 

chromatography (HILIC).5, 9 RPLC separates compounds based on polarity using a 

hydrophobic column (e.g. C18) and a gradient mobile phase, consisting typically of water 

and acetonitrile or methanol. Additives like buffers, acetic acid, and formic acid are often 

incorporated in the mobile phases to increase ionization efficiency and  ion pairing reagents 

(e.g., trifluoroacetic acid, trimethylamine) may be used to improve the separation.5, 33, 93 

RPLC is capable of separating a broad spectrum of metabolites; however, obtaining good 

chromatographic resolution can be challenging for polar metabolites due to poor 

retention.33 HILIC has gained in popularity because of the increased attention of polar 

metabolites, and is often used as complementary method to RPLC.5, 33, 93-97 HILIC methods 

use polar columns with aprotic mobile phases, typically acetonitrile, with at least 5% 

water.5, 94-95 A diverse collection of HILIC columns are available  but are typically silica-

based with acidic, basic, neutral, or zwitterionic functional groups.5, 33, 96-99 The mechanism 

of HILIC separation is more complex than RPLC, and arises from a combination of 

chemical interactions, hydrophobic interactions, physical interactions, and Van der Waals 

forces.94, 98 Identification of metabolites can be more challenging with LC-MS compared 

to NMR and GC-MS, but databases like the Metlin and XCMS libraries can be used with 

authentic standards and MS/MS to identify metabolites.25, 100-103 
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1.3. Chemometric Analyses  

Statistical methods are needed to ascertain the relevant chemical information from 

the large datasets acquired in metabolomics. This approach is referred to as chemometrics, 

which heavily relies on multivariate analysis to reduce the complexity of the data.104-105 

Univariate analysis also plays an important role, although it can only relate a single 

independent variable to a single dependent variable.104-105 Biological processes are 

multivariate in nature, thus multivariate approaches are often more useful because many 

variables are considered simultaneously.104-105 It is typically good practice to perform both 

types of analyses because they yield different information and are complementary for 

identifying biomarkers.105 

 

1.3.1. Univariate Approaches 

Univariate statistical analysis is conducted with t tests for two group comparisons 

or analysis of variance (ANOVA) for comparisons of three or more groups. These methods 

test the equality of means among groups to within-group variance.105-107 Prior to analysis, 

preprocessing is conducted to meet ANOVA assumptions such as normality and 

homoscedasticity.  Sharpiro-Wilks tests and histograms are used to test normality and 

Levene’s test is used to assess homoscedasticity.108-109 Logarithm, power, box-cox, or other 

transformations can be used to correct the data to meet the assumptions. If transformations 

do not correct normality, nonparametric tests like the Kruskal-Wallis ANOVA, or if the 

data is normally distributed but heteroscedastic, the Welch ANOVA can be used.109-110 

Following the ANOVA, post hoc tests are used to assess significance such as Tukey’s HSD 
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for the ANOVA or Games-Howell for the Welch ANOVA.107, 111 Following significance 

assessment, fold change or effect sizes are calculated to evaluate the magnitude of changes 

in metabolite levels.109, 112-113 

 

1.3.2. Multivariate Approaches  

A suite of multivariate tools is used in metabolomics to understand correlations or 

covariances between variables (i.e., metabolites). These methods evaluate all variables 

simultaneously, unlike univariate which compares a single variable’s mean and variance.105 

Prior to data reduction, raw data is preprocessed using centering, scaling, and 

transformations to reduce effects of noise, differences in metabolites concentration, 

biovariability, and heteroscedasticity.114 Centering converts all metabolite fluctuations 

around zero instead of the mean prior to scaling, while scaling is used to adjust fold 

differences in metabolite concentrations by dividing each variable by a scaling factor. 

There are many types of scaling but the most commonly used in metabolomics include: 

autoscaling, pareto scaling, range scaling, vast scaling, and level scaling, with auto- and 

pareto scaling being the most common. Autoscaling or unit variance scaling divides 

variables by their standard deviation, while pareto scaling uses the square root the standard 

deviation as the scaling factor.114 Transformation with power or logarithmic functions are 

used to correct heteroscedasticity. Lastly, multiblocking (MB) techniques allow for 

integration of datasets acquired with multiple instruments, for example NMR and MS, in 

chemometric analysis, encouraging the use of orthogonal analytical techniques to assess 

fitness.24, 115 
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Principal component analysis (PCA), partial least squares-discriminant analysis 

(PLS-DA), and orthogonal partial least squares-discriminant analysis (OPLS-DA) are the 

most common multivariate approaches used in metabolomics to visualize groupings and 

identify the metabolite drivers of group separation. PCA is an unsupervised method, 

meaning group identification is not known by the model, and is the most common approach 

to identify the metabolites that are the larger drivers of sample segregation.104-105, 116-117 

PLS-DA and OPLS-DA are supervised multivariate analysis, meaning group identification 

is known by the model, and are used to identify metabolites most important to the  

separation of groups. OPLS-DA introduces an orthogonal component that filters variance 

unrelated to group separation in an orthogonal component; however, it has no predictive 

advantage over PLS-DA.116-117  

As observed in Figure 1.6, multivariate analysis yields score plots (left) and 

loadings plots (right). Score plots provide visualization of class separation, while loadings 

plots provide visualization of the drivers of class separation.  For the metabolomics data 

presented in Figure 1.6, the score plots calculated using each multivariate method show 

good separation between groups, and the loadings plots indicate similar metabolite drivers 

for the separation. In all models, acetylcarnitine, betaine, nicotinamide, and glutamine 

contribute to separation of the red triangles (treatment) from the green circles (control). 

Arginine, hypoxanthine, leucine, methionine, phenylalanine, proline, trimethyllysine, and 

valine contributed to separation of the treatment samples (red circles) from the controls 

(green triangles) (Figure 1.6). Though in this example the loadings plots yield the similar 

results, the position of the variables is different in each model which is reflective of the 
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method to perform the analysis (i.e., PCA, PLS-DA, OPLS-DA). Multivariate analysis is 

important in the interpretation of metabolomics data because it allows identification of 

metabolite-group associations.  

 

Figure 1.6. Representative score plots (left) and loadings plots (right) comparing control 

(green circle) and treatment (red triangle) samples groups by PCA, PLS-DA, and OPLS-

DA. LC-MS data of earthworm extracts was used to generate these plots.  
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1.4. Earthworm Metabolomics  

As detritivores and ecological engineers, earthworms are at the forefront of soil 

health and an obvious choice for environmental monitoring. Studies to assess the impacts 

of heavy metals, persistent contaminants, and pesticides provide evidence for the potential 

of using earthworm metabolomics as an indicator of ecological stress.1 Proteomic and 

transcriptomic strategies have also been assessed as potential methods to monitor 

earthworm health.118 Metabolomic and proteomic approaches were used in a prior study to 

examine the systemic impact of polybrominated diphenyl ether 47 (PBDE 47) on Eisenia 

fetida (Figure 1.7).119 Evidence of perturbation of energy metabolism was observed in both 

data sets as a result of exposure to PBDE 47, while metabolomics also indicated disruption 

in osmoregulation and the proteomics results identified changes consistent with oxidative 

stress, apoptosis, and impeded protein synthesis. In a study of copper toxicity on Lumbricus 

rubellus, disruption of carbohydrate metabolism was observed in the transcriptomics and 

metabolomics profiling data.120  

Though the metabolomic impacts of toxicants on earthworms have been probed 

with both 1H NMR and GC-MS, more commonly analyses have been conducted 

independently. For example, GC-MS and 1H NMR revealed that pyrene exposure increased 

the levels of several amino acids and decreased lactate and saturated fatty acids in the 

earthworm species Lumbricus rubellus.34 In another study, deviations from the homeostatic 

alanine to glycine ratio of 1.5 were indicative of dichlorodiphenyltrichloroethane (DDT) 

and endosulfan exposure, as determined in the 1H NMR and GC-MS whole-earthworm (E. 

fetida) profiles.35 Furthermore, earthworms (L. rubellus) exposed simultaneously to 
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imidacloprid and thiacloprid, neonicotinoids with a similar pesticide MOA, revealed 

metabolic responses that suggested the compounds worked independently to perturb the 

metabolome, instead of compounding their effects as hypothesized.36 The same study also 

examined how simultaneous exposure to the toxicants chlorpyrifos and nickel with 

dissimilar MOAs, impacted the earthworm metabolome, finding the metabolic effects to 

be independent from one another, as hypothesized.36 

 

 

Figure 1.7. Picture of the earthworm, Eisenia fetida, (top) used in this research and the 

Magic Worm Ranch used to culture the worms in the laboratory.  

 

Metabolic studies have largely focused on whole-worm extracts, but have also been 

extended to coelomic fluid (CF), a yellow liquid (Figure 1.8) that fills the worm’s coelom 

and connects to the environment through a dorsal pore in each of its segments.1, 121 Despite 
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these pores, the earthworm’s coelom avoids sepsis, leading many researchers to hunt for 

unique defense proteins and peptides within the CF and to better understand the role of 

coelomocytes (CC) in combating pathogens and parasites.122 CF holds cytotoxic, 

hemolytic, proteolytic, and antimicrobial defense mechanisms and plays critical roles in 

immunity, movement, excretion, nutrient storage, and metabolism. 

 

Figure 1.8. Demonstration of the nonlethal and noninvasive earthworm coelomic fluid and 

coelomocyte extrusion by applying an electrical impulse across the worm (top)4, yielding 

the extrusion of the yellow biofluid (bottom).123 
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In assessing the effects of exposure to a contaminant, CF offers several advantages 

over whole-worm extracts including nonlethal sampling (Figure 1.8), simple sample 

preparation, and greater temporal resolution.123 Although typically discarded for 

metabolomic studies, CC are free-moving cells within the CF that serve immunological 

and hepatocytic functions. To our knowledge, the CC metabolome has not been profiled or 

used in metabolomic studies, though it has been used to assess toxicity. For example, 

Burch, et al. 124 described an in vitro CC immunotoxicity assay, while others have used the 

comet and other genotoxic assays to evaluate genotoxicity.125 Therefore, analysis of 

earthworm CC metabolites may provide an additional source of information to augment 

these toxicity assessments. 

These studies highlight the potential of systems biology approaches, including 

metabolomics and metabolic profiling, to interpret the biochemical changes resulting from 

environmental insults, and motivated our efforts to seek a more comprehensive analysis of 

the E. fetida metabolome. The experiments presented in the dissertation aim to elucidate 

metabolite structures, understand earthworm metabolism, and probe the utility of coelomic 

fluid and coelomocytes in ecotoxicological studies.  
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CHAPTER TWO 

1H NMR Metabolic Profiling of Earthworm (Eisenia fetida) Coelomic Fluid, 

Coelomocyte, and Tissue 

Based in part on a paper published in the Journal of Proteome Research 

J. Proteome Res. 2017, 16 (9), 3407-3417 
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Abstract 

Earthworm metabolism is recognized as a useful tool for monitoring environmental insults 

and measuring ecotoxicity, yet extensive earthworm metabolic profiling using 1H nuclear 

magnetic resonance (NMR) spectroscopy has been limited in scope. This study aimed to 

expand the identification of metabolites in earthworm coelomic fluid, coelomocytes and 

tissue to aid systems toxicology research. Fifty-nine metabolites in Eisenia fetida were 

identified, with 47 detected in coelomic fluid, 41 in coelomocytes, and 54 in whole-worm 

samples and tissue extracts. The newly detected but known metabolites 2-aminobutyrate, 

nicotinurate, N,N,N-trimethylornithine, and trigonelline are reported. We also report 

for the first time, a new metabolite malylglutamate. The elucidation of the malylglutamate 

structure is described in detail in Chapter 3, along with preliminary experiments to explore 

its possible biological functions.  
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2.1. Introduction 

From relatively inert soil amendments like sulfur and lime to the transport of 

agricultural and industrial contaminants to foods, methods to measure and control various 

aspects of ecological stress are essential for crop production, water quality, and 

environmental health.1-2 As described in Chapter 1, earthworms are ideal organisms for 

studying environmental stressors encountered in soil environments. For example, upon 

exposure to 3-fluoro-4-nitrophenol, Bundy, et al. 3 demonstrated that relative 

concentrations of trimethylamine N-oxide and succinate increased in the coelomic fluid 

(CF) of E. veneta, while malonate and acetate concentrations decreased. In another study, 

the metabolomic impact of endosulfan on the CF and whole-tissue extract of E. fetida was 

measured via the Organization for Economic Co-operation and Development (OECD) 

filter paper test.4 Decreases in -ketoglutarate, malate, spermidine, and succinate were 

observed in the tissue and CF of exposed worms, while alanine, ATP, betaine, lactate, and 

myo-inositol levels increased. In the whole-worm extract, fumarate also decreased in 

comparison to the control. Similar metabolic perturbations were found in further studies 

on endosulfan and endosulfan sulfate in soil.5 Additionally, CF and whole-worm 

metabolomics has been used to distinguish between earthworm species, including the 

morphologically similar E. fetida and E. andrei.6 

 The earthworm’s habitat has evolved its unique metabolome to help it adapt to 

changing water content and temperatures, complex food sources, and soil types. The work 

described in this chapter aims to provide a more complete metabolic profile, advancing our 

understanding of the biochemical impacts of environmental stress, and ultimately, 
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expanding insights into the differences in metabolism among species. In this work, nuclear 

magnetic resonance (NMR) spectroscopy was used to profile the E. fetida CF and 

coelomocyte (CC) metabolomes (i.e., the coelom metabolome) and compare these against 

whole-worm and tissue extracts (i.e., worm samples post-CF/CC extrusion) to better 

understand the biochemical role of the coelom and expand overlooked facets of the 

earthworm metabolome. 

 

2.2. Experimental Procedures 

2.2.1. Earthworm Culturing 

Earthworms (Eisenia fetida) were purchased from Ward’s Science (Rochester, NY, 

USA) and cultured in Magic Worm®
 Ranches containing Magic Worm® bedding (Magic 

Products Inc., Amherst Junction, WI, USA).7 Earthworms were fed biweekly with Magic 

Worm® food and bedding was changed every four months to maintain colony health. 

Bedding was prepared by adding 4 L of dechlorinated water for every bag of bedding and 

then left for 24 h prior to transferring the earthworms. Earthworms from different ranches 

were mixed together when changing soils to main population homogeneity. Only adult 

earthworms with fully developed clitellia were used for this study. 

 

2.2.2. Coelomic Fluid Extrusion 

CF was extruded from the earthworms similarly to previously described methods.3-4 

Earthworms were dipped in EMD Millipore Simplicity® ultrapure water to remove soil and 

patted dry. The earthworm was transferred to a 35 x 10 mm Falcon® petri dish containing 
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500 L of 0.1% NaCl in ultrapure water. A voltage was applied across the earthworm 10 

times in <1 s increments using a 9V battery with a wire snap. For pooled samples, this step 

was repeated with additional worms. Next, the fluid was transferred to a 1.5 mL Eppendorf 

tube®, the petri dish was rinsed with 500 L NaCl solution and transferred to the same 

Eppendorf tube. The sample was centrifuged for 20 min at 16168 x g, and the supernatant 

evaporated overnight using a Savant SC110 Speedvac® equipped with a refrigerator vapor 

trap (RVT400). The dried samples were stored at -80°C until analysis. 

 

2.2.3. Coelomocyte Extraction 

Following centrifugation and transfer of CF, a pellet of CC and biosolids remains. 

Cellular metabolism was quenched by adding 500 L ice-cold Fischer Scientific Optima® 

methanol (Fair Lawn, NJ, USA) to the pellet immediately after CF transfer. The sample 

was vortexed and sonicated briefly, and stored on ice until extraction. An equal quantity of 

ice-cold ultrapure water was added to the sample and mixed using vortex and sonication. 

Lipids were removed with two additions of 250 L ice-cold chloroform (Macron Fine 

Chemical, Center Valley, PA, USA). The aqueous layer was transferred to a fresh tube, 

dried via Speedvac, and stored at -80°C. 

 

2.2.4. Whole-worm & Tissue Extraction 

Metabolites were extracted from earthworms after CF/CC extrusion, referred here as 

tissue extracts, and whole-worm or whole organism extracts, as typically reported in 

literature. Earthworms were flash-frozen in liquid nitrogen, lyophilized, and homogenized 
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by bead-beating with 1 mL of (50:50) cold methanol:water. The sample was centrifuged at 

16168 x g for 20 min and the supernatant was transferred to a new tube for clean-up with 

500 L ice-cold chloroform. The aqueous layer was dried and stored at -80°C. 

 

2.2.5. Weak Cation Exchange Solid Phase Extraction 

A dried 10-worm pooled CF sample was reconstituted in 2 mL ultrapure water and 

titrated to pH 3 with hydrochloric acid (Fisher Scientific, Fair Lawn, NJ, USA) prior to 

separation on a PerkinElmer Supra-Clean SPE WCX column (100 mg/3 mL) (France). The 

cartridge was conditioned with 6 mL of methanol and ultrapure water, loaded, and washed 

with 1 mL of methanol until dry. Cations were eluted with 2 mL of 84:14:2 Fischer 

Scientific Optima® acetonitrile:H2O:trifluoroacetic acid (Acros, NJ, USA). 

 

2.2.6. NMR Sample Preparation 

Following lyophilization, most samples for NMR analysis were reconstituted in 500 

L of 50 mM phosphate buffer in D2O (pD 7.45) containing 0.5 mM 3-

(trimethylsilyl)propane-1-sulfonic acid-d6 (DSS-d6) and 0.2 mM 

ethylenediaminetetraacetic acid-d16 (EDTA-d16) (Cambridge Isotope Laboratories, 

Tewksybury, MA, USA) and vortexed until dissolved. For experiments conducted in 90% 

H2O, samples were reconstituted in 500 L of ultrapure water and vortexed until dissolved. 

The samples were passed through a washed 3K Amicon® Ultra 0.5 mL centrifugal filter to 

remove macromolecules. Centrifugal filters were washed to remove glycerol by mixing on 

a stir plate for ~20 hr in 400 mL ultrapure water, with the water replaced after ~5 hr. Prior 
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to use, the filters were rinsed a final time with 500 L D2O buffer and spun at 16168 x g 

for 15 min. Samples were applied to the filter and centrifuged at the same speed for 30 min. 

A 400 L aliquot of the filtered extract was transferred to a 5 mm NMR tube with 200 μL 

buffer and mixed well prior to analysis. For the 90% H2O samples, 60 L of D2O buffer 

was added to 400 L of filtrated and 40 L of ultrapure water prior to titration with 

deuterium chloride (Sigma Aldrich, St. Louis, MO, USA). 

 

2.2.7. NMR Acquisition Parameters  

A Bruker Avance NMR spectrometer operating at 599.52 MHz and equipped with a 

BBI probe and a Bruker Avance III NMR spectrometer operating at 700.23 MHz and 

equipped with a TCI CryoProbe were used for these experiments. 1H NMR survey spectra 

were acquired at 600 MHz using presaturation water suppression (zgpr) with 512 scans, 32 

dummy scans, 2 s delay time, 2.38 s acquisition time, 11.4864 ppm spectral width, and 

32768 points at 25°C. For the 1H survey spectra acquired at 700 MHz water suppression 

was conducted using 1D NOESY (noesypr1d) with presaturation during the 120 ms mixing 

time. Spectra were acquired with 256 scans, 16 dummy scans, 2 s delay time, 2.03 s 

acquisition time, 11.5169 ppm spectra width, and 32768 points at 25°C. At 600 MHz, the 

double quantum filtered COSY spectra (cosygpprqf) were measured with a 45° pulse, 

while the TOCSY spectra (mlevgpphw5) were measured using a mixing time of 120 ms.8-

11 Both experiments were performed with 32 scans and 16 dummy scans, with 2048 points 

acquired in F2 and 512 in F1. The 2D J-Resolved spectra (jresgpprqf) were acquired at 600 

MHz with 8192 points in F2 and 64 in F1 with 64 scans and 16 dummy scans.12 Lastly, the 
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1H-13C edited HSQCs (hsqcedetgpsisp2.2) were acquired at 700 MHz with 128 scans and 

16 dummy scans into 2048 by 128 points in F2 and F1, respectively.13-16 

 

2.2.8. NMR Data Processing 

Bruker TopSpin 3.2 was used for initial phasing and chemical shift referencing to 

DSS (0 ppm) prior to processing with MestReNova 10. Free induction decays (FIDs) for 

1H survey spectra were apodized by multiplication with an exponential function equivalent 

to 1 Hz line broadening, zero-filled to 131072 points, drift corrected by 5%, and baseline 

corrected using Bernstein Polynomial Fit. All 2D spectra were baseline corrected using 

Bernstein Polynomial Fit with polynomial order 3 and the reduce T1 noise function was 

applied. For the TOCSY, COSY, and HSQC, spectra were zero filled to 4096 by 2048 in 

both dimensions, while the 2D 1H J-resolved spectra were zero filled to 16384 by 128. The 

TOCSY and HSQC spectra were apodized using a cos2 function in both dimensions, while 

the COSY and 2D 1H J-resolved spectra were apodized with a sin2 function. 

Authentic standards were acquired and analyzed to confirm assigned resonances 

unless noted with an * in Table 2.1. The Human Metabolome Database and Madison 

Metabolomics Consortium Database were used to aid metabolite identification.17-18 

 

2.2.9. Liquid Chromatography - Tandem Mass Spectrometry Analysis 

LC-MS experiments were conducted using eluate from the WCX separations. 

WCX eluates were first reconstituted in 100 L ultrapure water with 0.1% trifluoracetic 

acid for desalting with Agilent OMIX SCX 100 L tips, following the manufacturer’s 
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instructions. Desalted samples were dried via Speedvac, reconstituted in 20 L 0.1% 

formic acid in ultrapure water, centrifuged at 16168 x g for 1 min, and subjected to LC-

MS. 

On-line LC-MS/MS analysis was performed on an LTQ-Orbitrap Velos mass 

spectrometer coupled with an EASY-nLC 1000 HPLC system and a nanoelectrospray 

ionization source (Thermo Fisher Scientific, San Jose, CA, USA). Sample injection, 

enrichment, desalting, and HPLC separation were conducted automatically. The nLC was 

equipped with an in-house packed trapping column followed by an in-house packed 

separation column, both packed with ReproSil-Pur C18-AQ resin (3 m, Dr. Maisch HPLC 

GmbH, Germany). The metabolites were separated using a 120-min linear gradient of 

2−40% acetonitrile in 0.1% formic acid at a flow rate of 230 nL/min and electrosprayed 

(spray voltage 1.8 kV) into a LTQ-Orbitrap Velos mass spectrometer operated in the 

positive-ion mode. Full scan MS (50 – 1000 m/z) were acquired at a resolution of 60,000 

(at m/z 400) and followed by data dependent acquisition (normalized collision energy of 

35.0) of MS/MS for the twenty most abundant ions found in the full-scan MS exceeding a 

threshold of 1000 counts. 

 

2.3. Results 

This study aimed to provide a comprehensive survey of E. fetida endogenous 

metabolites using pooled and individual tissue, CF, and CC samples. 1H NMR 

spectroscopy (Figure 2.1) was employed to detect 59 metabolites in E. fetida, with 47 

detected in CF, 41 in CC extracts, and 54 in extracts of whole-worm samples and tissue 
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samples depleted of CF and CC (referred to as tissue samples). Due to the high similarity 

between whole-worm and tissue extracts, we will only discuss our tissue datasets and 

reserve discussion of whole-worm extracts to datasets reported in literature. Five 

metabolites: 2-aminobutyrate, malylglutamate, nicotinurate, N,N,N-trimethylornithine, 

and trigonelline are new to earthworm metabolomics (Table 2.1). Importantly, we believe 

this to be the first report of the identification of malylglutamate in any biological system.  

The elucidation of the structure of malylglutamate is described in detail in Chapter 3, along 

with preliminary experiments to explore its possible biological functions.  

 

2.3.1. 1H NMR Metabolic Profiling of Earthworm CF, CC and Tissue 

Global metabolic profiling was conducted using an array of NMR experiments to 

determine endogenous metabolites in earthworm tissue, CF, and CC. These findings are 

highlighted in the 1H NMR spectra in Figure 2.1 and are summarized in Tables 2.1 and 2.2. 

In cases where it was not possible to conclusively identify metabolite spectroscopic 

signatures at neutral pH, the titration of a pooled CF sample in ~0.5 unit intervals between 

pD 3.06 – 7.40 was useful to resolve resonances and confirm assignments (Figure 2.2). For 

instance, the downfield shift of malate reveals the gamma protons of glutamate (2.35 ppm, 

Figure 2.2B) beginning at pD 5.42 and the methyl resonance of threonine is resolved at pD 

4.06, as lactate shifts downfield with increasing acidity (1.32 ppm, Figure 2.2C). 
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Figure 2.1. 1H NMR spectra of 20-worm concentrated coelomic fluid (CF), 60-worm 

concentrated coelomocytes (CC), and 55 mg of pooled tissue extracts. The intensity of each 

spectrum is expanded is listed on the right side of each spectrum. The spectra are divided 

into four regions: A) 0.75-2.8 ppm; B) 2.8-4.6 ppm; C) 4.7-6.7 ppm; and D) 6.7-9.2 ppm 

and resonances are annotated to their corresponding metabolite number in Table 2.1. 

Several metabolites were identified but not annotated due to low intensity or their absence 

in the representative spectra. 
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Table 2.1. List of aqueous metabolites and their 1H chemical shifts detected in pooled and 

individual coelomic fluid (CF), coelomocytes (CC), and tissue extracts. The NMR spectra 

in which metabolites are confirmed are noted for each matrix (a = 1D 1H NMR, b = 2D 1H 

J-Resolved, c = COSY, d = TOCSY, and e = 1H-13C HSQC). Bolded metabolites are new 

to earthworm metabolomics and the spectra of authentic standards were not recorded for 

metabolites marked with an *. Signal multiplicity is represented by: s= singlet, d= doublet, 

dd= doublet of doublets, m=multiplet, q=quartet, t= triplet. 

# Metabolite 
Coelomic 

Fluid 
Coelomocytes Tissue 1H Chemical Shifts (ppm) 

1 Acetate a,b,e a,b a,b,e 1.91 (s) 

2 Adenosine diphosphate  a,b,c,d a,b,c,d 
4.22 (m), 4.38 (m), 4.53 (t), 6.14 (d), 8.25 (s), 8.52 

(s) 

3 Adenosine monophosphate  a,b,c,d a,b,c,d 
4.01 (dd), 4.36 (dd), 4.50 (dd), 6.13 (d), 8.25 (s), 

8.60 (s) 

4 Adenosine triphosphate  a,b,c,d a,b,c,d 
4.22 (m), 4.38 (m), 4.53 (t), 6.14 (d), 8.25 (s), 8.52 

(s) 

5 Alanine a,b,c,d,e a,b,c,d,e a,b,c,d,e 1.47 (d), 3.78 (q) 

6 Asparagine a,b,c,d  a,b,c,d 2.91 (m), 4.01 (dd) 

7 Aspartate a,b,c,d a,b,c,d a,b,c,d,e 2.74 (m), 3.89 (dd) 

8 Betaine a,b,c,d,e a,b,c,d,e a,b,c,d,e 3.26 (s), 3.90 (s) 

9 Choline a,b,c,d,e a,b,c,d,e a,b,c,d,e 3.21 (s), 3.52 (m), 4.07 (m) 

10 Cytosine a,b,c,d   5.95 (d), 7.49 (d) 

11 Formate a,b,e a,b a,b,e 8.44 (s) 

12 Fumarate a,b,e a,b,e a,b,e 6.50 (s) 

13 Glucose a,b,c,d,e a,b,c,d,e a,b,c,d,e 
3.23 (dd), 3.39 (m), 3.46 (m), 3.52 (dd), 3.73 (m), 

3.82 (m), 4.83 (d), 5.22 (d) 

14 Glutamate a,b,c,d,e a,b,c,d,e a,b,c,d,e 2.05 (m), 2.12 (m), 2.34 (m), 3.74 (q) 

15 Glutamine a,b,c,d,e a,b,c,d,e a,b,c,d 2.02 (m), 2.12 (m), 3.76 (t) 

16 Glycine a,b,c,d a,b,c,d,e a,b,c,d,e 3.54 (s) 

17 Glycerol   a,b,c,d,e 3.60 (m), 3.77 (m) 

18 Glycerophosphocholine a,b,e a,b,e a,b,e 3.22 (s), 3.64 (m), 3.91 (m), 4.32 (m) 

19 Histidine a,b,c,d  a,b,c,d 3.13 (dd), 2.23 (dd), 3.97 (dd), 7.06 (d), 7.80 (d) 

20 Histidine-betaine a,b,e a,b,e a,e 3.26 (s) 

21 Inosine a,b,c,d a,b,c,d a,b,c,d 
3.83 (dd), 3.91 (dd), 4.27 (dd), 4.43 (dd), 6.09 (d), 

8.23 (s), 8.33 (s) 

22 Isoleucine a,b,c,d a,b,c,d a,b,c,d,e 
0.93 (t), 1.00 (d), 1.25 (m), 1.46 (m), 1.97 (m), 3.66 

(d) 

23 Lactate a,b,c,d,e a,b,c,d,e a,b,c,d,e 1.32 (d), 4.10 (q) 

24 Leucine a,b,c,d a,b,c,d a,b,c,d,e 0.95 (t), 1.71 (m), 3.72 (m) 

25 Lysine   a,b,c,d,e 1.47 (m), 1.72 (m), 1.90 (m), 3.02 (t), 3.74 (t) 

26 Malate a,b,c,d,e a,b,c,d,e a,b,c,d,e 2.36 (dd), 2.66 (dd), 4.29 (dd) 

27 Malylglutamate* a,b,c,d,e a,b,c,d,e a,b,c,d,e 
1.88 (m), 2.05 (m), 2.23 (m), 4.14 (dd), 2.52 (dd), 

2.74 (dd), 4.33 (dd) 
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28 Maltose-x a,b,c,d,e a,b,c,d,e a,b,c,d,e 

3.27 (dd), 3.41 (t), 3.58 (m), 3.63 (m), 3.66 (m), 

3.70 (m), 3.76 (m), 3.84 (m), 3.90 (dd), 3.93 (d), 

3.96 (m), 5.22 (d), 5.40 (d) 

29 Mannose   a,b,c,d 
3.37 (ddd), 3.56 (t), 3.65 (m), 3.74 (m), 3.80 (m), 

3.84 (m), 3.88 (dd), 3.93 (m), 5.17 (m) 

30 myo-Inositol a,b,c,d,e a,b,c,d,e a,b,c,d,e 2.67 (t), 3.52 (dd), 3.61 (t), 4.05 (t) 

31 Nicotinamide   a,b,c,d 7.57 (m), 8.22 (m), 8.69 (dd), 8.90 (dd) 

32 Nicotinate   a,b,c,d 7.51 (dd), 8.24 (m), 8.60 (dd), 8.93 (d) 

33 Nicotinurate   a,b,c,d 3.96 (s), 7.57 (m), 8.23 (tt), 8.68 (dd), 8.91 (m) 

34 N,N-Dimethylhistidine a,b,c,d a,b,c,d a,b,c,d 2.90 (s), 3.25 (dd), 3.86 (dd), 7.04 (s), 7.76 (s) 

35 N,N,N-Trimethyllysine a,b,c,d,e a,b,c,d,e a,b,c,d,e 1.46 (m), 1.89 (m), 3.11 (s), 3.34 (m), 3.75 (t) 

36 
N,N,N-

Trimethylornithine* a,b,c,d,e a,b,c,d,e a,b,c,d,e 1.94 (m), 3.13 (s), 3.38 (m), 3.78 (t) 

37 N,N,N-Trimethyltaurine* a,b,e a,b,e a,b,e 3.19 (s) 

38 Phenylalanine a,b,c,d  a,b,c,d,e 3.20 (m), 3.98 (dd), 7.32 (d), 7.36 (m), 7.42 (m) 

39 Proline-betaine   a,b,e 3.10 (s), 3.29 (s) 

40 Propionate a,b,c,d  a,b,c,d 1.05 (t), 2.17 (m) 

41 Putrescine a,b,c,d,e a,b,c,d,e a,b,c,d,e 1.76 (m), 3.05 (m) 

42 Pyruvate a,b,e a,b,e a,b,e 2.35 (s) 

43 Riboflavin a,b,c,d,e a,b,c,d,e a,b,c,d 

2.47 (s), 2.58 (s), 3.72 (dd), 3.87 (dd), 3.92 (m), 

3.97 (m), 4.43 (m), 4.95 (m), 5.13 (m), 7.95 (s), 

7.97 (s) 

44 scyllo-Inositol a,b,e a,b,e a,b,e 3.33 (s) 

45 Spermidine a,b,c,d,e a,b,c,d,e a,b,c,d,e 1.78 (m), 2.11 (m), 3.08 (m) 

46 Spermine a,b,c,d,e a,b,c,d,e a,b,c,d,e 1.82 (m), 2.12 (m), 3.11 (m) 

47 Succinate a,b,e a,b,e a,b,e 2.40 (s) 

48 Threonine a,b,c,d a,b,c,d,e a,b,c,d,e 1.32 (d), 3.57 (d), 4.24 (m) 

49 Trehalose a,b,c,d a,b,c,d a,b,c,d 3.44 (t), 3.64 (dd), 3.76 (m), 3.81 (m), 5.18 (d) 

50 Trigonelline   a,b,c,d 4.43 (s), 8.08 (m), 8.83 (m), 9.11 (s) 

51 Tyrosine a,b,c,d  a,b,c,d,e 3.05 (dd), 3.19 (dd), 3.93 (dd), 6.89 (m), 7.18 (m) 

52 
Uridine 5’-diphospho-N-

acetylglucosamine 
a,b,c,d a,b,c,d a,b,c,d 

2.07 (s), 3.55 (dd), 3.80 (m), 3.86 (dd), 3.92 (dd), 

3.98 (tt), 4.21 (m), 4.28 (m), 4.36 (m), 5.51 (dd), 

3.96 (d), 5.97 (d), 7.95 (d) 

53 Uridine a,b,c,d   3.79 (dd), 3.90 (dd), 4.12 (m), 4.22 (dd), 4.34 (dd), 

5.89 (d), 5.91 (d), 7.86 (d) 

54 Valine a,b,c,d a,b,c,d a,b,c,d,e 0.98 (d), 1.03 (d), 2.27 (m), 3.60 (d) 

55 -Ketoglutarate a,b,c,d,e a,b,c,d a,b,c,d 2.43 (t), 3.00 (t) 

56 -Butyrobetaine a a  3.02 (m), 2.26 (t), 3.12 (s), 3.31 (m) 

57 2-Aminobutyrate a,b,c,d   0.97 (t), 1.89 (m), 3.70 (t) 

58 
2-Hexyl-5-ethyl-furan-3-

sulfonate (HEFS)* 
  a,b,c,d,e 

0.84 (t), 1.17 (t), 1.28 (m), 1.63 (m), 2.58 (q), 2.82 

(t), 6.17 (s) 

59 3-Hydroxybutyrate a,b,c,d   1.18 (d), 2.29 (m), 2.39 (m), 4.13 (m) 
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Because of the complexity of the earthworm samples, correlation spectroscopy 

(COSY) and total correlation spectroscopy (TOCSY) were employed to reveal coupled 

spins and spin systems, assisting the identification of metabolites such as the heavily 

overlapped polyamines: putrescine, spermidine, and spermine, as annotated in the 

representative COSY spectrum in Figure 2.3.8-11 Further confidence in resonance 

assignments was gained using homonuclear 2D J-resolved spectra to differentiate 

overlapping peaks. These spectra were was particularly useful for assigning singlets that 

were filtered in the double quantum filtered COSY spectra or were uncoupled to any spin 

system in the TOCSY spectra.12 The 2D 1H J-resolved spectra greatly aided the assignment 

of the betaine analog singlets between 3.0-3.4 ppm (Figure 2.4A), including betaine, 

choline, glycerophosphocholine, histidine-betaine, N,N,N-trimethyllysine, N,N,N-

trimethyltaurine, and proline-betaine. Measurement of 13C chemical shifts using the 1H-13C 

heteronuclear single quantum coherence (HSQC) experiment at 700 MHz was valuable for 

the validation of resonance assignments (Table 2.2), as demonstrated in the N(CH3)3 region 

(Figure 2.4B) in which the 1H-13C chemical shift pairs affirmed the resonance assignments 

of betaine analogs.13-16 With these several layers of metabolite confirmation, compounds 

identified by NMR are well-vetted, thus providing high levels of confidence in their 

assignments. 
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Figure 2.2. 1H NMR spectra of concentrated 20-worm coelomic fluid sample that was 

divided into ten samples and titrated to the pD labeled on the left of each spectrum. A) the 

N(CH3)3 region between 3.0-3.2 ppm; B) the glutamate (14) gamma proton is revealed as 

the pD decreases between 2.2-2.5 ppm; and C) the methyl resonance of threonine (48) 

appears as lactate shifts downfield with increasing acidity. Metabolite numbering 

corresponds with Table 2.1 and 2.2. 
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Figure 2.3.  Representative COSY spectrum showing the identification of spermidine in a 

concentrated CF sample. Cross peak labels correspond to the proton’s number in the 

spermidine chemical structure and lines show how resonances are coupled with each other. 
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Figure 2.4. Portions of representative annotated homonuclear and heteronuclear 2D 

spectra demonstrating their complementary use in assigning the resonances of betaine 

analogs. A) The homonuclear 2D J-resolved spectrum showing the chemical shift (ppm) 

and J-coupling (0 Hz) used to assign singlet resonances which were overlapped with 

coupled resonances in the 1D spectrum. Depicted is the N(CH3)3 region of the detected 

betaine analogs in a concentrated CF sample. The assignment of these resonances was 

further vetted with B) the 1H-13C HSQC spectrum. The multiplicity-edited HSQC 

experiment allows for antiphasing of CH2 (blue) and CH or CH3 (red) resonances 

facilitating resonance identification. The chemical shifts of the [N(CH3)3] protons of the 

betaine analogs appear red in the spectrum, confirming the presence of a CH3 or CH group. 

The 1H-13C chemical shift pairs were compared and assigned based on literature data.19 

Metabolite numbering corresponds to that of Tables 2.1 and 2.2.
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Table 2.2. List of aqueous metabolites and their 13C chemical shifts detected using 1H-13C 

HSQC at 700 MHz. Experiments were performed using a 20-worm concentrated coelomic 

fluid (CF) sample, a 60-worm concentrated coelomocyte (CC) extract, and a pooled 50 mg 

tissue extract. Bolded metabolites are new to earthworm metabolomics and numbering 

corresponds to Table 2.1. All chemical shifts are from Human Metabolome Database, 

unless noted with a 1 to indicate shifts from the Madison Metabolomics Consortium 

Database, 2  to represent shifts reported by Liebeke and Bundy 19, or 3 shifts taken directly 

from the measured spectra.28-29 

 

# Metabolite 
Coelomic 

Fluid 
Coelomocytes Tissue 13C Chemical Shifts (ppm) 

1 Acetate x  x 26.09 

2 Adenosine triphosphate   x 
67.10, 67.79, 72.96, 76.96, 86.61, 89.28, 

142.5, 155.37 

5 Alanine x x x 19.03, 53.56 

7 Aspartate   x 39.33, 39.48, 55.09 

8 Betaine x x x 55.86, 68.64 

9 Choline x x x 58.49, 70.15, 56.70 

11 Formate x  x 172.41 

12 Fumarate x x x 138 

13 Glucose x x x 
63.35, 63.41, 63.47, 72.34, 74.14, 74.20, 

75.64, 76.96, 78.57, 94.94, 98.71 

14 Glutamate x x x 29.82, 36.36, 57.64 

15 Glutamine x x  29.29, 33.93, 57.23 

16 Glycine  x x 44.3 

17 Glycerol   x 65.40, 65.49, 74.98 

18 Glycerophosphocholine2 x x x 56.6 

20 Histidine-betaine2 x x x 55.2 

22 Isoleucine   x 13.91, 17.36, 26.90, 38.69, 62.52 

23 Lactate x x x 22.90, 71.37 

24 Leucine   x 23.57, 24.8, 26.78, 42.60, 56.21 

25 Lysine   x 24.04, 29.15, 32.65, 57.45 

26 Malate x x x 45.46, 45.45, 73.24 

27 Malylglutamate3 x x x 31.35, 37.05, 43.96, 58.16, 72.41 

28 Maltose-x x x x 

62.96, 63.16, 63.29, 71.81, 72.46, 73.70, 

74.02, 75.32, 75.58, 75.78, 76.62, 76.95, 

78.77, 79.29, 94.51, 98.41, 102.06, 102.55 

30 myo-Inositol x x x 73.96, 74.93, 75.13, 77.16 

35 N,N,N-Trimethyllysine3 x x x 24.23, 24.81, 32.68, 55.61, 57.15, 68.81 
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36 
N, N, N-

Trimethylornithine3 x x x 28.53, 55.61, 56.73, 68.18 

37 N,N,N-Trimethyltaurine2 x x x 54.59 

38 Phenylalanine   x 39.15, 58.93, 130.43, 131.81, 132.12 

39 Proline-betaine   x 48.1, 54.8 

41 Putrescine x x x 26.73, 41.76 

42 Pyruvate x x x 29.23 

43 Riboflavin x x  21.38, 23.34, 49.80, 49.85, 65.65, 65.75, 

72.68, 75.28, 76.05, 118.68, 132.22 

44 scyllo-Inositol1 x x x 76.29 

45 Spermidine x x x 25.21, 26.56, 26.64, 39.24, 41.19, 46.96, 49.6 

46 Spermine x x x 25.55, 26.58, 39.50, 47.43, 49.81 

47 Succinate x x x 36.83 

48 Threonine  x x 22.30, 63.46, 68.91 

51 Tyrosine   x 38.27, 58.99, 118.89, 133.49 

54 Valine   x 19.41, 20.75, 31.89, 63.35 

55 -Ketoglutarate x   33.42, 38.63 

58 
2-Hexyl-5-ethyl-furan-3-

sulfonate (HEFS)3 
  x 

14.06, 16.21, 23.22, 24.75, 28.63, 30.43, 

30.71, 33.55, 105.65 
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2.3.2. Comparison of the CF, CC and Tissue Metabolomes 

Thirty-three common metabolites were observed by NMR in CF, CC, and tissue 

extracts, mostly consisting of sugars, organic acids, and amino acids (Table 2.1). 2-

Aminobutyrate, asparagine, cytosine, histidine, 3-hydroxybutyrate, phenylalanine, 

propionate, and uridine were only detected in the CF and tissue, while ADP, AMP, and 

ATP were only found in the CC and tissue extracts. ATP was previously reported in CF 

but was not detected in our samples.4 TCA cycle constituents comprise a major component 

of the coelom metabolome and their perturbation can give insights into bioenergetic stress. 

The 1H NMR spectra of tissue extracts also contain the resonances of many of these 

constituents, though small changes in the levels of these metabolites may be more difficult 

to discern because of high resonance overlap. Tissue extracts contain mostly amino acids, 

while except for alanine the amino acids tend to be minor components of the coelom. 

Recently, Liebeke, et al. 20 unlocked a key defense required for biogeochemical 

cycling: dialkylfuransulfonate (termed drilodefensin) metabolites, which protect 

earthworms from the multitude of plant polyphenols to which they are exposed through 

their diet. Tissue extracts contain a substantial concentration of the drilodefensin 2-hexyl-

5-ethyl-furan-3-sulfonate (HEFS) (Figure 2.1) which is not observed in the coelom, in 

addition to glycerol, lysine, mannose, nicotinamide, nicotinate, nicotinurate, and 

trigonelline (Tables 2.1 and 2.2). 

The high degree of similarity between the 1H NMR spectra of CC and CF suggests 

that there is a close interaction between the two compartments. As observed in Figure 2.1, 

the lower intensity of the sugar resonances in the coelomocytes reveals additional 
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resonances from myo-inositol, N,N,N-trimethyllysine (TML), and riboflavin. The 

resonances of glutamine and glutamate are also less overlapped with other signals in the 

coelomocyte spectra. Metabolite investigations in CF, CC, and tissue provide 

complementary and unique insights into earthworm metabolism. 

 

2.3.3. Identification of N,N,N-Trimethylornithine – a New Metabolite in CF 

  N,N,N-Trimethylornithine or TMO (3.129 ppm) [CAS: 66101-16-4] was 

identified as the neighboring singlet to N,N,N-trimethyllysine or TML (3.108 ppm), as 

shown in Figure 2.5A, using a combination of NMR and high resolution mass spectrometry 

(HRMS). In the CF pH titration experiments, the chemical shifts of N(CH3)3 groups were 

affected minimally with increasing acidity (Figure 2.2A), demonstrating that the singlets 

belonged to non-titratable groups. A weak cation exchange (WCX) solid-phase extraction 

strategy was employed simplify the mixture but did not offer any additional NMR insights 

due to the high chemical shift similarity of N(CH3)3 groups (Figure 2.6A). To aid 

identification, the WCX eluate was subjected to LC-MS, allowing detection of the TMO 

parent ion at m/z 175.1431 (the calculated m/z is 175.1463 for the [M]+ ion; Figure 2.6B) 

and 13C isotopes. Figure 2.5C presents the MS/MS spectrum of the [M+H]+ ion, yielding 

major fragments at m/z 116.1 [M – N(CH3)3]
+ and 60.1 [HN(CH3)3]

+, and minor fragment 

ions at m/z 157.0 [M – H2O]+, 147.1 [M – CO]+; 133.1 [M – CO2]
+; and 130.1 [M – 

HN(CH3)2]
+. In this context, the loss of dimethylamine (i.e., HN(CH3)2) may be initiated 

by the migration of a methyl group from the trimethylammoium moiety, and such 

migration was observed previously for singly charged peptides harboring a 
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trimethyllysine.21 The fragmentation of TMO, TML, and betaine (Figure 2.6B-E), is 

consistent with reported fragmentation of betaine analogs.22 

The chemical shift of the TMO N(CH3)3 protons is downfield of the TML 

resonance, consistent with the additional CH2 group of TML. Also, the resonance is 

consistent with the reported N(CH3)3 shift of ornithine betaine, which has ornithine 

trimethylated on both amines.19 The other TMO resonances are observed in our TOCSY 

spectrum (Figure 2.5D) at similar chemical shifts to TMO as described in Patti, et al. 23. 

Finally, the TMO:TML ratios were calculated as 1:5 and 1:3, respectively, from the HRMS 

and NMR results. It is expected that these ratios are not identical due to differences in 

ionization, resolution, and sample preparation; however, the similarity of the two ratios 

obtained with orthogonal analytical platforms further supports the assignment of TMO as 

the unknown. 
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Figure 2.5. LC-MS identification of TMO and NMR confirmation. A) The N(CH3)3 

singlets of TML and TMO resonate between 3.05-3.15 ppm in the 1D NMR spectrum; B) 

Positive-ion ESI-MS of TMO (the calculated m/z 175.1464 for the M+ ion), shown are the 

monoisotopic peak at m/z 176.1431 and the structure of TMO; C) MS/MS for the M+
 ion 

of TMO; and D) CF TOCSY spectrum with labeled TMO and TML spin systems. The 

TMO N(CH3)3 and TML N(CH3)3 singlets are not correlated with these spin systems 

because the carbon-bound protons on either side of the nitrogen are too distant to be 

coupled. Overlapped resonances of TML and alanine (Ala) are annotated to emphasize that 

the peak does not belong to the TMO spin system. 
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Figure 2.6. Weak cation exchange (WCX) SPE of cationic metabolites in CF and LC-MS 

identification of known metabolites. A) 1H NMR spectra comparing CF before and after 

WCX, showing the isolation of betaine analogs. The WCX 1H NMR spectrum did not offer 

any additional insights into TMO’s structure, which led us to turn to LC-MS to identify the 

compound giving rise to this resonance. Other betaine analogs detected in our LC-MS data 

are highlighted in B-E. B) Positive-ion ESI-MS of betaine (the calculated m/z 118.0868 for 

M+ ion), isotopic peak at m/z 119.0847, and structure; C) annotated MS/MS for the M+ ion; 

D) Positive-ion ESI-MS of N,N,N-trimethyllysine (the calculated m/z 189.1603 for the 

M+ ion), isotopic peak at m/z 190.162, and structure; and E) annotated MS/MS for the M+ 

ion. 
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2.3.4. Other Newly Identified Metabolites in CF, CC and Tissue 

2-Aminobutyrate in the CF, and nicotinurate and trigonelline in tissue extracts were 

also newly detected metabolites assigned using 1D and 2D NMR spectra and confirmed by 

comparison to authentic standards (Figure 2.7). Previously maltose has been reported in 

earthworm extracts, but here we report the resonances as maltose-x due to the several 

overlapping resonances of maltose, maltotriose, and potentially other closely related 

sugars. 

 Rochfort, et al. 24 recently described E. fetida and E. andrei specific aromatic 

metabolites that we suspect may correlate with resonances in our CF NMR spectra and 

peaks detected in our DI-MS experiments, but due to the limited HRMS and NMR data 

reported24 and the lack of commercially available standards, we could not confidently 

assign the MS ion or similar resonances as the reported metabolites. Earthworms contain 

an abundance of unique metabolites, and further elucidation of new metabolites and 

probing of their biochemical function could aid environmental monitoring and diagnostics. 
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Figure 2.7. Depiction of the use of A) 1D and B) homonuclear 2D J-resolved spectroscopy 

to detect 2-aminobutyrate in the heavily overlapped methyl region of a concentrated CF 

sample. C) Stacked spectra showing the identification of nicotinurate (blue) and 

trigonelline (green) in earthworm tissue extracts. 

 

2.4. Discussion 

In this work, the complex and metabolite-rich E. fetida CF, CC, and tissue 

metabolomes were characterized using NMR spectroscopy. The abundance of TCA 

metabolites, osmolytes, polyamines, and other metabolites detected in these studies 

indicates that the CF may serve as a metabolic reservoir. Our elucidation of the 

coelomocyte metabolome offers a new source to evaluate earthworm health, and possibly 

provide insights into hepatocytic and immune function, while tissue extracts offer a 
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metabolic summary of global processes occurring within the earthworm. Notably, this 

study is the first to report 2-aminobutyrate, nicotinurate, N,N,N-trimethylornithine, and 

trigonelline in earthworm samples. 

 

2.4.1. Betaine Analogs and Osmoregulation 

As the cationic counterpart to malylglutamate and other organic acids, earthworms 

contain an arsenal of betaine analogs, including: betaine, choline, glycerophosphocholine, 

histidine-betaine, N,N-dimethylhistidine, N,N,N-trimethyltaurine, TML, and TMO. 

Proline-betaine was only detected in tissue samples, while -butyrobetaine was only 

detected in the CC and CF. Liebeke and Bundy 19 reported -butyrobetaine in the 1H-13C 

HSQC spectra measured at 800 MHz of E. fetida whole-worm extracts, potentially due to 

increased sensitivity compared to our HSQC spectrum measured at 700 MHz. These 

authors also detected carnitine and hydroxyproline-betaine in the whole-worm extracts of 

other earthworm species,19 but these were not detected in our NMR spectra. The function 

of betaine analogs is unclear, but it is hypothesized that they may serve as osmoprotective 

agents for proteins and membranes. Earthworms must constantly adjust to changing 

moisture content in soil, and CF contains many other well-known osmolytes like betaine, 

glucose, inositol, trehalose, and polyamines. For instance, upregulation of glucose and 

alanine was observed in Enchytraeus albidus under drought conditions, while only alanine 

level increased in A. caliginosa in response to estivation.25-26 Future studies should explore 

the role of betaines under similar contexts, and aim to establish the biochemical functions 

of this diverse group of earthworm metabolites. 
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It should also be noted that TML, -butyrobetaine, -ketoglutarate, and succinate 

are a part of the carnitine biosynthesis pathway, which is essential for converting fatty acids 

into energy via mitochondrial and peroxisomal β-oxidation. TMO was recently revealed as 

a suitable substrate for TML hydroxylase, converting 75% of TMO to 3-hydroxy-

N,N,N-trimethylornithine.27 This may suggest that TMO and other betaine analogs may 

act as an alternative substrate when TML is limited. In mammals, the liver is the central 

location of the final conversion of -butyrobetaine by -butyrobetaine dioxygenase to 

carnitine.28 Since -butyrobetaine is only observed in the coelom and some subsets of 

coelomocytes serve liver-like functions, this may explain the presence of -butyrobetaine 

in CC extracts. 

 

2.4.2. Polyamines 

E. fetida also contains a significant quantity of polyamines (putrescine, spermidine, 

and spermine) within its CC and CF. Polyamines are fully protonated under physiological 

conditions consistent with their various functions, which include moderating ion channels, 

cell growth and differentiation, gene expression, apoptosis, and chromatin status.29 

Disruption of polyamine synthesis, indicated by their downregulation, has been suggested 

as a sign of genotoxicity, while their upregulation acts as a protective response against 

oxidative, osmotic, and thermal stress. Consistent with their observation in E. fetida, 

organisms that are able to regenerate have a close association with polyamine metabolism 

and synthesis.30 Putrescine was upregulated in response to removal and regeneration of 

worm heads. In the same study, osmotic and heat shock temporarily upregulated putrescine 
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and spermidine. Elevation in putrescine was additionally observed in L. rubellus exposed 

to high levels of nickel.31 Similarly, upregulation of putrescine and alanine in two A. 

caliginosa populations exposed to the fungicide epoxyiconazole was credited as a stress 

indicator.32 Moreover, endosulfan and endosulfan sulfate exposure was hypothesized to 

induce genotoxicity that resulted in apoptosis and thus, subsequently decreased spermidine 

concentrations in E. fetida CF.4-5 This suggests that the CF may act as a reservoir for 

polyamines and probing their alteration may prove to be a useful indicator of environmental 

stress. 

 

2.4.3. Drilodefensins 

Some distinctive earthworm metabolites were not observed in NMR spectra of 

coelomocytes or CF, like the drilodefensin metabolite 2-hexyl-5-ethyl-furan or HEFS, 

which has been indicated as a potential biomarker for exposure to many compounds like 

perfluorooctane sulfonate (PFOS) and 2,2’,4,4’-tetrabromodiphenyl ether (BDE-47).20, 33-

34 Liebeke et al. (2015) recently evaluated the plethora of drilodefensin metabolites present 

in the earthworm and elucidated their surfactant-like properties that help reduce protein 

solubilization in the presence of plant polyphenols. Drildofensins are primarily present in 

the earthworm gut and are upregulated under high polyphenol diets.20 This may explain the 

absence of these compounds from the coelomic fluid, but investigation of the fluid under 

conditions that favor drildofensin upregulation would need to be conducted to confirm this 

finding. 
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2.4.4. Coelomocytes 

Unlike vertebrates, invertebrates do not contain an adaptive immune system, thus a 

robust and diverse innate immune system is essential to combat pathogens and tend 

wounds. Coelomocytes and coelomic fluid of earthworms have been noted to play a central 

role in immunity. Worms must defend against microbial infiltration through the dorsal 

pores that connect the coelom with the outside environment. Proteins in the coelomic fluid 

have been demonstrated to hold mitogenic activity and include lysein, a protein that targets 

sphingomyelin.35-36 Furthermore, antimicrobial peptides have been discovered in 

earthworms as well as enzymes with antioxidant capabilities, including catalase and 

glutathione-S-transferase.37-38 [See Bilej et al. (2010) for a thorough review of earthworm 

immunology.]39 Together, these factors contribute to coelomic fluid’s antimicrobial, 

hemolytic, cytotoxic, and proteolytic properties and demonstrate the potential to use 

coelomocytes and coelomic fluid to probe the impact of genotoxic and immunotoxic 

substances. 

Giving its characteristic bright-yellow hue, riboflavin is found at substantial 

concentrations within the CC and CF. Riboflavin stored in CC has been identified as a 

coelomocyte chemoattractant in six earthworm species and may serve as a recruiting factor 

to combat microbial invasion.40-41 Interestingly, riboflavin content in CC has also been 

explored as an indicator of heavy metal toxicity and soil health. Plytycz, et al. 42 

hypothesized that the heavy metal body burden is localized in the chloragogenous tissue of 

the worm, a source of a type of CC called elocytes, explaining how heavy metal exposure 

interferes with worm’s immune response. In this study, stimulation of the immune system 
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by chronic heavy metal exposure led to riboflavin depletion in the CC of Dendrodrilus 

rubidus, marking the potential of riboflavin in elocytes as an indicator of heavy metal 

toxicity.41 These studies highlight the potential of riboflavin levels in coelomocytes as a 

potential signature of metal contamination. 

 

 

2.5. Conclusions 

From drilodefensins to betaine analogs, earthworms are equipped with an 

abundance of unique metabolites. Still, unassigned resonances remain in earthworm NMR 

spectra, particularly in the aromatic region where conjugation and proton position on the 

aromatic ring results in complex J-coupling patterns with coupling patterns that are 

difficult to distinguish in complex mixtures. Separation techniques to target aromatic 

compounds can be employed to simplify spectra, but due to resonance overlap, other 

analytical techniques like mass spectrometry may be more useful in identifying aromatic 

unknowns. Performing measurements at higher magnetic fields improves both NMR 

spectral resolution and sensitivity and may be useful in the identification of minor species. 

Complexity due to resonance overlap can also be overcome through isotopic labeling of 

specific functional groups, for example, 13C-formlyation of amines and 15N-ethanolamine 

tagging of carboxylates have improved the sensitivity and resolution of metabolite 

assignments using 2D NMR experiments.43-44 Less resonance overlap is observed in 13C 

and 15N NMR compared to 1H NMR, and recent advances in dissolution dynamic nuclear 

polarization have improved 13C sensitivity, thus increasing the feasibility of using 1D 13C 
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experiments in metabolic profiling.45 Other tactics used to identify metabolites include 

chemical separation or orthogonal analytical techniques like Fourier transform-infrared 

spectroscopy and mass spectrometry. 

Mass spectrometry has not been widely applied in earthworm metabolomic 

research but could offer insights into additional biochemical pathways and new 

metabolites. Gas chromatography-mass spectrometry (GC-MS) is commonly used in 

untargeted metabolic profiling experiments.46 GC-MS has been employed to probe 

metabolic perturbations by xenobiotics in whole-worm extracts, revealing insights into 

fatty acids, low-level amino acids, carbohydrates, and lipids not detected in 1H NMR 

spectra,31, 47-51 yet GC-MS analysis of CF and CC extracts has yet to be extensively 

reported. Chapter 4 explores the use of 1H NMR and GC-MS to examine the metabolic 

impacts of chloroacetanilide herbicide exposure on the CF metabolic profile.  

Liquid chromatography-mass spectrometry (LC-MS) has been used to aid 

metabolite elucidation, but surprisingly we were unable to identify published reports of 

targeted or untargeted LC-MS experiments used to probe the earthworm metabolome. 

Targeted LC-MS can be used to survey chemical classes or biochemical pathways, like 

phosphorylated sugars, aiding metabolite elucidation or providing insights into specific 

metabolic functions.52 Chapter 5 demonstrates the utility of targeted LC-MS analysis along 

with 1H NMR to identify potential biomarkers of chlorothalonil exposure. In addition, 

extending the use of LC-MS in earthworm metabolomics studies can help elucidate 

unassigned resonances in the 1H NMR spectra and give new insights into the biochemical 

function of unique earthworm metabolites. 
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As demonstrated in this study, NMR offers the means to quantify a diverse range 

of metabolites in earthworms for systems toxicology research or environmental 

monitoring. Our work, and that of similar studies, provide a platform to enhance the 

understanding of earthworm metabolism and illustrate the potential for high-throughput 

NMR analysis to deliver a quick snapshot of earthworm, soil, and ecological health. 
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CHAPTER THREE 

Malylglutamate: Structural Elucidation and Exploration of Biological Function of a 

New Metabolite 

Based in part on a paper published in the Journal of Proteome Research  

J. Proteome Res. 2017, 16 (9), 3407-3417 
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Abstract 

A previously unknown set of resonances found at 7 g/mg in the 1H NMR spectra 

of earthworm extracts is identified herein as malylglutamate, a new metabolite. Two-

dimensional NMR spectroscopy, high-resolution mass spectrometry, synthesis, chiral 

chromatography, and optical rotation was used to assign absolute stereochemistry as (–)-

-ʟ-malyl-ʟ-glutamate. With access to synthetic material, LC-MS/MS was used to detect 

malylglutamate in several invertebrates closely related on the phylogenetic tree. We 

postulate that malylglutamate acts as a glutamate/malate store, chelator, and anionic 

osmolyte and helps to provide electrolyte balance in earthworms and sought to explore its 
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biochemical function. Malylglutamate levels were unaffected by high salinity, dry soil, and 

cold stress, but decreased under high soil water content. This suggests that malylglutamate 

is unlikely to act as an osmolyte and cryoprotectant but may act as a store for 

malate/glutamate and provides charge balance. Malylglutamate was identified as a chelator 

of Ca2+, Mn2+, and Zn2+ using 1H NMR, indicating that one of its main functions is to likely 

protect earthworms from metal burdens in soil.  

 

 

3.1. Introduction 

An intense set of metabolite resonances found in the 1H NMR profiles of whole-

earthworm, coelomic fluid, and coelomocyte extracts remained unassigned after initial 

NMR metabolic profiling described in Chapter 2. The unknown metabolite was found at 

approximately 7 g/mg in whole-earthworms, and because of its high abundance, it was 

critical to identify the metabolite. This chapter follows the structural elucidation of a new 

metabolite, (–)--ʟ-malyl-ʟ-glutamate, using NMR spectroscopy, mass spectrometry, 

synthesis, chiral chromatography, and optical rotation. Following identification of 

malylglutamate, we sought to screen for its presence in invertebrates closely related on the 

phylogenetic tree, including other earthworm species, and probe its biological function.  
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3.2. Experimental Procedures 

3.2.1. Malylglutamate Structure Elucidation 

3.2.1.1. NMR Acquisition Parameters for Initial Assignment 

NMR Acquisition Parameters for the initial malylglutamate structural elucidation are 

described in Sections 2.2.7 and 2.2.8 of Chapter 2. For the 90% H2O samples, 60 L of 

D2O buffer was added to 400 L of filtrate and 40 L of ultrapure water prior to titration 

with deuterium chloride (Sigma Aldrich, St. Louis, MO, USA). 

 

3.2.1.2. Direct Infusion – Tandem Mass Spectrometry Analysis  

CF samples were loaded into a 500 L syringe and introduced into an LTQ-

Orbitrap Velos mass spectrometer equipped with a heated electrospray ionization source 

(Thermo Fisher Scientific, San Jose, CA, USA) at a flow rate of 10 L per min.1 The 

instrument was operated in the positive-ion mode and full-scan mass spectra in the range 

of m/z 50-1000 were acquired in the Orbitrap mass analyzer with the resolution of 100,000 

at m/z 400. The precursors for the metabolites of interest were subjected to collision-

induced dissociation (CID) to acquire the MS/MS spectra in the linear ion trap.    

 Data were analyzed manually using Xcalibur Qual Browser (Thermo Fisher 

Scientific, San Jose, CA, USA). Raw MS data were analyzed by searching the calculated 

exact mass of each metabolite of interest. Using the advanced processing within 

chromatogram ranges, data were smoothed using the boxcar algorithm with 7 points and 

the mass tolerance was user defined at 10 ppm. The plot type was set to mass range with 

the full MS scan filter applied using the MS detector and the ICIS peak algorithm was used. 
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The calculated exact mass of the metabolite of interest was placed in the range and the data 

were searched for analyte peaks. Each metabolite under investigation was searched 

individually using the same method. Signal was then averaged in the time range for the 

peaks found in the ion chromatogram to give MS for each metabolite.   

 

3.2.1.3. Synthesis of Malylglutamate Isomers 

Malylglutamate isomers were synthesized according to known literature procedures 

by Dr. David Martin and Abigale Fecue (UC Riverside).2-5 Optical rotation was measured 

on a Rudolph Research Analytical Autopol IV Automatic Polarimeter. The synthetic 

methodology is described in Appendix A.  

 

3.2.1.4. NMR Acquisition Parameters for Diastereomer Assignment 

Prior to NMR analysis, samples were reconstituted in 200L of 100 mM phosphate 

buffer (pD 7.45) in D2O (D, 99.9%) containing 0.2 mM ethylenediaminetetraacetic acid-

d16 (EDTA-d16) and 0.25 mM sodium 2,2-dimethyl-2-silapentane-5-sulfonic acid-d6 (DSS-

d6) (Cambridge Isotope Laboratories, Tewksbury, MA) and transferred to a 3 mm NMR 

Tube (New Era Enterprises, Vineland, NJ). A Bruker Avance NMR spectrometer operating 

at 599.88 MHz and equipped with a SmartProbe was used to acquire one-dimensional and 

heteronuclear multiple bond correlation spectroscopy (HMBC) spectra.6 1H survey spectra 

were acquired with 1D NOESY (noesypr1d) pulse sequence with presaturation during the 

120 ms mixing time. Spectra were acquired at 25°C with 64 scans, 16 dummy scans, 2 s 

delay time, 1.95 s acquisition time, 13.9848 ppm spectral width, and 32768 points. The 
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FIDs were exported into MestReNova 12 (Santiago de Compostela, Spain), apodized by 

multiplication with an exponential function equivalent to 0.5 Hz line broadening, and zero-

filled to 131072 points prior to Fourier transformation. The resulting spectra were manually 

phased and referenced to DSS-d6 (0 ppm). 

The HMBC (hmbcgplpndqf) experiment was conducted using an 80-worm pooled 

coelomocyte sample acquired at 25C with 64 scans, 16 dummy scans, 1H 90 pulse of 

13.25 s, 13C 90 pulse of 13.00 s, 65 ms evolution delay, proton-carbon coupling 

constant (njCH) of 10 Hz, and a 2 s relaxation delay. Spectral widths of 13.9848 ppm and 

210.0000 ppm were used with 2048 by 512 complex points acquired in F2 and F1, 

respectively. The HMBC spectrum was apodized using a sine function, baseline corrected 

with a third order polynomial in both dimensions, smoothed using a Savitzky-Golay filter 

with an order of 4 and width of 16 in both dimensions, zero-filled to 4096 by 4096 points, 

and manually phased. 

 

3.2.1.5. Chiral Separation of L,L- and D,D--malylglutamate  

A Waters UPLC coupled to a G2-XS Q-TOF mass spectrometer (Milford, MA, 

USA) was used for assignment of the correct diastereomer of -malylglutamate in the 

natural sample. The separation was performed on an Asetc Chirobiotic® R 150 x 2.1 mm, 

5 m column (Sigma Aldrich, St. Louis, MO, USA) at 30C using isocratic conditions of 

98% ultrapure water containing 0.01% acetic acid (Fisher Scientific,) and 2% LiChrosolv® 

ethanol (EMD Millipore Corporation, Billerica, MA,USA) at a flow rate of 0.55 mL/min 

and the column maintained at 30C. Electrospray ionization was used and -
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Malylglutamate was detected in positive ion mode at 264.071 m/z using a spray voltage of 

35 V and source temperature of 150C. MS/MS spectra were acquired for the m/z of 

interest.  

L,L- and D,D--malylglutamate standards were dissolved in ultrapure water and 

diluted with methanol to 10 M prior to a 1 L injection. Coelomic fluid, coelomocyte, 

and whole-earthworm extracts were reconstituted in 1 mL 2:1.8 methanol:water, 

centrifuged for 1 min at 16100 g prior to analysis, and divided into 200 L aliquots. In 

separate spiking experiments, 2 L of 1.7 mM L,L--malylglutamate  standard or  2 L of 

0.4 mM D,D--malylglutamate standard were added to aliquots of coelomic fluid prior to 

LC-MS/MS analysis. Chromatograms were processed using a mean smoothed function 

with a window size of ± 3 and 2 smooths. Mass spectra were deisotoped, lock mass 

corrected, and centered. 

 

3.2.2. Exploration of Biological Function 

3.2.2.1. Screening in Invertebrates using LC-MS 

Live invertebrates were flash-frozen in liquid nitrogen upon arrival. Redworm 

(Eisenia fetida), nightcrawler (Lumbricus terrestris), blackworm (Lumbriculus 

variegatus), whiteworm (Enchytraeus sp.), leech (Placobdella ornata), black planaria 

(Phagocata gracilis), brown planaria (Fugesia tigrine), water flea (Daphnia magna), and 

water bear (Hypsibius sp.) were purchased from Ward’s Science (Rochester, NY, US). 

Caenorhabditis elegans and mystery snails (Pomacea bridgesi) were purchased from 

Carolina Biological Supply (Burlington, NC, US). C. elegans arrived in agar and samples 
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were collected by setting up setting the agar in approximately 20 mL of ultrapure water for 

five minutes. The agar was removed, sample flash-frozen, and lyophilized. The entire jar 

of water bears and media were transferred to a 50 mL Falcon tube, flash-frozen, and 

lyophilized. 

Lyophilized and weighed samples were homogenized by cryo-cooled bead-beating 

for three cycles of 10 s at 5 m/s (Omni International, Kennesaw, GA, US). At least three 

individuals of each species were pooled together prior to extraction.  Dried homogenates 

were extracted with 2:1.8 methanol:ultrapure water at a ratio of 10 mg per 1 mL solvent. 

Samples were vortexed for 3 min, 4C at 2000 rpm on a ThermoMixer® C (Eppendorf, 

Hauppauge, NY, US) and centrifuged at 16000 g, 4C for 20 min. The supernatant was 

transferred to 200 L LC glass inserts and stored at -80C until analysis. Malylglutamate 

standards for the external calibration plot were prepared from a 1.7 mM stock in ultrapure 

water.  

LC-MS was employed using a Waters I-class UPLC system coupled to a TQ-XS 

triple quadrupole mass spectrometer. Separations were conducted on a ZIC-pHILIC 

column (2.1 x 150 mm, 5 µm) (EMD Millipore) using (A) water with 15 mM ammonium 

bicarbonate adjusted to pH 9.6 with ammonium hydroxide and (B) acetonitrile as mobile 

phases. A 1 L injection volume was used with a flow rate of 200 L/min and the column 

was held at 50° C. The gradient was as follows: 0 min, 90% B; 1.5 min, 90% B; 16 min, 

20% B; 18 min, 20% B; 20 min, 90% B; 28 min, 90% B.  

The MS was operated in selected reaction monitoring mode. Source and 

desolvation temperatures were held at 150° C and 500° C, respectively. Nitrogen was used 
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for the desolvation gas at 1000 L/h and cone gas at 150 L/h. Argon was used for the 

collision gas and was set to 0.15 mL/min. Capillary voltage was 1 kV in positive ion mode 

and 2 kV in negative ion mode. System stability was monitored by analyzing a quality 

control samples throughout the sample set, prepared by pooling together 6 L of all 

samples into a single glass insert. To prevent artifactual metabolite changes between 

groups, samples were analyzed in random order. Peak integration was conducted with the 

open source software Skyline (University of Washington) by the staff at the UC Riverside 

Metabolomics Core Facility.7 

 

3.2.2.2. Cold, Salinity and Water Stress  

Earthworms were exposed to salinity, temperature, and water stress for 5-days in 1 

L beakers containing 100 g of Magic Worm® bedding (Magic Products Inc., Amherst 

Junction, WI, USA). Soil was wetted with dechlorinated water for 24 h prior to adding 

worms, at a ratio of 2:1 water:soil, as suggested by the manufacture, for all experiments 

except the dry soil stress (1:1) and wet soil stress (3:1). All experiments were kept on the 

benchtop, except the cold stress group which was placed in the fridge (4C) during the 

experiment. Salinity stress experiments were prepared by introducing 10, 40, or 160 mM 

NaCl in the water used to wet the soil. The control condition for this experiment is 

considered the 2:1 water:soil, held at room temperature, and 0 mM NaCl. 

Earthworms were removed from lab cultures, rinsed, and patted dry prior to adding 

ten worms to each beaker. After 5-day exposure, earthworms were removed from soil, 

rinse, dried, flash-frozen in liquid nitrogen, lyophilized, and homogenized by cryo-cooled 
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bead-beating, as described in Section 3.2.2.1. Earthworm homogenates were extracted 

using 2:2:1.8 Chloroform (Macron Fine Chemical, Center Valley, PA, USA):Fischer 

Scientific Optima Methanol (Fair Lawn, NJ, USA):Ultrapure Water.8 Aqueous solvents 

were first added to the tubes and vortexed at 2000 rpm, 4C for 2 min on a ThermoMixer® 

C (Eppendorf, Hauppauge, NY, USA). A 600 L aliquot of chloroform was added, and the 

samples were vortexed at 2000 rpm, 4C for 2 min. The samples were centrifuged at 16000 

g, 4C for 20 min and left on ice for 10 min prior to transferring 800 L to a fresh tube and 

dried overnight by speedvac.  

Dried extracts were reconstituted in D2O buffer and analyzed by NMR as described 

in Section 3.2.1.4. A Bruker 600 MHz NMR spectrometer using a 1D NOESY (noesypr1d) 

pulse sequence with presaturation during the 120 ms mixing time was used to acquire 1H 

NMR spectra at 25°C with 128 scans, 16 dummy scans, 2 s delay time, 1.95 s acquisition 

time, 13.9848 ppm spectral width, and 32768 points. Spectra were processed as described 

in Section 3.2.1.4. A limited number of resonances were peak fit in MestReNova, which 

included acetate, alanine, betaine, fumarate, glutamate, glutamine, HEFS, myo-inositol, 

scyllo-inositol, -ketoglutarate, malate, malylglutamate, trimethyllysine, and succinate. 

Peak fitting was conducted using a general Lorentzian peak shape, with a lower width 

constraint of 0.1 Hz, and upper constraint of 100 Hz, position constraint within ± 5%, 

maximum number of fine iterations of 100, and local minima filter of 5. The peak fitting 

results were exported into Excel and assembled into a single spreadsheet.  

Samples were normalized by earthworm dry-weight prior to univariate analysis in 

IBM SPSS Statistics v24 (Armonk, NY, USA). Samples were subjected to the Sharpiro-
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Wilks test of normality to assess skewness and Levene’s test for homoscedasticity.9 

Analysis of variance (ANOVA) with Tukey’s HSD post hoc test (P = 0.05) was used for 

pairwise comparisons of the salinity and water stress experiments. Two-sample t-tests (P 

= 0.05) assuming variance is equal between groups was used to compare control and cold 

stress experiments. Effect size using Glass’  was calculated for statistically significant 

metabolic changes.10-11 

 

3.2.2.3. 1H NMR Survey of Malylglutamate Chelation 

CF samples were extruded as described in Chapter 2, Section 2.2.2 and pooled at a 

rate of 10 worms per mL of NaCl solution. The pooled CF was divided into 180 L aliquots 

and 20 L of stock or DSS-d6 was added for a total volume of 200 L, mixed thoroughly, 

and stored overnight in the fridge. Stock solutions of 100 M MnCl2 and 100 mM CaCl2 

and ZnCl2 were prepared in D2O (99.9%, D) containing 1 mM DSS-d6. Mn2+ samples were 

titrated between 2 – 10 M, while Ca+2 and Zn2+ samples were titrated between 1 – 10 mM. 

1H NMR survey spectra were acquired on a Bruker 600 MHz spectrometer using 1D 

NOESY (noesypr1d) pulse sequence with presaturation during the 120 ms mixing time. 

Spectra were acquired at 25°C with 512 scans, 16 dummy scans, 2 s delay time, 1.95 s 

acquisition time, 13.9848 ppm spectral width, and 32768 points. Spectra were processed 

as described in Section 3.2.1.4. 
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3.3. Results and Discussion 

3.3.1. Malylglutamate Structure Elucidation 

Malylglutamate, a previously unreported metabolite was elucidated in these studies 

using NMR and high-resolution mass spectrometry (HRMS). Two sets of unassigned 

resonances (Figure 3.1), denoted as 1H (green) and 2H (blue), were consistently observed 

in all E. fetida matrices. The resonance at 2.23 ppm (2H; Figure 3.2A) was initially noted 

for its uncanny similarity in terms of coupling and intensity to that produced by the H of 

the free amino acid glutamate (Figure 3.2A), suggesting the possibility of a glutamate (Glu) 

analog. The Glu-like 2H spin system was revealed in the TOCSY spectrum (Figure 3.2B), 

further supporting the hypothesis. Through comparison of numerous CF and CC spectra, 

we noticed a correlation in the intensity of the 2H and 1H resonances (Figure 3.2), which 

we initially hypothesized could arise from an aspartyl moiety as a dipeptide due to its 

shared ABX coupling pattern. 

To investigate the presence of a dipeptide, we measured the TOCSY spectrum of a 

concentrated CF sample in 90% H2O at pD 3.18, revealing a strong correlation between an 

amide proton and a spin system resembling glutamate (Figure 3.2C) further supporting the 

assignment to a dipeptide. Several dipeptides were obtained and their 1H NMR spectra 

recorded under conditions similar to those of the CF and CC extracts. Glutamylaspartate 

(Glu-Asp) produced similar chemical shifts for the aspartyl moiety, but notably different 

chemical shift and J-coupling pattern for the GluH resonance, which collapsed to a triplet 

(Figure 3.2A) and is consistently observed in aspartylglutamate (Asp-Glu) and N-

acetylaspartylglutamate (NAAG). The GluH of Asp-Glu and NAAG is shifted upfield to 
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Glu (Figure 2.6A) like the unassigned 2H. In contrast, the GluH of Glu-Asp is shifted 

downfield. Based on this result, we surmised that the glutamate group must be present at 

the dipeptide C-terminus, and indeed the Asp-Glu and NAAG coupling patterns, besides 

GluH, produced similar resonances to those observed in our CF and CC spectra (Figure 

3.2A). However, due to the lack of correspondence of the Asp chemical shifts of these 

dipeptides with the unassigned 1HABX resonances (Figure 3.2A), we were forced to 

consider other alternatives. 

 

Figure 3.1. 1H NMR spectra of individual worm coelomic fluid (CF) and coelomocyte 

(CC) samples with malate and the unassigned resonances 1H (green) and 2H (blue) labeled. 

These spectra illustrate the correlation in the intensity of the glutamate-like 2H (blue) 

resonances and malate-like 1H (green) resonances. The similarity in chemical shift of 

malate and 1H (green) is also illustrated. 
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Figure 3.2. NMR spectra of unassigned resonances and comparison of closely related 

structures. A) 1H NMR spectra of CC and the authentic standards of glutamate (Glu); 

glutamylaspartate (Glu-Asp); aspartylglutamate (Asp-Glu); and N-acetylaspartylglutamate 

(NAAG) are stacked below and resonance position is annotated. The two sets of unassigned 

resonances are annotated in the CC spectrum as 1H (green) and 2H (blue), and the malate 

(Mal) resonances are annotated in red. B) TOCSY spectrum of CC annotated with the 

correlated spin systems of 1H, 2H, and Mal. C) TOCSY spectrum of pooled CF sample at 

pD 3.18, in 90% H2O revealing a strong correlation between an amide proton and a spin 

system resembling glutamate. 

 

We proceeded to consider the similarity of the unassigned ABX resonances with 

malate, as annotated in Figure 3.2AB, suggesting that the dipeptide could be 

malylglutamate (Mal-Glu). Supporting this hypothesis, the 1H and 13C chemical shifts and 

2H J-coupling of our unknown closely resembled that of -citrylglutamate, described in 

Collard, et al. 12 We were unable to identify reference to Mal-Glu in the literature or to 
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locate a commercial source of the compound for verification by NMR. Therefore, we 

turned to HRMS to explore our hypothesis that the unknown metabolite could be Mal-Glu. 

A diluted CF sample was directly infused into the mass spectrometer (DI-MS), 

yielding the Mal-Glu parent ion at m/z 264.0667 (the calculated m/z 264.0719 for the [M + 

H]+ ion; Figure 3.3A). Ions in the MS/MS (Figure 3.3B) of the [M + H]+ ion were assigned: 

m/z 246.1 [M - H2O]+; 227.9 [M - 2H2O]+; 220.1 [M - CO2]
+; 190.0 [M – CH3CH3COOH]+; 

and 146.0 [M – CHOCH(OH)CH2COOH]+. The fragments at m/z 146.0, 190.0, and 220.1 

show the loss of three distinct groups around the single central nitrogen, confirming the 

presence of the amide bond and C-terminus position of the Glu residue. The peak at m/z 

232.1 is thought to be arise from a co-fragmenting species with the same m/z value as the 

newly discovered analyte due to the nature of the complex matrix of CF. Taken together, 

the NMR and HRMS results provide a high level of confidence that the unknown 

metabolite is Mal-Glu, first reported herein. 

 

3.3.1.1. Synthesis and 1H NMR Comparisons 

Following up on the identification of malylglutamate using NMR and DI-MS/MS, 

we sought to confirm the proposed structure of malylglutamate (1, Figure 3.4) and fully 

assign the relative and absolute stereochemistry.13 Due to complexity of 1H NMR spectra 

of earthworm extracts and the difficulty in isolating a pure sample for further studies, we 

turned our attention to synthesis using a traditional peptide coupling approach (Appendix 

A). This strategy allows the incorporation of either L- or D-isomers of both glutamic and 

malic acids to determine both relative and absolute configuration.  
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Figure 3.3. Confirmation of malylglutamate in a diluted CF sample using positive-ion ESI-

MS and MS/MS. A) Positive-ion ESI-MS of malylglutamate (the calculated m/z 264.0719 

for [M + H]+ ion) with its structure and B) annotated MS/MS for the [M + H]+ ion of 

malylglutamate. The * indicates a peak from an ion co-fragmenting with [M + H]+ ion. 

 

Figure 3.4. Structures of malylglutamate isomers and structurally similar metabolites: -

malylglutamate (initially reported structure)13 and (–)--L-malyl-L-glutamate (revised 

structure).  
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Comparison of the 1H NMR spectra of the synthetic L,L- and L,D--

malylglutamate  in D2O with a naturally derived sample of malylglutamate showed that the 

compounds were not identical (Figure 3.5). In particular, the resonances of proton 2Hα 

were slightly shifted downfield in both synthetic molecules and proton 1Hx was 

significantly shifted downfield in both isomers. To ascertain whether the inconsistencies 

between the synthetic standards and native sample were due to matrix or other effects, 

heteronuclear multiple bond correlation spectroscopy (HMBC) was employed to explore 

long-range correlations between protons and carbons.6 A pooled earthworm coelomocyte 

sample was used to conduct the analyses (Figure 3.6). Correlations between both of 

glutamate’s carbonyls with the H protons nicely show the correct assignment. Looking 

at the malyl moiety, equal intensities were observed between the carbonyls and 1Hx proton 

which did not aid with the assignment, labeled as 1Hx/CONH and 1Hx/COOH peaks in 

Figure 3.6; however, a very intense correlation between the amide carbonyl and 1HAB 

protons was observed, noted as 1HAB/CONH (Figure 3.6). This suggests that 1HAB 

protons were positioned directly next to the amide carbonyl and indicates that the malyl 

moiety was attached to glutamate in the  position (i.e., -malylglutamate, Figure 3.4).   

 

3.3.1.2. Reassignment and Elucidation of Absolute Configuration 

Isomers of β-malylglutamate were synthesized and their 1H NMR spectra were 

compared in D2O buffer to a CC extract sample. While the D,L--malylglutamate isomer 

differed in J-coupling of the H protons (Figure 3.7), the L,L--malylglutamate isomer 

provided an excellent match in chemical shift and J-coupling of the resonances in the 
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earthworm extract. To finalize the stereochemical assignment of β-malylglutamate, we 

sought to determine the absolute configuration. D,D--malylglutamate was synthesized 

using identical methods as described in Appendix A. A chiral chromatography method was 

developed to separate L,L- and D,D--malylglutamate  using LC-MS. Excellent separation 

was achieved, yielding retention times of 1.61 min for L,L- and 8.28 min for D,D--

malylglutamate  and identical MS/MS spectra (Figure 3.8). The D,D--malylglutamate  

standard contained a second peak at 3.14 min with identical m/z as our standards; however, 

the MS/MS spectrum of the unknown peak was inconsistent with L,L- and D,D--

malylglutamate standards (Figure 3.8), indicating that it is an isomer of 264.071 m/z. To 

identify the enantiomer of malylglutamate present in the natural sample, coelomic fluid, 

coelomocyte, and whole-earthworm extracts were injected on the LC-MS and the retention 

times and MS/MS spectra revealed L,L--malylglutamate as the correct diastereomer 

(Figure 3.8A). To confirm the assignment, L,L- and D,D--malylglutamate were spiked 

into separate coelomic fluid samples where an increase in the L,L--malylglutamate peak 

intensity was observed in the L,L--malylglutamate  spiked sample (Figure 3.8B). A new 

peak was observed in the D,D--malylglutamate spiked sample and the L,L--

malylglutamate peak intensity stayed consistent with the original sample (Figure 3.8C). 

The specific rotation of synthetic L,L--malylglutamate  was determined to be []D
25 −13.6 

(c 1.0, CH3OH), thereby establishing the natural product to be (–)--ʟ-malyl-ʟ-glutamate. 
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Figure 3.5. NMR spectrum an earthworm coelomocyte sample (top) compared to L,L- and 

L,D--malylglutamate  (Appendix A). 

 

Figure 3.6. HMBC spectrum of 80-worm pooled coelomocyte sample. The peaks of 

malylglutamate are annotated and the 1HAB/CONH peaks suggest a reassignment of the 

structure to -malylglutamate.  
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Figure 3.7. NMR spectrum an earthworm coelomocyte sample (top) compared to L,L- and 

D,L--malylglutamate  (Appendix A). 
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Figure 3.8. The chiral separation of L,L- and D,D--malylglutamate  isomers using LC-

MS at m/z 264.071. Chromatograms of (A) CF sample; (B) CF sample spiked with L,L--

malylglutamate; and (C) CF sample spiked with D,D--malylglutamate, where *denotes 

an unknown isomer of  [M + H]+ ion. Positive-ion ESI-MS and annotated MS/MS of 

malylglutamate (calculated m/z 264.0719 for [M + H]+
 ion) are shown for each isomer: (D) 

MS1 of L,L--malylglutamate isomer and (E) its annotated MS/MS spectrum for the [M + 

H]+ ion; (F) MS1 of D,D--malylglutamate  isomer and (G) its annotated MS/MS spectrum 

for the [M + H]+ ion; and (H) MS1 of the unknown isomer and (I) its annotated MS/MS 

spectrum for the [M + H]+ ion. 
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3.3.2. Exploration of Biological Function 

Malylglutamate is structurally analogous to -citrylglutamate and NAAG (Figure 

3.9), and we hypothesize its synthesis and hydrolysis occurs via parallel pathways (Figure 

3.10). NAAG and -citrylglutamate are synthesized by ligases homologous to Escherichia 

coli RIMKLA and RIMKLB, respectively.12 Whereas citrate is not a suitable substrate for 

RIMKLA, RIMKLB can ligate N-acetylaspartate and glutamate at similar rates to citrate 

and glutamate. The authors were not surprised by this finding since citrate and N-

acetylaspartate are nearly isosteric. This suggest RIMKLB is less specific than RIMKLA, 

and it is feasible that the structurally-similar malate could be a suitable substrate in an 

environment or system with higher malate levels compared to citrate, as is the case with E. 

fetida CF. -Citrylglutamate is cleaved into citrate and glutamate by β-citrylglutamate 

hydrolase (i.e., glutamate carboxypeptidase 3), a glycosylated, membrane-bound 

ecotoenzyme that is active only extracellularly (Figure 3.10).14 Malate levels are strikingly 

higher in the CF compared to the CC (Figure 3.1), suggesting that malylglutamate 

hydrolysis may occur by this or a related ectoenzyme in the coelomic cavity, presumably 

to feed the TCA cycle and provide energy to muscle and CC. 

Malylglutamate plausibly serves as a TCA cycle store that can be hydrolyzed to 

malate and glutamate when energy demand increases. Malylglutamate is also homologous 

to the anionic osmolyte 1,3,4,6-tetracarboxyhexane (Figure 3.9D), found in archaea, that 

helps counter K+ concentrations under osmotic stress.15 Malylglutamate is found in an 

approximately 1:1 ratio with TMO and TML [i.e., Mal-Glu:(TMO+TML)], suggesting that 

malylglutamate assists homeostasis by maintaining charge balance with the cationic 
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betaine analogs, in addition to acting as an anionic osmolyte to aid varying soil moisture 

contents. Lastly, we hypothesize that malylglutamate is a chelator, like -citrylglutamate 

which can sequester iron and copper (Figure 3.9A).16-17 -Citrylglutamate may act as a 

chaperone for iron to aconitase and as a protective complex against NO-induced aconitase 

inhibition.18-19 Malylglutamate may form similar complexes to aid biochemical processes 

and/or protect the worm against metal burdens. The physiological functions of 

malylglutamate were explored further to understand its presence in invertebrates closely 

related on the phylogenetic tree (Section 3.3.3); investigate its potential role as an osmolyte 

and malate/glutamate store (Section 3.3.4); and explore its ability to chelate metals (Section 

3.3.5).  

 

Figure 3.9. Chemical structures of a) -malylglutamate; b) -citrylglutamate; c) N-

acetylaspartylglutamate (NAAG); and d) 1,3,4,6-tetracarboxyhexane. 
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Figure 3.10. Biosynthetic pathways of N-acetylaspartylglutmate and -citrylglutamate and 

suspected biosynthetic pathway of malylglutamate.  

 

3.3.3. Screening for Malylglutamate in Invertebrates  

A major question that arose from identifying an abundant, new metabolite was 

whether it was present in other species. Synthesis and elucidation of the absolute 

configuration of malylglutamate allowed us to employ LC-MS/MS to screen for 

malylglutamate in other organisms. The phylogenetic tree (Figure 3.11) was used as tool 

to select species closely related to E. fetida. Several members of the Annelida phylum, 

where earthworms reside, were selected: nightcrawler (Lumbricus terrestris), blackworm 

(Lumbriculus variegatus), whiteworm (Enchytraeus sp.), leech (Placobdella ornata). 

Mystery snail (Pomacea bridgesi) and water flea (Daphnia magna) are members of the 
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Mollusca and Arthropoda phylums, respectively. The Platyhelminthes black planaria 

(Phagocata gracilis) and brown planaria (Fugesia tigrine), the Nematoda Caenorhabditis 

elegans, and Tardigrada water bear (Hypsibius sp.) were also selected. An LC-MS/MS 

method (Figure 3.11) was optimized and malylglutamate was detected at a retention time 

of 13.8 min. In addition to the parent ion of 264.071 m/z, the MS/MS transitions of m/z 84, 

102, 116, and 130 were monitored for further confirmation. An external calibration curve 

between 0 – 3.33 M was used to calculate relative concentrations of malylglutamate in 

the invertebrate extracts. As summarized in Table 3.1, malylglutamate was detected at 

several species between 0.99 and >876.46 ng/mg. The peak intensities of malylglutamate 

in redworms were above the linear range (i.e., >876.46 ng/mg) of the calibration curve. 

Malylglutamate was detected in nightcrawlers and blackworms at varying concentration, 

while it was not detected in white worms, highlighting that its abundance varies in the 

Annelida phylum. Malylglutamate was not detected in Mollusca, but was detected in black 

planaria, C. elegans, and water bears. Malylglutamate was potentially detected in brown 

planaria and leeches, but the assignment is uncertain due to interference by co-eluting 

metabolites. This work suggests that malylglutamate is not limited to the Annelida phylum, 

and further screening should be conducted to evaluate its ubiquity in nature.  
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Figure 3.11. The phylogenetic tree of Protostomes.  

 

 

Figure 3.12. LC-MS/MS chromatogram of malylglutamate at a retention time of 13.8 min 

in a C. elegans extract. The MS/MS transitions that were used for confirmation are shown.  



 

 

109 

Table 3.1. Summary of malylglutamate detection and relative concentration per dry-weight 

of sample (mg) is reported using LC-MS/MS. NQ not quantifiable; ND = not detected. 

Species Phylum [ng/mg] 

Redworm (Eisenia fetida) Annelid 876.46 

Nightcrawler (Lumbricus terrestris) Annelid 222.44 

Blackworm (Lumbriculus variegatus) Annelid 16.63 

White worm (Enchytraeus sp.) Annelid ND 

Leech (Placobdella ornate) Annelid NQ 

Water flea (Daphnia magna) Arthropoda ND 

Mystery snail (Pomacea bridgesi) Mollusca  ND 

Black planaria (Phagocata gracilis) Platyhelminthes  0.99 

Brown planaria (Fugesia tigrine) Platyhelminthes  NQ 

Caenorhabditis elegans Nematoda 28.64 

Water bear (Hypsibius sp.) Tardigrada 6.63 

 

3.3.4. Effects of Cold, Salinity, and Water Stress on Malylglutamate  

We postulated that malylglutamate could serve as an osmolyte, malate/glutamate 

store, and contribute to charge balance in earthworms.13 Earthworms (E. fetida) were 

exposed in soil to cold, salinity, and water stress to probe their effects on malylglutamate 

concentrations in earthworm extracts using 1H NMR. Univariate results are summarized in 

Tables 3.1 – 3.6, showing the mean, standard deviation, p-values and Glass’  (i.e., effect 

size), where ||  0.8 are considered strong and ||  1.3 are considered very strong effect 

sizes.10-11 To test if malylglutamate is an osmoprotectant, earthworms were exposed to 0, 

10, 40, and 160 mM NaCl, which was introduced in the water used to wet the soil. Soils 
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with high salt concentrations have an electrical conductivity greater than or equal to 4 dS/m 

which is equivalent to 40 mM.20 Malylglutamate, glutamate, and malate levels (Figure 

3.13) were not significantly different in the earthworm extracts under the salinity 

conditions tested. Comprehensive metabolic profiling was not conducted in this study, but 

of the resonances quantified, alanine, betaine, fumarate, glucose, and -ketoglutarate 

decreased with increasing salt content (Table 3.2 – 3.3).  

Malylglutamate and malate levels (Figure 3.14) of earthworms at room temperature 

(RT) were not significantly different to earthworms at 4C, suggesting that malylglutamate 

does not serve as a cryoprotectant. Previously, the metabolic impacts of freezing (-2C) 

were probed in several earthworm species: Apporrectodea caliginosa, A. icterica, A. longa, 

Dendrobaena octaedra, and Dendrodrilus rubidus.21 Increases in alanine, glucose, lactate, 

and succinate were observed, along with conversion of adenosine to inosine. Herein, the 

only statistically significant changes observed at 4C were increases in glutamate (p = 

0.046,  = 4.0) and -ketoglutarate (p = 0.046,  = 3.7) (Table 3.4). Lastly, earthworms 

were exposed to varying water:soil ratios (1:1 (dry), 2:1 (control), and 3:1 (wet)) to study 

the effect of soil moisture content on earthworm metabolism. Although the levels of 

malylglutamate, malate, and glutamate did not significantly change under dry conditions 

(Figure 3.14), decreased malylglutamate levels (p = 0.021,  = -1.0) and increased 

glutamate levels (p = 0.000,  = 4.2) were observed comparing 2:1 (control) and 3:1 (wet) 

groups (Table 3.5 – 3.6). Although malate levels did not change significantly, an increasing 

trend was observed in the box plot (Figure 3.15).  A decrease in malylglutamate and 

trimethyllysine was observed comparing the same groups (Table 3.5 – 3.6) which may 
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support the hypothesis that malylglutamate provides charge balance to trimethyllysine and 

other betaine analogs.13 Furthermore, changes in TCA cycle and related metabolites (e.g. 

alanine, glucose, -ketoglutarate, succinate) suggest a perturbation in energy cycling 

(Table 3.5-3.6). The significant increase in glutamate without a proportional significant 

increase in malate (Figure 3.15) may indicate that malylglutamate was hydrolyzed to 

incorporate malate into the TCA cycle and glutamate accumulated as a byproduct. This 

supports the hypothesis that malylglutamate is a store for malate and glutamate under 

stress, and further exploration is needed to understand the relationship between 

malylglutamate and the TCA cycle. 

 

 

Figure 3.13. Box and whisker plots describing the impact of salinity on malylglutamate, 

malate, and glutamate levels.  

 

 

 



 

 

112 

Table 3.2. Summary of ANOVA results with Tukey’s HSD and Glass’  of statistically 

significant (P = 0.05) metabolic changes among earthworms exposed to 0, 10, 40, and 160 

mM NaCl in soil.   

 

 

Table 3.3. Summary of mean and standard deviations of statistically significant (P = 0.05) 

metabolic changes among earthworms exposed to 0, 10, 40, and 160 mM NaCl in soil.   

 

 

 

Figure 3.14. Box and whisker plots describing the impact of cold stress on malylglutamate, 

malate, and glutamate levels. 

mM NaCl

p  p  p  p 

Alanine 0.001 -2.4 0.000 -3.2 0.000 -4.0

Betaine 0.092 -1.8 0.002 -3.4 0.000 -4.1 0.0 -1.1

Fumarate 0.002 -1.6 0.000 -2.2 0.000 -2.2

Glucose-x 0.004 -4.1 0.000 -5.0 0.0 -1.3

-Ketoglutarate 0.046 -1.1 0.1 -1.0

0-10 0-40 0-160 10-160

mM NaCl

s s s s

Alanine 158.43 22.36 103.78 35.21 86.04 31.33 69.08 17.07

Betaine 207.80 26.69 159.13 52.00 117.06 61.07 99.39 29.44

Fumarate 7.15 1.87 4.09 1.48 3.08 2.15 3.04 0.49

Glucose-x 96.34 11.08 80.25 29.12 50.62 31.93 41.23 10.68

-Ketoglutarate 9.91 4.10 7.13 1.87 7.60 4.60 5.31 2.38

0 10 40 160
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Table 3.4. Summary of t-test results (P = 0.05) of metabolic changes between earthworms 

exposed to room temperature and 4C. Means, standard deviation, significance level, and 

Glass’  are reported.  

 

 

 

Figure 3.15. Box and whisker plots describing the impact of water:soil ratios on 

malylglutamate, malate, and glutamate levels. 

 

 

 

 

 

 

s s p 

Glutamate 62.5 16.7 129.7 91.2 0.046 4.0

-Ketoglutarate 9.9 4.1 25.3 12.9 0.012 3.7

ColdRT RT-Cold
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Table 3.5. Summary of ANOVA results with Tukey’s HSD and Glass’  of statistically 

significant (P = 0.05) metabolic changes among earthworms exposed to 1:1 (dry), 2:1 

(control) or 3:1 (wet) water:soil conditions. 

 

 

Table 3.6. Summary of mean and standard deviations of statistically significant (P = 0.05) 

metabolic changes among earthworms exposed to 1:1 (dry), 2:1 (control) or 3:1 (wet) 

water:soil conditions. 

 

 

 

 

water:soil

p  p  p 

Alanine 0.000 17.2 0.000 15.2

Glucose-x 0.028 1.9 0.060 1.7

Glutamate 0.000 4.8 0.000 4.2

HEFS 0.009 1.8 0.059 0.9

myo -inositol 0.000 6.2 0.000 12.0

-Ketoglutarate 0.004 -1.4 0.030 -1.3

Malylglutamate 0.021 -1.0

Trimethyllysine 0.010 -2.7 0.050 -1.1

Succinate 0.023 -32.4 0.008 -12.3

1:1-2:1 1:1-3:1 2:1-3:1

water:soil

s s s

Alanine 145.12 20.58 158.43 22.36 498.43 229.52

Glucose-x 118.74 117.12 96.34 11.08 115.37 21.41

Glutamate 56.58 15.98 62.51 16.72 132.62 50.41

HEFS 652.55 129.77 710.81 201.27 883.17 126.95

myo -inositol 70.84 30.85 72.84 15.83 262.85 119.50

-Ketoglutarate 11.70 4.98 9.91 4.10 4.56 3.72

Malylglutamate 17.08 5.34 25.31 10.54 14.54 7.77

Trimethyllysine 73.87 28.27 126.79 36.96 86.80 38.43

Succinate 57.34 11.23 80.81 2.15 54.32 17.55

 1:1  2:1  3:1



 

 

115 

3.3.5. Identification of Malylglutamate as a Chelator  

Due to the structural similarity to chelators like -citrylglutamate, it seemed 

plausible that one of the main functions of malylglutamate in earthworms is to sequester 

metals which could help explain its high abundance.13 NMR is a suitable analytical tool for 

identifying chelators and measuring binding affinity of ligands.22-23 Mn2+ was first selected 

and MnCl2 was titrated in CF between 0 – 10 M, where selective peak broadening was 

observed for the malylglutamate resonances in the 1H NMR spectra (Figure 3.16), 

demonstrating that Mn2+ binds to malylglutamate. Ca2+ and Zn2+ were also tested as for 

binding to malylglutamate between 0 – 10 mM. As observed in Figure 3.17, the malyl 

resonances of malylglutamate (i.e., HABX) shifted downfield significantly and H shifted 

slightly downfield with increasing Ca2+ concentration. All the malylglutamate resonances 

labeled, except H, significantly shifted downfield with increasing Zn2+ concentration and 

peaks broadened slightly (Figure 3.18). Competition of other CF metabolites for metal 

complexation is observed, particularly malate. This survey confirms that malylglutamate 

is indeed a chelator, and further exploration is needed to compare affinity of metals for 

malylglutamate to identify if it is a selective or general chelator. 
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Figure 3.16. 1H NMR survey spectra of CF titrated with 0 – 10 M Mn2+ showing the 

selective broadening and slight downfield shift of malylglutamate resonances with 

increasing Mn2+.  

 

Figure 3.17. 1H NMR survey spectra of CF titrated with 0 – 10 mM Ca2+ showing the 

resonances of malylglutamate significantly shift slightly downfield with increasing Ca2+.  
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Figure 3.18. 1H NMR survey spectra of CF titrated with 0 – 10 mM Zn2+ showing the 

resonances of malylglutamate significantly shift slightly downfield and broaden slightly 

with increasing Zn2+. 

 

3.4. Conclusions 

The structure elucidation of malylglutamate, a major earthworm metabolite, was a 

significant outcome of this dissertation. The absolute configuration of the molecule, (–)--

ʟ-malyl-ʟ-glutamate, was elucidated using NMR spectroscopy, high-resolution mass 

spectrometry, synthesis, chiral chromatography, and optical rotation. Surprisingly, 

malylglutamate was not previously reported in literature, but due to its simple structure and 

high abundance, it seemed plausible that it was present in other organisms.  LC-MS/MS 

detected malylglutamate in several species closely related on the phylogenetic tree, 

including other earthworm species. Malylglutamate was present in M – mM 

concentrations in nightcrawlers, black worms, leeches, black planaria, C. elegans, and 

water bears, but it was not detected in white worms, brown planaria, mystery snails, or 
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Daphnia magna. Further exploration should be conducted to screen for malylglutamate in 

other organisms, including humans, to determine its ubiquity and if it is one of the many 

known unknowns in metabolomics datasets.  

Malylglutamate has been detected at approximately 7 g/mg in earthworms and we 

postulated that with such a high abundance it must serve important biological functions. 

We hypothesized that malylglutamate was an anionic osmolyte; however, malylglutamate 

levels did not significantly change under salinity stress in earthworms and therefore it does 

not appear to be osmoprotective. Malylglutamate also does not appear to serve as a 

cryoprotectant since its levels did not significantly change under cold stress. 

Malylglutamate was also thought to be a store for malate and glutamate under increased 

energy demand, which is supported by an observed significant decrease in malylglutamate 

and increase in glutamate in earthworms exposed to high water content. Malate levels did 

not significantly change, but since other TCA cycle and related metabolites were perturbed, 

we suggest that malylglutamate was hydrolyzed to free up malate for the TCA cycle and 

glutamate accumulated as a byproduct. Additionally, levels of trimethyllysine decreased 

along with malylglutamate under high water content which potentially supports our 

hypothesis that malylglutamate provides charge balance for trimethyllysine and betaine 

analogs. Lastly, we hypothesized that malylglutamate was a chelator and we demonstrated 

that Ca2+, Mn2+, and Zn2+ were complexed using 1H NMR. Further studies are needed to 

elucidate the biological functions of malylglutamate, including its relationship with the 

TCA cycle, and the specificity of metal chelation by malylglutamate should be explored to 
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evaluate if it is designed to protect earthworms from metal burdens or to sequester 

micronutrients.  
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CHAPTER FOUR 

Metabolic profiling of chloroacetanilide herbicides in earthworm coelomic fluid 

using 1H NMR and GC-MS 
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Abstract 

Earthworms (Eisenia fetida) are vital members of the soil environment. Because of 

their sensitivity to many contaminants, monitoring earthworm metabolism may be a useful 

indicator of environmental stressors. Here, metabolic profiles of exposure to five 

chloroacetanilide herbicides and one enantiomer (acetochlor, alachlor, butachlor, racemic 

metolachlor, S-metolachlor, and propachlor) are observed in earthworm coelomic fluid 

using proton nuclear magnetic resonance spectroscopy (NMR) and gas chromatography-

mass spectrometry (GC-MS). Multiblocked-orthogonal partial least squares-discriminant 

analysis (MB-OPLS-DA) and univariate analysis were used to identify metabolic 

perturbations in carnitine biosynthesis, carbohydrate metabolism, lipid metabolism, 

nitrogen metabolism, and the TCA cycle. Intriguingly, stereospecific metabolic responses 

were observed between racemic metolachlor and S-metolachlor exposed worms. These 

findings support the utility of coelomic fluid in monitoring metabolic perturbations induced 
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by chloroacetanilide herbicides in nontarget organisms and reveal specificity in the 

metabolic impacts of herbicide analogues in earthworms.  

 

 

4.1. Introduction 

The relationship between molecular structure and metabolic impact is seldom 

studied, although understanding structure-activity relationships (SARs) can aid the 

development and prediction of adverse outcome pathways (AOPs) and exposure 

biomarkers. This study aimed to examine how exposure to members of the structurally 

analogous chloroacetanilide herbicides affected the earthworm (Eisenia fetida) coelomic 

fluid (CF) metabolite profiles to gain insights into how structure influences metabolic 

response in a nontarget organism. Earthworms are sensitive to contaminants, found in most 

terrestrial ecosystems, and are essential ecological engineers responsible for degrading 

plant matter and providing soil aeration; thus they are a clear choice for environmental 

monitoring.1 Many studies have used metabolomics to examine the impact of heavy metals, 

industrial contaminants, and pesticides on the earthworm metabolome.2-3 Compared to the 

profile obtained using whole-worm extracts, we hypothesize that metabolic profiling of 

earthworm CF can provide a complementary record of the impact of xenobiotic compound 

exposure due to the central role of CF in earthworm homeostasis. 

Chloroacetanilide herbicides, such as acetochlor, alachlor, butachlor, racemic 

metolachlor, S-metolachlor, and propachlor (Fig. 4.1), are a class of broad-spectrum, pre-

emergent herbicides used to target broadleaf weeds and grasses. The chloroacetanilide 
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mechanism of action (MOA) is not completely understood, but they are known to target 

the gibberellin pathway, lipid biosynthesis, and elongation.4-5 Additionally, these 

herbicides can produce toxic effects in nontarget organisms; for example, the U.S. 

Environmental Protection Agency set a maximum contaminant level of 2 ppb for alachlor 

in drinking water due to its kidney, spleen, eye, and liver toxicity, along with increased risk 

of cancer.6 

Chloroacetanilides are mobile in the environment and are frequently detected in 

water systems, especially after transformation to their hydrophilic ethane sulfonic acid 

(ESA) and oxanilic acid (OA) derivatives.7-9 The application of chloroacetanilide 

herbicides is limited to S-metolachlor in the European Union,10 while use in the U.S. varies 

by state but several of these herbicides are still extensively used in the U.S. Midwest, 

especially in corn and soybean cultivation. In 2015, the U.S. Geological Survey estimated 

that more than 22  106 kg S-metolachlor and 18  106 kg of acetochlor were applied in 

the U.S.11 Less than 4.5  106 kg of alachlor and racemic metolachlor were estimated, while 

the application of butachlor and propachlor were not reported.11 A recent study (2010-

2012) detected alachlor in sediments samples from the great lakes at median concentrations 

between 0.001 and 0.18 ng/g-dry weight.12 Metolachlor, metolachlor ESA, metolachlor 

OA, alachlor ESA, and alachlor were the 8th, 18th, 52nd, 150th, and 293rd, respectively, most 

frequently detected anthropogenic compounds in a nationwide US study of stream surface 

water, sampled between 2012-2014.13 Thus with their toxicity, mobility, and potential to 

leach into groundwater and runoff into surface waters, it is critical to monitor the nontarget 

impacts of chloroacetanilide herbicides on soil ecosystems. In addition, a unique feature of 
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this study is that the closely related structures of the compounds examined provide the 

ability to probe metabolic SARs in an important nontarget organism. 

Herein, 1H NMR and GC-MS were used to profile the metabolomes of earthworm 

coelomic fluid after exposure to chloroacetanilide herbicide to probe mode of action and 

compare metabolic impacts. Combining datasets acquired using multiple analytical 

platforms simplifies the interpretation of metabolic profiles, as is evident in literature and 

from the results presented herein to assess the impact of chloroacetanilide herbicide 

exposure in earthworms.14-17  

 

 

Figure 4.1. Chemical structures of chloroacetanilide herbicides: A) acetochlor, B) alachlor, 

C) butachlor, D) racemic metolachlor, E) S-metolachlor, and F) propachlor. 
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4.2. Experimental Procedures 

4.2.1. Exposure and Herbicides 

Earthworm culturing was carried out as previously described.18 Exposures were 

conducted following the Organization for Economic Co-operation and Development 

(OECD) acute toxicity earthworm guidelines for the filter paper test.19 An amber vial was 

lined with a 9 cm VWR 413 qualitative filter paper (Randor, PA) and 1 mL of herbicide in 

acetone solution was applied to the paper one day prior to the start of the experiment and 

stored in the freezer overnight. The vials and paper were dried under a nitrogen stream 

prior to moistening with 1 mL of ultrapure water (EMD Millipore Simplicity, Billerica, 

MA). An adult earthworm with a fully developed clitellum that had been depurated for 24 

h was added to each vial. A Kimwipe® was wrapped around the opening with a rubber 

band to allow ventilation and the earthworm was left on the filter paper for two days in the 

dark. 

Pestanal® (Sigma-Aldrich, St. Louis, MO) acetochlor, alachlor, butachlor, 

metolachlor, S-metolachlor, and propachlor were chosen to explore the metabolic impacts 

of the chloroacetanilide herbicides. Similar LC50 concentrations using the filter paper test 

have been reported in literature for chloroacetanilide herbicide exposure in earthworms, 

with acetochlor yielding a LC50 dose of 24.02 g/cm2, 20.63 g/cm2 for S-metolachlor, 

and 19.23 g/cm2 for pretilachlor (not used in this study).20 We chose the acetochlor LC50 

as the base dose for these experiments since it was the highest of the three LC50 doses 

reported. Each compound was dosed in 6 replicates of 50% (12.01 g/cm2), 25% (6.01 

g/cm2), and 10% (2.40 g/cm2) the reported acetochlor filter test LC50 of 24.02 g/cm2.20  
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Control worms were treated by exposure to a filter paper dosed with 1 mL acetone and 

prepared identically to the herbicide dosed vials described above. Experiments were 

staggered so that half the samples were started on day one (i.e., 60 worms: 6 control worms 

and 54 dosed worms for alachlor, metolachlor, S-metolachlor) and the second set (i.e., 60 

worms: 6 control worms and 54 dosed worms for acetochlor, butachlor, and propachlor) 

was started on day two. The controls from both sets were grouped together in the analyses, 

resulting in a total of 12 control worms and thus, N = 120 worms. Five worms died over 

the course of the experiment (acetochlor – 6.01 g/cm2; alachlor – 12.01 g/cm2; butachlor 

– 2.40 g/cm2; S-metolachlor – 12.01 g/cm2; and propachlor – 6.01 g/cm2). 

 

4.2.2. Coelomic Fluid (CF) Extrusion 

Following exposure, each earthworm was transferred to a 350 mm Falcon Petri dish 

and CF was extruded as described in Chapter 2, Section 2.2.2. Samples were centrifuged 

for 20 min at 16100 g to pellet the coelomocytes and biosolids and 100 L of the 

supernatant transferred to a 350 L glass flat-bottom GC insert. The remaining supernatant 

was transferred to a fresh Eppendorf tube for NMR analysis. The NMR and GC-MS 

samples were evaporated at ambient room temperature overnight using a Savant SC110 

speedvac equipped with a refrigerator vapor trap (RVT400). The dried samples were stored 

at -80°C until analysis.  
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4.2.3. Metabolite Measurements using 1H NMR 

The dried samples for NMR were reconstituted with 500 L of 50 mM phosphate 

buffer (pD 7.45) in D2O (D, 99.9%) (Cambridge Isotope Laboratories, Tewksbury, MA) 

containing 0.5 mM sodium 2,2-dimethyl-2-silapentane-5-sulfonic acid-d6 (DSS-d6) and 0.2 

mM ethylenediaminetetraacetic acid-d16 (Cambridge Isotope Laboratories, Tewksbury, 

MA) and vortexed. To remove glycerol, 3K Amicon Ultra 0.5 mL centrifugal filters (EMD 

Millipore, Billerica, MA) were washed over 60 h by stirring in approximately 2 L ultrapure 

water, with the water replaced 5 times. The filter was rinsed a final time with 500 L of 

D2O by centrifugation at 16100 g for 15 min to reduce the signal due to protonated water 

in the filtrate. Each sample was passed through a washed centrifugal filter at 16100 g for 

30 min to remove macromolecules. A 400 L aliquot of the filtered sample was transferred 

to a 5 mm NE-UL5-7” NMR tube (New Era Enterprises, Vineland, NJ), 200 L buffer was 

added, and the sample was homogenized. 

One-dimensional 1H NMR spectra were acquired using a Bruker Avance III NMR 

spectrometer operating at 700.23 MHz and equipped with a TCI CryoProbe. Water 

suppression was conducted using 1D nuclear Overhauser effect spectroscopy (NOESY) 

with presaturation (noesypr1d) during the 120 ms mixing time and 2 s relaxation delay. 

Spectra were acquired at 25°C with 256 free induction decays (FIDs) coadded, 16 dummy 

scans, 2.03 s acquisition period for a total experiment time of 18 min and 58 s. A spectral 

width of 11.5169 ppm was used with 32768 complex data points acquired using digital 

quadrature detection. 
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4.2.4. 1H NMR Data Preprocessing 

Data preprocessing was initially conducted using Bruker TopSpin 3.2 (Billerica, 

MA) for initial phasing and chemical shift referencing to DSS-d6 (0 ppm) prior to 

processing with MestReNova 11 (Santiago de Compostela, Spain). FIDs were apodized by 

multiplication with an exponential function equivalent to 1 Hz line broadening, zero-filled 

to 131072 points, drift corrected by 5%, and baseline corrected using a Whittaker Smoother 

function set with a medium filter of 2.36 Hz and smooth factor of 32768. Peak fitting was 

conducted using a generalized Lorentzian peak shape, a lower width constraint of 0 Hz, an 

upper width constraint of 30 Hz, position constraint within ± 5%, maximum number of fine 

iterations of 100, and local minima filter of 0. The peak fitting results were exported to 

Excel (Microsoft Corporation, Redmond, WA) and assembled into a single spreadsheet. 

The results of each spectrum were normalized to the sum of the total area between 0.8-9.0 

ppm, excluding the HOD peak between 4.6-5.2 ppm. Resonance assignments were 

previously described,18 and are summarized in Chapter 2. 

 

4.2.5. Metabolite Measurements using GC-MS 

GC-MS aliquots were derivatized prior to analysis by adding 20 L of 20 mg/mL 

methoxyamine (Sigma-Aldrich, St. Louis, MO) in pyridine (Thermo Scientific, Bellefonte, 

PA) and mixing at 800 rpm for 90 min at 37°C.21 A 2 L aliquot of a fatty acid methyl 

ester (FAMES) standard containing 0.8 mg/mL C8, C9, C10, C12, C14, and C16 and 0.4 

mg/mL C18, C20, C22, C24, C26, C28, and C30 was added to each sample as a retention 

time reference, along with 90 L of N-methyl-N-(trimethylsilyl)trifluoroacetamide 
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(MSTFA) containing 1% chlorotrimethylsilane (TMCS) (Thermo Scientific, Bellefonte, 

PA). The silylation reaction was carried out for 30 min at 37°C. Quality control (QC) 

samples were prepared from a 5-worm pooled CF sample in 1 mL, 20 L divided to GC 

inserts, and prepared identically. A fresh QC sample was prepared and injected daily to 

evaluate consistency between days, which was observed. GC-MS analysis was conducted 

using previously described methods.21 Briefly, samples were injected in pulsed splitless 

mode on an Agilent J&W DB-5MS UI 30 m x 0.25 mm x 0.25 m column (Santa Clara, 

CA) using an Agilent 7890A gas chromatograph coupled to a Waters GCT Premier mass 

spectrometer. The oven temperature was initially set at 60°C and ramped to 320°C at 

10°C/min, followed by a 5 min hold at the final temperature. The injector, transfer line, 

and source were maintained at 230°C, 320°C, and 220°C, respectively, and the liner was 

changed after every 25 injections.  

 

4.2.6. GC-MS Data Preprocessing 

Data preprocessing was performed using MarkerLynx XS v4.1 (Waters 

Corporation, Milford, MA) software using parameters previously reported, with 

adjustments only in the initial retention time of 5.50 min and final retention time of 32.00 

min.21 A 73.5 Da low-mass cut off and 600 Da high-mass cut off with a 0.10 Da mass 

accuracy window was used to detect deisotoped peaks without smoothing and the peak 

width at 5% was overestimated by 2 s. A mass retention window of 0.1 Da/min and 25 

count marker intensity threshold was selected. A peak-to-peak baseline noise value of 1 

was used alongside a noise elimination level of 3. Compounds were identified using the 



 132 

Golm Metabolome Database and NIST 2017 Mass Spectral Library in Automated Mass 

Spectral Deconvolution and Identification System (AMDIS) software.22 The analysis of 

authentic standards and retention indices calculated using the FAMES standards were used 

to confirm assignments. Results were exported to Excel and a single m/z-retention time 

pair that was not representative of a silylation fragment was used to quantify each 

metabolite. The peak areas of metabolites with multiple peaks (i.e., degrees of silylation) 

were summed. The results for each sample were normalized to the sum of the total area, 

excluding areas before 6.0 min, 7.60-7.67 min and 8.39-8.42 min (silylates), 9.04-9.09 min 

(phosphoric acid), 18.01-18.08 min (hexadecanoate), 19.81-19.87 min (octadecanoate), 

and FAMES. 

 

4.2.7. Chemometric Analyses 

Multiblocked multivariate analysis was conducted in SIMCA 14.1 (Sartorius 

Stedim Biotech, Malmö, Sweden). Homoscedasticity was assured for all variables in each 

model and variables flagged as heteroscedastic by the software were transformed 

logarithmically to correct skewness. Unit variance scaling and centering was applied to the 

MB dataset and each block weight was set to 1/sqrt. Multiblocked-orthogonal partial least 

squares-discriminant analysis (MB-OPLS-DA) was used to evaluate grouping and cross 

validate-analysis of variance (CV-ANOVA) with p  0.05 used to confirm fitting.23 

Multiblocked-partial least squares-hierarchical cluster analysis (MB-PLS-HCA) was also 

performed in SIMCA using multiblocked-partial lease squares (MB-PLS) dimension 
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reduction of all samples and grouped as function of treatment (i.e., not considering dose). 

Distance was calculated using Ward’s method and the dendrogram was sorted by size.  

Normalized data were imported from Excel into IBM SPSS Statistics v24 (Armonk, 

NY) for univariate analysis. Data were divided into control-herbicide pairs prior to 

univariate analysis. Levene’s test was used to confirm homoscedasticity among 

independent variables prior to analysis of variance (ANOVA).24 Variables that violated the 

normality assumption were transformed using square, square root, or natural log depending 

on the variable’s skewness. Pairwise comparisons were conducted using Tukey’s HSD 

with a p-value  0.10. Effect size for metabolites with statistically significant changes were 

calculated using Glass’ .25 

 

4.3. Results and Discussion 

The first step in assessing the metabolic impact of chloroacetanilide herbicides on 

the E. fetida CF metabolome was to identify the metabolite signatures in the 1H NMR 

spectra and GC-MS chromatograms. We detected 47 metabolites by NMR (Figure 4.2), 44 

by GC-MS (Figure 4.3), and 22 with both methods (Figure 4.4). The earthworm 1H NMR 

CF metabolome has been well characterized.18, 26-27 Though GC-MS has been widely used 

for the characterization of earthworm extracts,28-33 to our knowledge, the metabolite 

profiling of CF using GC-MS has not been reported prior to this study. Multiple amino and 

organic acids were detected using both platforms (Figure 4.4); however, adipate, 2-

aminoglutarate, azelate, citrate, cholesterol, glutarate, glycerol-3-phosphate, lysine, 2-

methylglutarate, ornithine, proline, serine, suberate, and urea were detected only by GC-
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MS (Figure 4.3, Table 4.1). 1H NMR was superior in detecting betaine analogs like N,N-

dimethylhistidine (DMH), N,N,N-trimethyllysine (TML), and N,N,N-

trimethylornithine (TMO); however, fatty acid resonances were absent or difficult to 

quantify in our 1H NMR spectra. GC-MS effectively offered insights into fatty acids, such 

as dodecanoate, eicosanoate, nonanoate, tetradecanoate, and triacontanoate (Figure 4.3, 

Table 4.1). Phosphoric acid, hexadecanoate, and octadecanoate were also detected in our 

samples, but were not considered in the analysis of herbicide impact due their high 

variability.  

 

Figure 4.2. Representative 1H NMR spectrum of a control earthworm coelomic fluid 

sample. A subset of detected metabolites is annotated, with a full description of resonance 

assignments described in Griffith et al.11 and discussed in Chapter 2. *TML = N,N,N-

trimethyllysine; TMO= N,N,N-trimethylornithine.  
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Figure 4.3. Representative GC-MS total ion chromatogram (TIC) between A) 5.00 – 16.00 

min and B) 16.00 – 30 min of a control earthworm coelomic fluid sample. Metabolites are 

annotated with numbers in Table 4.1.   
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Figure 4.4. Venn diagram comparing metabolites detected with 1H NMR (left), GC-MS 

(right), or both (center). Phosphoric acid, hexadecanoate, and octadecanoate were also 

detected in our GC-MS samples, but were not considered in the analysis of herbicide 

impact due their high variability.  
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Table 4.1. GC-MS metabolite assignment with retention time, calculated retention index, 

reported retention index, and m/z used for quantitation. Retention Index (RI) is reported 

from NIST 2017.  

# Metabolite 
Retention 

Time 

Retention 

Index 

(Calculated) 

Retention 

Index 

(NIST) 

m/z for 

quantitation 

1 Pyruvate (1TMS) 6.126 1064 1037* 174.08 

2 Lactate (2TMS) 6.248 1072 1066 117.09 

3 Alanine (2TMS) 6.791 1109 1100 116.10 

4 FAMES: C8 7.125 1132 1126 ----- 

5 Butylamine (2TMS) 8.312 1218 1123 130.12 

6 FAMES: C9 8.451 1124 1225 ----- 

7 Ethanolamine (3TMS) 8.511 1130 1242 174.13 

8 Urea (2TMS) 8.607 1238 1249 ----- 

9 Benzoate (1TMS) 8.778 1251 1249 179.06 

10 Phosphate (3TMS) 9.044 1294 1292 ----- 

11 Proline (2TMS) 9.402 1296 1305 142.12 

12 Glycine (3TMS) 9.518 1304 1314 174.14 

13 Succinate (2TMS) 9.636 1313 1321 75.04 

14 FAMES: C10 9.813 1325 1325 ----- 

15 Fumarate(2TMS) 10.127 1350 1353 245.10 

16 Serine (3TMS) 10.236 1357 1368 204.15 

17 Nonanoate (1TMS) 10.247 1361 1355 117.04 

18 Threonine (3TMS) 10.578 1383 1367 218.17 

19 Glutarate (2TMS) 10.876 1406 1409 75.03 

20 2-Methylglutarate (2TMS) 10.992 1414 1423 239.20 

21 Aspartate(2TMS) 11.092 1422 1420 75.03 

22 Malate (3TMS) 11.916 1484 1497 133.03 

23 Adipate (2TMS) 12.142 1502 1514 75.03 

24 Aspartate (3TMS) 12.309 1513 1522 232.15 

25 FAMES: C12 12.403 1521 1526 ----- 

26 Glutamate (2TMS) 12.448 1525 1527 84.06 

27 -Ketoglutarate 12.985 1571 1587 198.09 

28 Glutamate (3TMS) 13.508 1616 1651 246.17 

29 Phenylalanine (2TMS) 13.606 1624 1636 91.07 

30 Dodecanoic acid (1TMS) 13.905 1651 1655 117.05 

31 Suberate (2TMS) 14.424 1696 1707 75.04 

32 Lysine (3TMS) 14.513 1703 1718 84.09 

33 2-Aminoadipate 14.621 1711 1719 260.18 
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34 FAMES: C14 14.751 1724 1725 ----- 

35 Glutamine (4TMS) 14.763 1725 1721* 227.17 

36 Putrescine (4TMS) 14.835 1731 1733 174.14 

37 Glycerol-3-phospate 15.097 1757 1778 ----- 

38 Glutamine (3TMS) 15.241 1771 1768 156.11 

39 Azelate (2TMS) 15.505 1795 1806 317.20 

40 Ornithine 15.707 1815 1812 174.14 

41 Citrate (3TMS) 15.711 1815 1845 273.14 

42 Tetradecanoate (1TMS) 16.061 1849 1850 285.24 

43 Glucose 16.509 1891 1865 205.13 

44 Lysine (4TMS) 16.780 1918 1933 174.14 

45 FAMES: C16 16.872 1927 1926 ----- 

46 Tyrosine (3TMS) 16.956 1935 1959 218.13 

47 scyllo-Inositol (6TMS) 17.798 2019 2027* 318.20 

48 Hexadecanoate (1TMS) 18.034 2070 2049 ----- 

49 myo-Inositol (6TMS) 18.397 2078 2129 217.14 

50 FAMES: C18 18.796 2117 2128 ----- 

51 Octadecanoate (1TMS) 19.833 2277 2234 ----- 

52 Spermidine (5TMS) 19.879 2249 2245 174.14 

53 FAMES: C20 20.559 2333 2329 ----- 

54 Eicosanoate (1TMS) 21.462 2443 2447 117.04 

55 FAMES: C22 22.183 2531 2528 ----- 

56 FAMES: C24 23.688 2737 2728 ----- 

57 Maltose 23.704 2739 2733 361.22 

58 FAMES: C26 25.087 2940 2935 ----- 

59 FAMES: C28 26.396 3112 3126 ----- 

60 Cholesterol (1TMS) 26.543 3131 3150 ----- 

61 FAMES: C30 27.666 3279 3323 ----- 

62 Triacontanoate (1TMS) 28.338 3366 3426 117.04 

63 Maltotriose (11TMS) 29.201 3481 3508* 204.13 

*RIs from the Golm Metabolome Database 

**---- = not quantified 
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Chemometric analyses were conducted with multivariate and univariate statistical 

approaches to elucidate exposure biomarkers and evaluate how the metabolic perturbations 

arising from exposure varied across this family of structurally similar compounds. 

Multivariate analysis was conducted using MB-OPLS-DA and CV-ANOVA with a 95% 

significance level used to evaluate significance of separation. To ascertain the metabolic 

drivers of the separation, a MB-OPLS-DA loadings heatmap (Figure 4.5A) was constructed 

by plotting metabolites with |p(corr)| > 0.4 and Variable Importance in Projection (VIP) 

scores > 1. This strategy compares metabolites that contribute more than the average to the 

separation (i.e., VIP > 1) with loadings scaled as a correlation coefficient (i.e., p(corr)) 

between the model and original data, which is commonly visualized in volcano plots.23, 34 

Metabolites that met these criteria in control samples were plotted in green in Figure 4.5A 

and the metabolites associated with exposure are indicated in blue. 

Figures 4.5B-G present the score plots for each model, with the segregation 

component (i.e., t[1]) plotted against the orthogonal component (i.e., to[1]) which 

represents class variability that is unrelated to class discrimination.23 Therefore, 

metabolites that most contribute to the separation between control and dosed samples are 

reduced to the horizontal or t[1] axis. Clear separation was observed between the control 

and dosed samples in the score plot for each herbicide (Figures 4.5B-G). Because of the 

use of the orthogonal component instead of another predictive component, segregation 

among worms as a function of dose or lack thereof is not well assessed by this approach; 

however, the lack of dose-dependent clustering yet significant separation observed (Figure 

4.5B-G) between control and dosed-group may suggest that the MOA among doses could 
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be different. Nonetheless, changes in metabolite levels with respect to dose were observed 

in the univariate analysis (Figures 4.6 – 4.11).  
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Figure 4.5. MB-OPLS-DA loadings heatmap (A) and score plots (B-G) describing the 

separation of CF samples from control earthworms and those exposed to chloroacetanilide 

herbicides. A) Heatmap of the MB-OPLS-DA loadings data depicting metabolites most 

important to group separation (i.e., |p(corr)| > 0.4 and VIP > 1) for controls (green), or all 

dosed samples (blue) for each herbicide. The MB-OPLS-DA score plots for each herbicide 

are plotted to the right of the heat map with data points coded as control (green), and doses 

at 12.01 g/cm2 (blue), 6.01 g/cm2 (red), and 2.40 g/cm2 (yellow) of the reported 

acetochlor filter test LC50 of 24.02 g/cm2.20  The herbicide response depicted by each 

score plot with its corresponding CV-ANOVA results (p  0.05, n = 6): B) acetochlor (p = 

0.028); C) alachlor (p = 0.011); D) butachlor (p = 0.003); E) racemic metolachlor (p = 

0.017); F) S-metolachlor (p = 0.019); and G) propachlor (p = 0.001).  
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Figure 4.6. Subset of metabolic changes observed in coelomic fluid of earthworms 

exposed to acetochlor. Tukey’s HSD pairwise comparisons are annotated to show the 

significance level (* = p  0.10; ** = p  0.05; *** = p  0.01; and **** = p  0.001). 
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Figure 4.7. Subset of metabolic changes observed in coelomic fluid of earthworms 

exposed to alachlor. Tukey’s HSD pairwise comparisons are annotated to show the 

significance level (* = p  0.10; ** = p  0.05; *** = p  0.01; and **** = p  0.001). 
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Figure 4.8. Subset of metabolic changes observed in coelomic fluid of earthworms 

exposed to butachlor. Tukey’s HSD pairwise comparisons are annotated to show the 

significance level (* = p  0.10; ** = p  0.05; *** = p  0.01; and **** = p  0.001). 
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Figure 4.9. Subset of metabolic changes observed in coelomic fluid of earthworms 

exposed to metolachlor. Tukey’s HSD pairwise comparisons are annotated to show the 

significance level (* = p  0.10; ** = p  0.05; *** = p  0.01; and **** = p  0.001). 
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Figure 4.10. Subset of metabolic changes observed in coelomic fluid of earthworms 

exposed to S-metolachlor. Tukey’s HSD pairwise comparisons are annotated to show the 

significance level (* = p  0.10; ** = p  0.05; *** = p  0.01; and **** = p 0.001). 
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Figure 4.11. Subset of metabolic changes observed in coelomic fluid of earthworms 

exposed to propachlor. Tukey’s HSD pairwise comparisons are annotated to show the 

significance level (* = p  0.10; ** = p  0.05; *** = p  0.01; and **** = p  0.001). 
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Univariate analysis was also performed to further interpret metabolic differences 

using ANOVA and Tukey’s HSD (p  0.10) with effect size calculated using Glass’  

(Tables 4.2 – 4.7). Glass’  was selected because it considers variability (i.e., standard 

deviation) of the control group, thus a large variability in the control group would result in 

a smaller effect size.25 All effect sizes calculated were || > 0.8 (Tables 4.2 – 4.7), which 

are considered very strong.35 A subset of metabolic changes are described in box plots 

(Figures 4.6 – 4.11) showing the effects of dose on metabolite levels. Univariate analysis, 

as summarized in the Figure 4.12 heatmap, supported many of the conclusions drawn from 

multivariate analysis; however, there are some differences observed between the univariate 

and multivariate results. Univariate analysis tests reflect independent changes in metabolite 

levels, meaning grouping or biochemical pathway information can be lost.36 On the other 

hand, multivariate analysis can be subject to overfitting. Here, the two types of statistical 

analyses are not intended to validate one another as has been done in prior studies, but 

instead they are employed in a complementary manner to interpret the metabolic impacts 

of chloroacetanilide exposure in earthworms.36  

The broadened coverage of metabolites gained by 1H NMR and GC-MS analyses 

enhances the multivariate models and strengthens our understanding of metabolic 

perturbations. Differences between the results obtained by NMR and GC-MS can arise 

from a variety of sources including differences in sample preparation protocols, sensitivity, 

limits of detection, reproducibility, or data processing methods (e.g., deconvolution, 

normalization). For instance, lactate significantly decreases in many treatment groups 

(Figures 4.6 – 4.12) but is not always observed across the data produced by both 
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instruments due to the higher limits of quantification in the 1H NMR spectra. Resonance 

or peak overlap is a common reason for variance between datasets, and may explain 

differences in glycine which is found in the crowded sugar region of 1H NMR spectra.18 

Despite these limitations, we found that the complementary information gained by 

metabolic profiling with these orthogonal methods helped identify metabolic predictors of 

chloroacetanilide herbicide exposure. 

 

Figure 4.12. Heatmap summarizing the ANOVA and Tukey’s HSD results (p  0.10) of 

metabolic perturbations detected by 1H NMR and GC-MS for earthworms exposed to 

chloroacetanilide herbicides. Positive (green) or negative (blue) effect sizes are relative to 

the average values obtained for the controls. Very strong (i.e., || > 0.8) effect sizes were 

obtained for all statistically significant changes (Tables 4.6 – 4.11). Metabolites not 

detected or quantifiable (grey) or not statistically different (white) are indicated. 
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Table 4.2. ANOVA and Tukey’s HSD results (p  0.10) and Glass’  of metabolic 

perturbations detected by 1H NMR and GC-MS for earthworms exposed to acetochlor.  

 NMR GC-MS 

Dose (g/cm2) 2.40 6.01 12.01 2.40 6.01 12.01 
  p  p  p  p  p  p 

Acetate   2.51 0.00  
 

nd 

Citrate nd   1.56 0.07 2.35 0.00 

Fumarate     1.86 0.03       

-Ketogluatarate 2.01 0.01   2.59 0.00       

Lactate        -2.48 0.00 -1.39 0.04 -1.39 0.03 

Malate             

Glucose nq       

Glucose-x       n/a 

Maltose nq   -1.54 0.04   

Maltose-x       n/a 

myo-Inositol             

Alanine             

Aspartate             

Glutamine     1.36 0.06       

Glycine             

Leucine       nd 

Phenylalanine             

Tyrosine         -1.96 0.01 -1.65 0.02 

N,N-Dimethylhistidine  nd 

N,N,N-Trimethyllysine     -2.24 0.00 nd 

N,N,N-Trimethylornithine       nd 

Ornithine nd       

Putrescine nq 3.58 0.03     

Spermidine nq       

2-Aminoadipate nd       

Butylamine nd       

Ethanolamine nd       

Riboflavin     -1.82 0.01 nd 

Nonanoate (C9:0) nd -1.03 0.02 -1.09 0.03 -1.02 0.03 

Dodecanoate (C12:0) nd     -1.23 0.01 

Tetradecanoate (C14:0) nd -1.37 0.00 -1.23 0.01 -1.11 0.01 

Eicosanoate (C20:0) nd -1.25 0.01 -1.25 0.01 -1.01 0.03 

Triacontanoate (C30:0) nd -1.19 0.05   -1.44 0.01 

Adipate nd -1.04 0.02 -1.03 0.04 -1.14 0.01 

Azelate nd -1.14 0.01 -0.89 0.09 -0.88 0.07 

Benzoate nd -1.16 0.01 -1.12 0.02 -1.10 0.02 

Glutarate nd       

2-Methylglutarate nd       

*nd = not detected; nq = not quantifiable; n/a = not applicable  
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Table 4.3. ANOVA and Tukey’s HSD results (p  0.10) and Glass’  of metabolic 

perturbations detected by 1H NMR and GC-MS for earthworms exposed to alachlor.  

 NMR GC-MS 

Dose (g/cm2) 2.40 6.01 12.01 2.40 6.01 12.01 
  p  p  p   p  p  

Acetate       nd 

Citrate nd     2.58 0.01 

Fumarate 2.01 0.03           

-Ketogluatarate             

Lactate        -2.71 0.00 -2.22 0.01   

Malate 1.97 0.02           

Glucose nq   2.11 0.03   

Glucose-x   1.63 0.02   n/a 

Maltose nq       

Maltose-x -1.78 0.03     n/a 

myo-Inositol             

Alanine             

Aspartate             

Glutamine             

Glycine             

Leucine       nd 

Phenylalanine             

Tyrosine             

N,N-Dimethylhistidine       nd 

N,N,N-Trimethyllysine     -1.94 0.05 nd 

N,N,N-Trimethylornithine       nd 

Ornithine nd   2.50 0.00 1.88 0.02 

Putrescine nq 3.50 0.01     

Spermidine nq       

2-Aminoadipate nd       

Butylamine nd       

Ethanolamine nd       

Riboflavin -2.09 0.02     nd 

Nonanoate (C9:0) nd       

Dodecanoate (C12:0) nd -0.99 0.05     

Tetradecanoate (C14:0) nd -1.34 0.00 -1.37 0.00 -1.31 0.00 

Eicosanoate (C20:0) nd -1.32 0.00 -1.31 0.00 -1.29 0.00 

Triacontanoate (C30:0) nd -1.91 0.00 -1.76 0.00 -1.02 0.06 

Adipate nd       

Azelate nd       

Benzoate nd -1.09 0.01 -1.02 0.02 -1.03 0.02 

Glutarate nd       

2-Methylglutarate nd       

*nd = not detected; nq = not quantifiable; n/a = not applicable  
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Table 4.4. ANOVA and Tukey’s HSD results (p  0.10) and Glass’  of metabolic 

perturbations detected by 1H NMR and GC-MS for earthworms exposed to butachlor.  

 NMR GC-MS 

Dose (g/cm2) 2.40 6.01 12.01 2.40 6.01 12.01 
  p  p  p   p  p  

Acetate       nd 

Citrate nd       

Fumarate             

-Ketogluatarate 2.44 0.00 1.43 0.09         

Lactate  -1.36 0.06 -1.68 0.01 -1.85 0.00 -2.03 0.01 -1.87 0.01 -1.33 0.09 

Malate             

Glucose nq       

Glucose-x       n/a 

Maltose nq       

Maltose-x -2.53 0.01     n/a 

myo-Inositol             

Alanine         1.74 0.07   

Aspartate         2.58 0.00   

Glutamine         2.12 0.01 2.05 0.01 

Glycine       1.37 0.07 1.46 0.03   

Leucine       nd 

Phenylalanine         -1.28 0.04   

Tyrosine             

N,N-Dimethylhistidine   1.86 0.10   nd 

N,N,N-Trimethyllysine       nd 

N,N,N-Trimethylornithine       nd 

Ornithine nd       

Putrescine nq   1.80 0.07 1.82 0.06 

Spermidine nq       

2-Aminoadipate nd       

Butylamine nd   1.32 0.09   

Ethanolamine nd       

Riboflavin       nd 

Nonanoate (C9:0) nd -1.09 0.03 -1.06 0.02 -0.94 0.04 

Dodecanoate (C12:0) nd       

Tetradecanoate (C14:0) nd -1.35 0.00 -1.12 0.00 -0.94 0.01 

Eicosanoate (C20:0) nd -1.29 0.01 -1.27 0.00 -1.26 0.01 

Triacontanoate (C30:0) nd   -1.23 0.05   

Adipate nd -1.08 0.03 -1.10 0.02 -1.05 0.02 

Azelate nd -1.04 0.04 -1.11 0.01 -0.95 0.05 

Benzoate nd -1.13 0.02 -1.15 0.01 -1.08 0.02 

Glutarate nd       

2-Methylglutarate nd       

*nd = not detected; nq = not quantifiable; n/a = not applicable  
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Table 4.5. ANOVA and Tukey’s HSD results (p  0.10) and Glass’  of metabolic 

perturbations detected by 1H NMR and GC-MS for earthworms exposed to metolachlor.  

 NMR GC-MS 

Dose (g/cm2) 2.40 6.01 12.01 2.40 6.01 12.01 
  p  p  p   p  p  

Acetate   1.56 0.06   nd 

Citrate nd   1.51 0.04   

Fumarate             

-Ketogluatarate   1.47 0.09         

Lactate        -1.74 0.02 -1.60 0.03   

Malate           
  

Glucose nq       

Glucose-x     1.80 0.09 n/a 

Maltose nq       

Maltose-x       n/a 

myo-Inositol             

Alanine             

Aspartate             

Glutamine             

Glycine         1.98 0.04 2.25 0.03 

Leucine   -1.13 0.06   nd 

Phenylalanine             

Tyrosine             

N,N-Dimethylhistidine 1.96 0.06   2.40 0.01 nd 

N,N,N-Trimethyllysine     -2.20 0.02 nd 

N,N,N-Trimethylornithine 1.73 0.02     nd 

Ornithine nd 1.48 0.08     

Putrescine nq   2.65 0.00   

Spermidine nq     -0.92 0.10 

2-Aminoadipate nd       

Butylamine nd 1.49 0.02 1.20 0.08 1.26 0.08 

Ethanolamine nd       

Riboflavin       nd 

Nonanoate (C9:0) nd       

Dodecanoate (C12:0) nd       

Tetradecanoate (C14:0) nd -1.14 0.02 -0.96 0.07   

Eicosanoate (C20:0) nd -1.41 0.00 -1.15 0.02   

Triacontanoate (C30:0) nd       

Adipate nd -1.05 0.02 -1.11 0.01 -0.97 0.06 

Azelate nd -1.03 0.03 -1.00 0.03 -0.93 0.07 

Benzoate nd -1.11 0.01 -1.01 0.03 -0.87 0.10 

Glutarate nd -0.81 0.09 -0.81 0.09 
  

2-Methylglutarate nd       

*nd = not detected; nq = not quantifiable; n/a = not applicable  
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Table 4.6. ANOVA and Tukey’s HSD results (p  0.10) and Glass’  of metabolic 

perturbations detected by 1H NMR and GC-MS for earthworms exposed to S-metolachlor. 

 NMR GC-MS 

Dose (g/cm2) 2.40 6.01 12.01 2.40 6.01 12.01 
  p  p  p   p  p  

Acetate     1.31 0.09 nd 

Citrate nd     2.37 0.01 

Fumarate             

-Ketogluatarate 1.91 0.02 2.17 0.01 1.53 0.09       

Lactate  -1.67 0.01 -1.42 0.03 -1.41 0.04 -3.23 0.00 -2.36 0.00 -1.54 0.05 

Malate             

Glucose nq       

Glucose-x       n/a 

Maltose nq       

Maltose-x -1.23 0.03 -1.41 0.01   n/a 

myo-Inositol         -1.09 0.10   

Alanine             

Aspartate             

Glutamine   1.55 0.02 1.49 0.04   2.52 0.01 3.46 0.00 

Glycine         2.05 0.01   

Leucine       nd 

Phenylalanine             

Tyrosine       -1.80 0.00   -1.36 0.06 

N,N-Dimethylhistidine       nd 

N,N,N-Trimethyllysine       nd 

N,N,N-Trimethylornithine       nd 

Ornithine nd   1.53 0.03   

Putrescine nq   2.10 0.03 2.71 0.01 

Spermidine nq       

2-Aminoadipate nd     2.02 0.05 

Butylamine nd       

Ethanolamine nd       

Riboflavin       nd 

Nonanoate (C9:0) nd   -0.98 0.03   

Dodecanoate (C12:0) nd       

Tetradecanoate (C14:0) nd -1.25 0.01 -1.30 0.00 -1.07 0.03 

Eicosanoate (C20:0) nd -1.22 0.01 -1.19 0.01 -1.04 0.03 

Triacontanoate (C30:0) nd       

Adipate nd -0.98 0.03 -1.10 0.01 -1.06 0.03 

Azelate nd -0.99 0.04 -0.89 0.07   

Benzoate nd -1.02 0.03 -1.07 0.02 -0.98 0.05 

Glutarate nd   -0.81 0.10   

2-Methylglutarate nd       

*nd = not detected; nq = not quantifiable; n/a = not applicable  
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Table 4.7. ANOVA and Tukey’s HSD results (p  0.10) and Glass’  of metabolic 

perturbations detected by 1H NMR and GC-MS for earthworms exposed to propachlor. 

 NMR GC-MS 

Dose (g/cm2) 2.40 6.01 12.01 2.40 6.01 12.01 
  p  p  p   p  p  

Acetate       nd 

Citrate nd     1.37 0.08 

Fumarate     1.29 0.09 
  

    

-Ketogluatarate 2.74 0.00 2.52 0.00 4.02 0.00     1.43 0.08 

Lactate        -4.47 0.00 -4.01 0.00 -2.09 0.02 

Malate   2.05 0.03 2.19 0.01     1.49 0.07 

Glucose nq       

Glucose-x       n/a 

Maltose nq -1.09 0.05 -1.70 0.00 -1.56 0.00 

Maltose-x -1.44 0.02 -1.66 0.01 -1.14 0.05 n/a 

myo-Inositol             

Alanine             

Aspartate         -1.28 0.05   

Glutamine 1.04 0.09 1.05 0.09 1.40 0.01     1.67 0.04 

Glycine             

Leucine       nd 

Phenylalanine             

Tyrosine       -1.46 0.01 -1.66 0.01 -1.96 0.00 

N,N-Dimethylhistidine       nd 

N,N,N-Trimethyllysine   -2.95 0.00 -2.47 0.01 nd 

N,N,N-Trimethylornithine       nd 

Ornithine nd       

Putrescine nq 1.57 0.02   1.19 0.10 

Spermidine nq       

2-Aminoadipate nd     -1.25 0.04 

Butylamine nd -1.55 0.00 -1.91 0.00 -1.68 0.00 

Ethanolamine nd -1.88 0.01 -2.90 0.00 -2.03 0.00 

Riboflavin       nd 

Nonanoate (C9:0) nd -0.99 0.03 -1.03 0.04 -1.01 0.03 

Dodecanoate (C12:0) nd -1.00 0.05 -1.37 0.01 -1.05 0.04 

Tetradecanoate (C14:0) nd -1.37 0.00 -1.43 0.00 -1.35 0.00 

Eicosanoate (C20:0) nd -1.29 0.00 -1.32 0.01 -1.22 0.01 

Triacontanoate (C30:0) nd -1.48 0.00 -1.50 0.00 -1.05 0.04 

Adipate nd -1.05 0.02 -1.14 0.02 -1.08 0.02 

Azelate nd -1.00 0.03 -1.08 0.03 -0.92 0.05 

Benzoate nd -1.22 0.01 -1.22 0.01 -1.18 0.01 

Glutarate nd -0.81 0.09   -0.81 0.09 

2-Methylglutarate nd 1.55 0.01   1.45 0.02 

*nd = not detected; nq = not quantifiable; n/a = not applicable 
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4.3.1. Measured Biochemical Perturbations 

Metabolic profiling revealed that chloroacetanilide herbicides induced 

perturbations in lipid, energy, and nitrogen metabolism in the E. fetida CF. Levels of 

eicosanoate (C20:0) significantly decrease (Figure 4.12) in exposed worms in all herbicide 

groups and triacontanoate (C30:0) significantly decreases with very strong effect sizes in 

worms exposed to acetochlor, alachlor, and propachlor (Figures 4.6 – 4.11, Tables 4.2 – 

4.7). MB-OPLS-DA (Figure 4.5A) shows that fatty acids are drivers of group separation, 

which is demonstrated further in Figures 4.6 – 4.11 and Tables 4.2 – 4.7 as levels of the 

shorter-chain fatty acids nonanoate (C9:0), dodoecanoate (C12:0), and tetradecanoate 

(C14:0) decrease in the dosed groups for all herbicides. Decreased fatty acid levels suggest 

an increase in fatty acid -oxidation to support an increased energy demand in exposed 

worms, as represented in biochemical map shown in Figure 4.13.  

-oxidation requires carnitine to facilitate transport of fatty acids into the 

mitochondria, where they are oxidized to acetyl-CoA and used to generate adenosine 

triphosphate (ATP) via the tricarboxylic (TCA) cycle and electron transport chain (Figure 

4.13).37 The carnitine precursor, TML, is a control-related driver of MB-OPLS-DA 

separation, except in the metolachlor model, (Figure 4.5A) and significantly decreases in 

earthworms exposed to acetochlor, metolachlor, and propachlor (Figures 4.6, 4.8, 4.10, and 

4.12). While TML is associated with the controls, glycine is a byproduct of carnitine 

biosynthesis (Figure 4.13) and is associated with several exposed groups in MB-OPLS-DA 

(Figure 4.5A).37 In the univariate analysis, glycine only increases significantly in the GC-

MS butachlor and metolachlor samples (Figure 4.6). The NMR-detected TCA intermediate 
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-ketoglutarate results contributed to all group separations except alachlor (Figure 4.5A) 

and a significant increase in -ketoglutarate levels was observed in some groups (Figures 

4.6 – 4.12, Tables 4.2 – 4.7). -Ketoglutarate is converted to succinate in two steps of 

carnitine biosynthesis (Figure 4.13). Succinate contributed to separation in the alachlor, 

metolachlor, and propachlor models (Figure 4.5A), but changes were not significant as 

evaluated by univariate analysis. The significance of TML, glycine, and -ketoglutarate 

within the multivariate and univariate analyses suggests that carnitine biosynthesis is 

upregulated to drive -oxidation of fatty acids to fuel the TCA cycle. 

Further reinforcing an increase in energy demand induced by chloroacetanilide 

exposure, maltose (GC-MS) and maltose-x (i.e., overlapped NMR resonances of maltose, 

maltotriose, and other sugars (Figure 4.2)) decrease in S-metolachlor and propachlor 

exposed worms (Figures 4.10 – 4.12, Table 4.6 – 4.7). MB-OPLS-DA (Figure 4.5A) also 

shows that maltose-x is important for separation of controls in all models except acetochlor 

exposed worms, while maltose is important in the acetochlor, alachlor, S-metolachlor, and 

propachlor models. Decreases in lactate, the reduced form of pyruvate, is seen consistently 

in exposure of all herbicides, suggesting that lactate is oxidized to pyruvate then acetyl-

CoA and pushed into the TCA cycle.38 Activation of acetate is another acetyl-CoA source 

and acetate is important to separation in some models (Figure 4.5A). TCA cycle 

intermediates citrate, -ketoglutarate, succinate, fumarate, and malate (Figure 4.13) are 

detected in CF samples and all were flagged important by multivariate analysis. Significant 

increases in citrate levels are observed in the acetochlor, alachlor, metolachlor, and S-

metolachlor exposures (Figures 4.6, 4.7, and 4.9 – 4.12, Table 4.2 – 4.7) and contribute to 
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separation of dosed and control samples in the acetochlor and S-metolachlor models 

(Figure 4.5A), further supporting the induced metabolic pressure on the earthworm’s 

energy demand by chloroacetanilide herbicides.  

Alterations in nitrogen metabolism in the CF of exposed earthworms were also 

observed. Sequestration of free ammonium from increased catabolism could be responsible 

for the increased levels of glutamine observed in all models (Figures 4.5A and 4.12).38 In 

worms exposed to S-metolachlor, significant decreases and strong effect sizes were 

observed for tyrosine (Figures 4.10 and 4.12, Table 4.6) in worms exposed to propachlor 

at all doses, acetochlor at the high and middle dose, and S-metolachlor at the lowest dose. 

The betaine (i.e., trimethylamine) analogs DMH and TMO were also important to 

separation in several models (Figure 5=4.5A). TML’s role is not well understood but it is 

hypothesized to play an osmoprotective role to help earthworms tolerate extremes in soil 

moisture content. As TML is also critical for carnitine biosynthesis,4 we postulate that 

decreased levels are associated with increased lipid -oxidation.18, 39 This hypothesis is 

further supported by the increase in putrescine and ornithine levels (Figures 4.6 – 4.12, 

Tables 4.2 – 547) and their association with the exposed groups (Figure 4.5A), given that 

increased polyamines serve a protective role against metabolic pressures like osmotic, 

oxidative, and thermal stress.40 Although changes in nitrogen metabolism are observed in 

chloroacetanilide herbicide exposed earthworms, a more targeted approach would need to 

be employed to ascertain the exact biochemical pathways or processes impacted.  
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Figure 4.13. Diagram of the biochemical pathways perturbed in earthworms by 

chloroacetanilide herbicides and bar graphs, reported in relative concentration, for the high 

dose of each treatment group. Treatment is indicated by color: control (green); acetochlor 

(dark blue); alachlor (red); butachlor (yellow); racemic metolachlor (light blue); S-

metolachlor (purple); and propachlor (orange). Bars representing GC-MS results are 

outlined in black, while NMR results are indicated by a white outline. Metabolites that are 

were identified as most important to segregation of exposed () or controls () in MB-

OPLS-DA are marked, in addition to metabolites that differ from the controls as p  0.10 

(#) and p  0.05 (*), which is further described in the box plots in Figures 4.6 – 4.11. 



 160 

4.3.2. Herbicide Mode of Action 

Chloroacetanilides are preemergent herbicides designed to inhibit early plant 

growth by disrupting the synthesis and elongation of very-long-chain fatty acids.5 

Elongation extends C16:0 and C18:0 fatty acids to larger chains. As observed in Figure 

4.13, levels of fatty acids decrease in earthworms exposed to chloroacetanilide herbicides. 

Corresponding decreases in TML levels could arise from an increased demand for carnitine 

to facilitate the transport of fatty acids into the mitochondria to undergo -oxidation to 

support an increased energy demand as a result of exposure. Consistent with these findings, 

increased transcription of genes related to lipid metabolism and transport was observed in 

alachlor exposed yeast (Saccharomyces cerevisiae) with upregulation in the CRC1 gene 

suggesting that alachlor induced interference in acylcarnitine ester transfer resulting in 

increased fatty acid -oxidation.41  Moreover, chemoproteomic profiling of the livers of 

mice exposed to acetochlor revealed an inhibition of fatty acid oxidation and as a result 

increased levels of free fatty acids and other lipid species.42 Because our observations are 

closer to those reported for S. cerevisiae, we postulate that the observations in the mouse 

study may be attributed to phylogenetic or toxicity differences. Nonetheless, our study 

supports the evidence that chloroacetanilide exposure disrupts lipid metabolism, impacting 

pathways in nontarget organisms in a manner similar to the mechanism of herbicidal 

activity.  

The metabolic pressure exerted by chloroacetanilide herbicides on earthworm 

energy demand is further corroborated in the literature. Proteomic and metabolomic 

analysis of the fungus Paecilomyces marquandii exposed to alachlor revealed upregulation 
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in TCA cycle intermediates and proteins, which was similarly observed in transcriptomic 

profiling of S. cerevisiae exposed to alachlor.41, 43 Additionally, significant decreases in 

maltose, glucose, and glucose-6-phosphate were observed in the 1H NMR metabolic 

profiles of goldfish (Carassius auratus) exposed to butachlor.38, 44  

Changes in energy demand could also affect osmolyte levels. The observed 

alterations of DMH and TMO levels could be attributed to the funneling of metabolites 

into the TCA cycle, where the positively charged DMH and TMO could help maintain 

charge balance in the CF compensating for the increased organic acid content. 

Additionally, changes in osmolyte levels could also be suggestive of oxidative stress, as 

observed in butachlor exposed goldfish where increased levels of glutathione, taurine, and 

betaine were observed.44 This observation is consistent with the reported increase in the 

levels of proteins involved in combating reactive oxygen species in P. marquandii exposed 

to alachlor.43 Changes in polyamine levels may also reflect oxidative stress, which can 

induce DNA damage. Acetochlor has been demonstrated to induce DNA damage in 

earthworm coelomocytes,45 while butachlor induced a loss of chromatin in earthworm 

nuclei.46 Taken together, these results support our observations that exposure of nontarget 

organisms like earthworms to chloroacetanilide herbicides alters lipid metabolism and 

induces oxidative stress, spiking energy demands to combat the applied stress.   

 

4.3.3. Structure Activity Relationships 

A question raised by this study was whether a relationship exists between the 

metabolic response and the structural differences within the herbicide class (Figure 4.1). 
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Similar pathways were impacted by all the chloroacetanilides on the earthworm 

metabolome: carbohydrate metabolism, carnitine biosynthesis, energy metabolism, and 

lipid metabolism. Within these pathways, however, unique molecular profiles or 

phenotypes were observed as the impacted metabolites affected within those pathways vary 

by compound. For instance, the loadings plot heatmap (Figure 4.5A) showed 

malylglutamate to be important for separation in the alachlor, butachlor, metolachlor, and 

propachlor models, but it was only associated with the exposed group in the metolachlor 

model. Similarly, in the S-metolachlor MB-OPLS-DA (Figure 4.5A), threonine was 

associated with exposed worms, which is not observed in the other treatment groups.  

The idea that each herbicide may induce a specific metabolic profile is further 

supported in the multiblocked-partial least squares-discriminant analysis (MB-PLS-DA) 

score plots (Figures 4.14A-B) of all samples as a function of treatment (i.e., doses were 

combined). Multiblocked-partial least squares-hierarchical cluster analysis (MB-PLS-

HCA) of the model (Figure 4.14C) further highlights treatment clustering, showing two 

major clusters. Propachlor forms its own cluster high up the dendrogram, at 560, indicating 

that its quite different from the other treatment groups (Figure 4.14C). The second major 

cluster consists of several subsequent clusters, with the first indicating that control samples 

cluster separately from the other treatment groups. The next sub-cluster highlights the 

similarity among acetochlor, butachlor, metolachlor, and S-metolachlor groups (Figure 

4.14C), which are well overlapped in the score plots (Figures 4.14A-B). Overall, MB-PLS-

HCA shows that the treatment groups cluster with themselves well, indicating that there is 

some specificity in the metabolic response of earthworm CF to the chloroacetanilides.  
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The MB-PLS-DA score plots in Figures 4.14A-B further illustrate strong clustering 

and separation of propachlor from the rest of the treatment groups. Interestingly, 

propachlor is structurally quite different than the other chloroacetanilide herbicides tested. 

It lacks methyl or ethyl substituents on the benzene ring and has an isopropyl group 

attached to the chloroacetamide rather than an ester (Figure 4.1), which may influence its 

effects within some biochemical pathways. More changes in metabolite levels that were 

significant (Figures 4.11 and 4.12, Table 4.7) are observed at the low and middle dose in 

propachlor exposed earthworms compared to the other herbicides. Additionally, more 

metabolites were affected by propachlor exposure. A decrease in butylamine and 

ethanolamine (Figures 4.11 and 4.12) was observed only in propachlor exposed worms, 

which was also important in MB-OPLS-DA loadings heatmap (Figure 4.5A). Figure 4.5A 

further highlights differences between propachlor and the other herbicides. It is the only 

model that associates 2-aminoadipate, butylamine, ethanolamine, and scyllo-inositol with 

control worms. Additionally, the propachlor model (Figure 4.5G) was the most significant 

model by CV-ANOVA with p = 0.001. Although increased metabolic perturbations are 

observed in propachlor exposed worms, it cannot necessarily be concluded that propachlor 

is the most toxic due to the design of the experiment.  
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Figure 4.14. MB-PLS-DA of all data as a function of treatment. A) Score plot of t[1] and 

t[2]; B) score plot of t[1] and t[3]; and C) dendrogram describing the MB-PLS-HCA of 

treatments. Hierarchal clustering was calculated using Ward’s methods and sorted by size.  

 

4.3.4. Stereospecific Metabolic Impacts 

Dual Magnum®, the metolachlor formation that contains primarily the S-

enantiomer (Figure 4.1E), was introduced to the market in 1997. Because the S-enantiomer 

of metolachlor is the active herbicidal component, this formulation resulted in reduced 

amounts of material applied to achieve the same effect.47 Lower application rates are 

environmentally beneficial due to chloroacetanilide groundwater mobility and, in theory, 

less material introduced into the environment should reduce risks to nontarget organisms. 

In contrast, however, E. fetida was found to be more sensitive to racemic metolachlor than 
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S-metolachlor in avoidance tests, and racemic metolachlor also induced greater changes in 

bodyweight and higher catalase and cellulase activity, suggesting that racemic metolachlor 

was more toxic than the S-enantiomer.48 Our results, shown in Figure 4.14, reveal that 

racemic and S-metolachlor cluster separately in the MB-PLS-HCA (Figure 4.14C), which 

motivated us to examine the stereospecific metabolic impacts between the two datasets. 

Both racemic and S-metolachlor give rise to consistent results for acetate, fumarate, -

ketoglutarate, lactate, malate, and maltose-x (Figure 4.5A); however, citrate is important 

to the exposed group only in the S-metolachlor model, and succinate is important to the 

control group only in the racemic metolachlor model. Myo-inositol contributes to 

separation of the controls in the S-metolachlor model. A notable difference in the 

multivariate and univariate analysis (Figures 4.5, 4.9, 4.10, and 4.12, Tables 4.5 – 4.6) is 

the elevation of glutamine in S-metolachlor exposed worms but not in the racemic 

metolachlor exposed groups. Additionally, threonine, tyrosine, and ornithine contribute to 

the separation of the control group from S-metolachlor exposed worms, while alanine, 

butylamine, malylglutamate, 2-methylglutarate, TMO, and valine are critical to the 

separation of racemic metolachlor exposed worms and the controls. Though we did not 

explicitly compare toxicity in our experiments in terms of lethality, we can conclude that 

racemic metolachlor and S-metolachlor affect the earthworm metabolome differently. 

These findings suggest that metabolomic perturbations can distinguish differences in 

environmental impacts, not only in structurally analogous compounds, but potentially 

differences in enantiomeric ratios as well, an idea that warrants further investigation.  
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4.4. Conclusions 

Expanding the knowledge of how the metabolome responds to chemical exposures is 

propelling the use of metabolomics in understanding toxicity, describing adverse outcome 

pathways, and monitoring environmental insults. Earthworms are the choice candidate to 

signal the health of terrestrial ecosystems and earthworm metabolomics is demonstrated to 

be a useful tool to evaluate chemical stress.2-3 Herein, CF is further supported as a 

beneficial metabolite pool to evaluate toxicity and monitor earthworm health. Still, studies 

probing metabolic perturbations in earthworm CF are limited, though it offers a 

noninvasive, nonlethal, and rich metabolite source with greater temporal resolution than 

whole worm analyses.  

Investigation into the metabolic impacts of chloroacetanilide herbicides on the 

earthworm CF revealed metabolic signatures that suggest that their MOA is not specific to 

plants. The herbicides disrupt fatty acid metabolism and the elongation or synthesis of 

very-long fatty acids. Carnitine biosynthesis and fatty acid -oxidation increased in 

earthworms exposed to chloroacetanilides. In addition, exposed earthworms showed 

increased levels of TCA cycle intermediates and decreased sugar and lactate levels 

suggesting an increased energy demand. Corroborating results have been observed in 

multiple species (S. cerevisiae, P. marquandii, goldfish, and plants) and biological 

platforms (e.g., metabolomics, proteomics, and transcriptomics).41, 43-44, 49 Even in the 

mouse liver where fatty acids were not oxidized, an increase in lipid species and impaired 

fatty acid metabolism was observed,42 demonstrating that chloroacetanilides target fatty 

acid metabolism in target and nontarget organisms alike.  
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 Though each herbicide targeted similar biochemical pathways in earthworms (i.e., 

fatty acid metabolism and -oxidation, carbohydrate metabolism, TCA cycle 

intermediates, amino acid metabolism), the metabolites impacted in those pathways varied 

by compound. Significantly, we observed different metabolic profiles between earthworms 

exposed to racemic and S-metolachlor. Metolachlor chirality greatly affects herbicidal 

activity, and herein, we also detected differences in the metabolic profiles of exposure in a 

nontarget organism. These results suggest that stereospecific toxicant exposure can induce 

different metabolic profiles or phenotypes and that the effects of a structurally similar class 

of compounds may be discerned in the environment, supporting the utility of earthworm 

coelomic fluid in monitoring environmental insults. 
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CHAPTER FIVE 

Metabolite Biomarkers of Chlorothalonil Exposure in Earthworms, Coelomic Fluid, 

and Coelomocytes using 1H NMR and targeted LC-MS 
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Abstract 

Earthworm (Eisenia fetida) metabolomics is established as a useful indicator of 

toxicant exposure. Extracts of whole-earthworms are most commonly used to measure 

metabolic perturbations, in addition to coelomic fluid (CF) which has been used on a more 

limited basis. Coelomocytes (CC) are free moving liver-like and immune cells found within 

earthworm CF, and the potential of this compartment has not been evaluated for its utility 

in earthworm metabolomics. In this study, earthworms were exposed to 18.5 and 37.0 

mg/kg chlorothalonil, a commonly used fungicide that targets glutathione, for 14-days and 

the metabolic impact on earthworm CF, and CC extracts assessed using 1H NMR and 

targeted LC-MS. CF was identified as the most sensitive matrix for measuring 

chlorothalonil exposure, where an increase in glutamine levels was the only biomarker 

observed at both doses. At the high dose, multiblocked-orthogonal partial least squares-

discriminant analysis (MB-OPLS-DA) supported increased N-acetylserine and ophthalmic 

acid levels as additional biomarkers of exposure in the CF. These perturbations may 

indicate increased oxidative stress, although no changes in glutathione were observed in 
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any matrix. ADP ribose was observed in the high dose group of earthworm and CC extracts, 

suggesting that chlorothalonil induced DNA damage. This work highlights the importance 

of evaluating the impacts of stressors in whole earthworm and CF to determine the most 

sensitive matrix for biomonitoring. 

 

 

5.1. Introduction 

Applied at over 4.5  106 kg per year, chlorothalonil (Figure 1) is one of the most 

heavily used fungicides in the United States.1 Chlorothalonil is a nonsystemic fungicide 

that rapidly conjugates and depletes glutathione levels and inhibits NAD+ thiol-dependent 

glycolytic and respiratory enzymes.2-3 These biochemical pathway targets are universal, 

and although chlorothalonil is not designed to impact earthworms, it is reasonable to 

suspect that chlorothalonil exposure also targets glutathione, thiol-dependent enzymes, or 

related systems in nontarget organisms. Earthworms are an ideal model species to evaluate 

soil health and ecotoxicity because they are representative of the terrestrial environment, 

sensitive to contaminants, ecological engineers, and an important food source.4 

Environmental metabolomics and systems toxicology are growing tools to assess 

environmental and ecological toxicity, and earthworms are a useful tool for environmental 

monitoring.5-9 Metabolite analysis of earthworms is commonly assessed in whole 

earthworm extracts;5-6, 10 for instance, sub-lethal exposure of atrazine reduced ATP 

synthesis, as observed in changes in ATP, arginine, betaine, fumarate, glutamate, 

glutamine, malate, maltose, scyllo-inositol, and threonine/lactate levels.11  
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Additionally, coelomic fluid (CF) is a biofluid within the body cavity (i.e., coelom) 

of the earthworm and is crucial for movement, excretion, immunity, and metabolism, and 

is a complementary metabolic pool to measure metabolic perturbations.4, 10, 12-14 Recently, 

metabolic profiling of chloroacetanilide herbicides in CF revealed perturbations in 

carnitine biosynthesis, energy demand, and lipid metabolism, affecting pathways similar 

to the herbicidal mode of action.15 Coelomocytes (CC) are free-moving liver-like and 

immune cells within CF that have not been used in metabolomic studies, but their 

metabolome has been profiled using 1H NMR as described in Chapter 2;10 however, CC 

have been used in other toxicity assessment methods such as detecting DNA damage by 

H2O2 with the Comet Assay or identifying riboflavin content as a biomarker of lead and 

zinc exposure.16-17 

 

3.  

Figure 5.1. Chemical structure of chlorothalonil.  

 

Metabolite measurements are primarily conducted with 1H nuclear magnetic 

resonance spectroscopy (NMR) and mass spectrometry. NMR is an inherently quantitative 

analytical tool with a large dynamic range capable of detecting metabolites in a less biased 
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fashion compared to other techniques.6, 18-20 Metabolites are detected independently of pKa, 

polarity, and solvent choice; however, NMR is limited to detecting micromolar or lower 

concentrations, using typical magnetic field strengths (500 – 700 MHz) and acquisition 

times (10 – 60 min). Mass spectrometry (MS) analysis offers increased sensitivity and an 

orthogonal method of metabolite detection. Liquid chromatography-mass spectrometry 

(LC-MS) is particularly useful for targeted analyses due to broad choices in solvents, 

column chemistry, and polarity that allow researchers to develop strategies to screen for 

particular metabolites or pathways; however, LC-MS is still well-suitable for untargeted 

approaches, although matrix effects and sample complexity can result in poor LC 

separations.21 Nevertheless, LC-MS is superior in detecting more metabolites compared to 

other techniques due to its high sensitivity and chromatographic versatility (e.g., polarity, 

charge). One instrument cannot comprehensively measure every metabolite present in 

sample, therefore experiments that combine NMR and MS data can greatly expand 

metabolite coverage beyond what is possible using either technique alone.15, 22-26 

To explore the metabolomic impact of chlorothalonil on earthworms, earthworms 

were exposed for 14-days in soil via the Organization for Economic Cooperation and 

Development (OECD) soil test guidelines at the application rate and half that value, 37 

mg/kg and 18.5 mg/kg, respectively, which are equivalent to 13.8% and 6.9% of the 

reported LC50 of 268.5 mg/kg.27-29 Coelomic fluid, coelomocytes, and whole earthworm 

samples were collected to compare metabolic impact within the three compartments. The 

outcome of these experiments is intended to identify the metabolite biomarkers and 

biochemical impacts of chlorothalonil exposure, and better understand which sample types, 
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whole earthworm, CF or CC, are more relevant for the measurement of metabolic 

perturbations of chlorothalonil using 1H NMR and targeted LC-MS.  

 

5.2. Experimental Procedures 

5.2.1. Soil Exposure and Sample Preparation 

To explore the metabolomic impact of chlorothalonil (Pestanal®, Sigma Aldrich, 

St. Louis, MO, USA) on earthworms, earthworms were exposed for 14-days in soil via the 

Organization for Economic Cooperation and Development (OECD) soil test guidelines at 

the application rate and half that value, 37.0 mg/kg and 18.5 mg/kg, respectively based on 

the soil dry weight.27-28 Artificial soil was mixed in-house according to OECD instructions 

and contained 20% kaolin clay (Ward’s Science, Rochester, NY, USA), 70% fine sand 

(Ward’s Science, Rochester, NY, USA), and 10% Canadian sphagnum peat moss 

(Hoffman®, Lancaster, NY, USA). Soil was transferred at a rate of 50 g per worm to 1L 

beakers and dosed with chlorothalonil in acetone or acetone (control). The dosed soil was 

left in a fume hood to evaporate overnight, wetted to a 35% moisture content, and well-

mixed prior to use.30 Earthworms were removed from our laboratory culture, rinsed in 

ultrapure water, patted dry, and transferred to the beakers containing the soil. Sixty 

earthworms were used for this experiment, where twenty earthworms each where exposed 

to 0.0, 18.5, or 37.0 mg/kg chlorothalonil. Ten earthworms from each treatment were used 

for whole-earthworm analysis and the remaining ten were used for CF/CC analysis. 

 At the end of the 14-day exposure, earthworms were removed from the soil, rinsed 

with ultrapure water and patted dry. Earthworms intended for earthworm extracts were 
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flash-frozen and lyophilized, while earthworms intended for CF/CC were placed in a small 

petri dish containing 1 mL of 0.1% NaCl solution.10, 12, 15 As described in Chapter 2 Section 

2.2.2, CF/CC was extruded by apply a voltage across the worm (10x, < 1s each) using a 

9V battery and a snap connector.10, 12-13, 15 The CF/CC was transferred to a 2 mL Eppendorf 

tube, the petri dish was washed with 1 mL NaCl solution, and transferred to the same tube. 

The CF/CC was centrifuged at 400 g, 4C for 10 min and the supernatant (i.e., CF) was 

transferred to a fresh tube. The CC pellet and CF were flash-frozen and lyophilized, and 

all samples were stored at -80C until metabolite extraction.31  

 

5.2.2. Metabolite Extraction 

Prior to extraction, earthworm samples were homogenized by cryo-cooled bead-

beating for three cycles of 10 s at 5 m/s (Omni International, Kennesaw, GA, US). 

Homogenized earthworms, CF, and CC samples were extracted using 2:2:1.8 Chloroform 

(Macron Fine Chemical, Center Valley, PA, USA):Fischer Scientific Optima Methanol 

(Fair Lawn, NJ, USA):Ultrapure Water.32 All solvents used were ice-cold and samples 

were stored on ice when not in use. Aqueous solvents were first added to the tubes and 

vortexed at 2000 rpm, 4C for 2 min on a ThermoMixer® C (Eppendorf, Hauppauge, NY, 

USA). The chloroform was added, and the samples were vortexed at 2000 rpm, 4C for 2 

min. The samples were centrifuged at 16000 g, 4C for 20 min and left on ice for 10 min 

prior to dividing for NMR and LC-MS. A total of 1750 L of solvent was used for each 

worm sample and 800 L was transferred to a 1.5 mL Eppendorf tube, while a 1305 L of 

solvent was used for CF and CC samples and 650 L was transferred to a fresh tube. All 
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CF and CC samples were dried by speedvac overnight and stored in -80C until NMR 

analysis. For LC-MS, 100 L of extract was transferred to a conical insert (Fisher) and a 

QC sample was prepared for each matrix (i.e., earthworm, CF, CC) by transferring 3 L of 

each sample into a single insert. LC-MS samples were immediately given to the UC 

Riverside Institute for Integrative Genome Biology (IIGB) Metabolomics Core for 

analysis.  

 

5.2.3. 1H NMR Metabolite Measurements and Preprocessing  

The dried samples were reconstituted in 200 L of 100 mM phosphate buffer (pD 

7.4) containing 0.25 mM 2,2-dimethyl-2-silapentane-5-sulfonic acid-d6 (DSS-d6) and 0.2 

mM ethylenediaminetetraacetic acid-d16 (Cambridge Isotope Laboratories, Tewksbury, 

MA, USA), vortexed, and transferred to 3mm NE-H5/3-Br NMR tube (New Era 

Enterprises, Vineland, NJ, USA). 1H NMR survey spectra were acquired using a Bruker 

Avance 600 MHz spectrometer operating at 599.88 MHz and equipped with a SmartProbe. 

Water suppression was conducted using the one-dimensional nuclear Overhauser effect 

spectroscopy (1D NOESY) with a 120 ms presaturation period (noesypr1d) during the 2 s 

relaxation delay. A spectral width of 11.8394 ppm was used, and 32768 complex data 

points were acquired using digital quadrature detection at 25C. Spectra of earthworm 

extracts were acquired by co-adding 128 free-induction decays (FIDs), with16 dummy 

scans, and a 2.31 s acquisition time. Spectra of CF and CC samples were acquired by co-

adding 512 FIDs, with 16 dummy scans, and a 2.31 s acquisition time.  
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Data was imported into MestReNova 12 (Santiago de Compostela, Spain) for 

preprocessing. Spectra were phased manually and referenced to DSS-d16 (0 ppm). FIDs 

were apodized by multiplication with an exponential function equivalent to 0.5 Hz and 

zero-filled to 131072. Peak fitting was conducted using a general Lorentzian peak shape, 

with a lower width constraint of 0.1 Hz, and upper constraint of 100 Hz, position constraint 

within ± 5%, maximum number of fine iterations of 100, and local minima filter of 5. The 

peak fitting results were exported into Excel (Microsoft, Redmond, WA, US) and 

assembled into a single spreadsheet. Resonance assignments were previously described,10 

and are summarized in Chapter 2. 

 

5.2.4. LC-MS Metabolite Measurements and Preprocessing 

A targeted LC-MS approach to detect and quantify polar, primary metabolites was 

employed using a Waters I-class UPLC system coupled to a TQ-XS triple quadrupole mass 

spectrometer. Separations were conducted on a ZIC-pHILIC column (2.1 x 150 mm, 5 µM) 

(EMD Millipore) using mobile phases (A) water with 15 mM ammonium bicarbonate 

adjusted to pH 9.6 with ammonium hydroxide and (B) acetonitrile. A 1 L injection 

volume was used with a flow rate of 200 L/min and the column was held at 50° C. The 

gradient was as follows: 0 min, 90% B; 1.5 min, 90% B; 16 min, 20% B; 18 min, 20% B; 

20 min, 90% B; 28 min.  

The MS was operated in selected reaction monitoring mode. Source and 

desolvation temperatures were held at 150° C and 500° C, respectively. Nitrogen was used 

as the desolvation gas at 1000 L/h and cone gas at 150 L/h. Argon was used for the collision 
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gas and was set to 0.15 mL/min. The capillary voltage was 1 kV in positive ion mode and 

2 kV in negative ion mode. System stability was monitored by periodically analyzing a 

quality control sample throughout the sample set. QC samples were prepared for each 

matrix by pooling together 3 L of all sample extracts from a single matrix into a glass 

insert. To reduce systematic errors, samples were analyzed in random order. Peak 

integration was conducted with the open source software Skyline (University of 

Washington) by the staff of the UC Riverside Metabolomics Core Facility.33 

 

5.2.5. Chemometric Analyses  

Samples were normalized by earthworm dry-weight prior to chemometric analysis. 

For univariate analysis, samples were subjected to the Sharpiro-Wilks test of normality to 

assess skewness and Levene’s test for homoscedasticity.34 Metabolites were transformed 

using the logarithmic function to correct skewness. A one-way analysis of variance 

(ANOVA) was performed with Tukey’s HSD post hoc test (P  0.05) in IBM SPSS 

Statistics v24 (Armonk, NY, USA).35 The effect size of statistically different metabolites 

was calculated using Glass’ .36-37 Multivariate analysis was performed in SIMCA 14.1 

(Sartorius Stedim Biotech, Malmö, Sweden). NMR and LC-MS were transformed using a 

logarithmic function, pareto scaled, and multiblocked using a block weight of 1/sqrt prior 

to analysis. Multiblocked-orthogonal partial least squares-discriminant analysis (MB-

OPLS-DA) was used as the data reduction tool to visual grouping and assess metabolic 

perturbations. The number of predictive components and orthogonal components are 

reported [e.g, (1+1)]. R2X describes the fit of the predictive component (x-axis) (e.g. R2 = 
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1.0 means 100% of the data is explained), while R2Y describes within group variation or 

the fit of the orthogonal component (y-axis).38 Q2 values  0.5 indicates good predictability 

of the model, describing the ability of the model to predict a new dataset.38 Score plots 

were interpreted by plotting variance importance for the projection (VIP), which ranks the 

contribution of variables to the model, and p(corr) which is the loadings scaled around a 

correlation coefficient. Metabolites with VIP  1 and |p(corr)|  0.4 are considered most 

important to group separation. Receiver operating characteristics (ROC) curves were 

generated comparing control and high-dose following MB-OPLS-DA to further assess 

model predictability. An area under the curve (AUC) values of 1.0 means the model can 

correctly assign class 100% of the time.   

 

5.3. Results and Discussion 

1H NMR and LC-MS were used to profile the impacts of chlorothalonil on the 

metabolome of E. fetida, and we detected 113 metabolites in earthworm extracts, 103 in 

CF extracts, and 84 in CC extracts (Figures 5.2 – 5.4). In earthworm extracts, 39 

metabolites were detected using 1H NMR, 97 were detected using LC-MS, and 23 were 

common in both methods (Figure 5.2). In CF extracts, 32 metabolites were detected using 

1H NMR, 82 using LC-MS, and 13 in common (Figure 5.3). Lastly, 29 metabolites were 

detected in the 1H NMR spectra of CC extracts, 67 using LC-MS, and 12 in common 

(Figure 5.4). The 1H NMR profiles of earthworms have been well characterized, detecting 

amino acids, betaine analogs, drilofensins, nucleotides, organic acid, polyamines, and 

sugars (Figure 5.2 – 5.4).10, 39-47 LC-MS, to the best of our knowledge, has not been used 
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in earthworm metabolomic studies, although GC-MS has been widely utilized.15, 22-24, 48-50 

The targeted, polar LC-MS approach employed herein expanded metabolite coverage, 

providing insights into the effects on cofactors like S-adenosylmethionine (SAM) and 

flavin adenine dinucleotide (FAD); amino acid derivatives like argininosuccinic acid, 

glutathione, and 3,5-diiodatyrosine; and nucleotides and their derivatives such as CDP-

choline, deoxycytidine, and xanthosine (Figures 5.2 – 5.4).  

Once metabolites were identified, ANOVA using Tukey’s HSD post hoc test (P  

0.05) and MB-OPLS-DA was conducted to assess metabolic perturbations. Tables 5.1 and 

5.2 summarize the univariate results, showing the mean, standard deviation, p-values and 

Glass’  (i.e., effect size) of each compartment, where ||  0.8 are considered strong and 

||  1.3 are considered very strong effect sizes.36-37 Changes in metabolite levels are 

generally consistent between the NMR and LC-MS data; however, are a few discrepancies 

were observed. Several metabolites in the NMR spectra were not quantifiable due to 

resonance overlap or were present below limit of quantitation, such as aspartic acid in 

earthworm extracts and valine in CF extracts (Table 5.1). Overlapped resonances are also 

suspected to contribute to the lower significance for the glutamine increase in the low dose 

exposed group in the NMR data (p = 0.043) compared to LC-MS (p = 0.008). Several 

metabolites in the CF extracts showed near-significant increases in aminoadipate and 

nicotinamide adenine diphosphate (NAD+) supported by pairwise comparisons of the low 

and high doses; however, valine showed near significance between the control and high-

dose of LC-MS data (Table 5.1). 
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MB-OPLS-DA was selected as tool to visualize metabolic drivers between the 

different groups (Figure 5.5). Multiblocking (MB) allows for integration of the results 

obtained using orthogonal analytical instruments, like the NMR and MS datasets, into a 

single model to simplify data interpretation.26, 51  Interpretation of the MB-OPLS-DA 

results was conducted by identifying variables with a |p(corr)|  0.4 (i.e., loadings scaled 

with a correlation coefficient) and variance important for the projection (VIP)   1 to 

identify the variables most important to group separation (Figure 5.5).15, 38 Following MB-

OPLS-DA, receiver operating characteristics (ROC) curves were generated to evaluate the 

diagnostic ability of the model (Figure 5.5). 

 

 

Figure 5.2. Venn diagram comparing metabolites detected with 1H NMR (left), LC−MS 

(right), or both (center) in earthworm extracts. 
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Figure 5.3. Venn diagram comparing metabolites detected with 1H NMR (left), LC−MS 

(right), or both (center) in CF extracts. 

 

 

Figure 5.4. Venn diagram comparing metabolites detected with 1H NMR (left), LC−MS 

(right), or both (center) in CC extracts.  
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Table 5.1. Statistically significant (P = 0.05) and Glass’  of metabolic changes in 

earthworms, CF, and CC extracts after 14-day exposure to 18.5 and 37.0 mg/kg 

chlorothalonil.  

 

 

 

 

 

 

 

 

Chlorothalonil (mg/kg)

p  p  p  p  p  p 

Acetylcholine - - - - 0.027 1.1 - - 0.070 1.1
Adenosine Diphosphate (ADP) Ribose - - - - 0.024 1.0 - -

Adenosine Diphosphate (ADP) - - - - 0.022 1.0 - -
Adenosine Triphosphate (ATP) - - - - 0.028 1.4 - -

Aspartic Acid NQ NQ NQ NQ 0.024 1.4 NQ NQ 0.057 0.8
Cytidine Diphosphate (CDP) - Ethanolamine - - - - 0.035 1.1 - -

Guanosine Diphosphate (GDP) - - - - 0.032 0.9 - -

Adenosine Diphosphate (ADP) Ribose - - - - 0.082 1.2 - -
Aminoadipate - - - - 0.054 1.4 - - 0.010 1.7

Glutamine 0.043 1.1 0.008 1.2 0.005 1.9 0.000 1.6 0.7
N -Acetylserine - - - - 0.005 1.6 - - 0.048 1.0

Nicotinamide Adenine Diphosphate (NAD
+
) - - - - 0.053 1.2 - - 0.028 1.0

Nitcotinamide Adenine Diphosphate (NADH) - - - - 0.025 1.2 - - 0.024 1.0
Ophthalmic Acid - - - - 0.001 2.2 - - 0.016 1.0

Tyrosine - - - - 0.037 1.1 - -
Valine NQ NQ NQ NQ 0.051 1.1 NQ NQ

Adenosine Diphosphate (ADP) Ribose - - - - 0.017 1.2 - - 0.013 1.9
Deoxyguanosine - - - - 0.039 1.4 - -

 - = not detected

NQ = not quantifiable 

Earthworm 

Coelomic Fluid

Coelomocytes

0.0-18.5 0.0-37.0 18.5-37.0

NMR LC-MS NMR LC-MS NMR LC-MS
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Table 5.2. Mean and standard deviations of statistically significant (P = 0.05) metabolic 

changes in earthworms, CF, and CC extracts after 14-day exposure to 18.5 and 37.0 mg/kg 

chlorothalonil. Variables transformed with logarithmic function prior to ANOVA is noted.  

Chlorothalonil (mg/kg)

s s s s s s Transformation

Acetylcholine - - 1.06E+06 4.85E+05 - - 1.14E+06 3.91E+05 - - 1.58E+06 3.83E+05

ADP Ribose - - 5.49E+00 2.86E-01 - - 5.58E+00 2.21E-01 - - 5.78E+00 1.73E-01 log

ADP - - 5.61E+00 4.71E-01 - - 5.93E+00 2.74E-01 - - 6.10E+00 3.86E-01 log

ATP - - 1.79E+00 6.70E-01 - - 2.18E+00 7.39E-01 - - 2.74E+00 8.82E-01 log

Aspartic Acid NQ NQ 6.16E+00 1.31E-01 NQ NQ 6.18E+00 1.91E-01 NQ NQ 6.34E+00 1.02E-01 log

CDP-Ethanolamine - - 4.69E+00 1.64E-01 - - 4.82E+00 1.83E-01 - - 4.88E+00 1.03E-01 log

GDP - - 5.01E+00 2.09E-01 - - 5.10E+00 1.45E-01 - - 5.19E+00 7.17E-02 log

ADP Ribose - - 3.79E+00 1.93E-01 - - 3.96E+00 2.02E-01 - - 4.02E+00 2.68E-01 log

Aminoadipate - - 4.95E+00 3.40E-01 - - 4.80E+00 3.77E-01 - - 5.45E+00 5.93E-01 log

Glutamine 7.96E-01 4.78E-01 6.87E+00 2.07E-01 1.32E+00 5.46E-01 7.11E+00 1.52E-01 1.72E+00 1.02E+00 7.20E+00 2.18E-01 log

N -Acetylserine - - 3.23E+00 2.37E-01 - - 3.34E+00 2.65E-01 - - 3.61E+00 2.77E-01 log

NAD
+ - - 4.85E+00 1.83E-01 - - 4.83E+00 2.46E-01 - - 5.07E+00 1.41E-01 log

NADH - - 3.37E+00 2.01E-01 - - 3.37E+00 2.48E-01 - - 3.62E+00 1.23E-01 log

Ophthalmic Acid - - 3.39E+00 2.73E-01 - - 3.54E+00 4.17E-01 - - 3.98E+00 2.67E-01 log

Tyrosine - - 5.16E+00 2.40E-01 - - 5.23E+00 2.53E-01 - - 5.42E+00 1.58E-01 log

Valine NQ NQ 5.60E+00 2.01E-01 NQ NQ 5.65E+00 1.97E-01 NQ NQ 5.81E+00 1.78E-01 log

ADP Ribose - - 3.16E+00 4.36E-01 - - 3.15E+00 2.75E-01 - - 3.68E+00 4.37E-01 log

Deoxyguanosine - - 2.93E+00 2.45E-01 - - 3.06E+00 3.80E-01 - - 3.28E+00 2.38E-01 log

 - = not detected

NQ = not quantifiable 

0.0 18.5 37.0

Earthworm 

Coelomic Fluid

Coelomocytes

NMR LC-MS NMR LC-MS NMR LC-MS
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Figure 5.5. MB-OPLS-DA results of the metabolic impact of chlorothalonil exposure in 

earthworm (A-D), CF (E-H), and CC (J-L) extracts. Score plots (0.0 mg/kg = green circle, 

18.5 mg/kg = blue square, and 37.0 mg/kg = red triangle), p(corr) vs. variance of 

importance (VIP) comparing 0.0-37.0 mg/kg annotated with metabolites that were 

statistically different in univariate analysis, and ROC curves of 0-37 mg/kg are shown. 

Results from earthworm extracts: (A) 0.0-18.5 mg/kg score plot [(1+1), R2X=0.3, R2Y=0.6, 

Q2= -0.4]; (B) 0.0-37.0 mg/kg [(1+1), R2X=0.4, R2Y=0.8, Q2=-0.1]; (C) p(corr) vs VIP 

plot; (D) ROC curve; Results from CF extract: (E) 0.0-18.5 mg/kg score plot [(1+1), 

R2X=0.5, R2Y=0.7, Q2= -0.2]; (F) 0.0-37.0 mg/kg-dw score plot [(1+2+0), R2X=0.7, 

R2Y=0.2, Q2= 0.6]; (G) p(corr) vs VIP plot; (H) ROC curve; Results from CC extracts: (I) 

0.0-18.5 mg/kg [(1+1), R2X=0.6, R2Y=0.4, Q2= -0.4]; (J) 0.0-37.0 mg/kg score plot [(1+1), 

R2X=0.6, R2Y=0.5, Q2= 0.1]; (K) p(corr) vs VIP plot; (L) ROC curve. 
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5.3.1. Metabolite Perturbations  

Chlorothalonil perturbed metabolites involved in amino acid, energy, purine, and 

pyrimidine metabolism in earthworm, CF, and CC extracts (Table 5.1 – 5.2). Interestingly, 

ADP ribose was the only metabolite consistently affected in the high dose group of 

earthworms (p = 0.024) and CC (p = 0.017) extracts and increases in the CF extracts (p = 

0.082) approached statistical significance (Table 5.1). CC were the least sensitive matrix 

to detect chlorothalonil exposure, with increases in only the levels of ADP ribose and 

deoxyguanosine observed. Several metabolite levels were altered in the high dose (37.0 

mg/kg) exposed earthworm and CF extracts, but strikingly, glutamine was the only 

metabolite significantly affected in both the low and high dose groups, as observed in the 

CF extracts (Table 5.1 – 5.2) and was consistently detected by both 1H NMR and LC-MS. 

Glutamine increases in CF extracts was the only significant perturbation detected by 1H 

NMR in this matrix and therefore, LC-MS was more sensitive at detecting chlorothalonil 

metabolic perturbations in earthworms.  

 Several changes in metabolite levels were observed in the earthworm extracts of 

the high dose and all changes observed were considered strong or very strong effect sizes. 

Acetylcholine increased significantly with a strong effect size (Table 5.1 and Figure 5.6), 

which was supported by pairwise comparison of the low and high dose with p = 0.070. A 

similar trend was observed for aspartic acid, as shown in the box plots of Figure 5.6. 

Perturbations in purine and pyrimidine metabolites were observed with increases in ADP 

ribose, ADP, ATP, CDP-ethanolamine, and GDP levels. MB-OPLS-DA score plots 

showed reasonable grouping of the low and high dose samples compared with the control 
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(Figure 5.5AB); however, Q2-values were below 0.5, indicating potential poor 

predictability and overfitting. Comparison of the p(corr) and VIP score of the control 

versus high dose (Figure 5.5C) indicated that all the metabolites statistically significant in 

the univariate analysis were associated with separation of the exposed group from the 

control with ADP, ATP, and aspartic acid among the metabolites most strongly driving the 

separation. Fumarate, inosine, and N,N-dimethylhistidine (all detected via NMR) were 

among the metabolites contributing most to the separation of the control and exposed 

groups. The predictability of the model was further evaluated using ROC curves (Figure 

5.5D), where an area under the curve (AUC) of 0.89 was observed for the control group 

and 0.94 for the high dose group. In other words, the model can correctly predict group-

classification of the control group 89% of the time (i.e., 11% false positives) and the high 

dose group 94% of the time (i.e., 6% false positive). The model is better at distinguishing 

members of the high dose group, which may indicate that biovariance in the data that is not 

group specific which leads to the insufficient Q2-value.  

 CF was the most sensitive compartment to detect the impacts of chlorothalonil 

exposure on the metabolite profile. An increasing trend in glutamine levels (Figure 5.6) 

was observed at both doses, with glutamine being the only biomarker of earthworms 

exposed to 18.5 mg/kg chlorothalonil. Comparing the control and low dose groups, p = 

0.043 and  = 1.1 were observed in the 1H NMR data and p = 0.008 and  = 1.2 were 

calculated for the LC-MS data (Table 5.1). The higher p-value of the 1H NMR data is 

suspected to be due to overlapped resonances that interfere with quantitation. Due to the 

similar trends observed in the box plots (Figure 5.6) and consistently strong effect sizes, 
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we believe the increase in glutamine levels is indeed real. The significance levels and effect 

sizes comparing the control and high dose groups were more similar, with p = 0.005,  = 

1.9 for 1H NMR data and p = 0.000,  = 1.6 for LC-MS data (Table 5.1). Other metabolite 

perturbations were observed in the high dose group, including N-acetylserine, 

aminoadipate, NAD+, NADH, ophthalmic acid, tyrosine, and valine. Very significant 

increases and very strong effect sizes were observed for N-acetylserine (p = 0.005,  = 1.6) 

and ophthalmic acid (p = 0.001,  = 2.2) and further supported by the pairwise comparisons 

of low and high dose as seen in Figure 5.6 box plots. Increases in NAD+ levels were on the 

cusp of being statistically significant (p = 0.053), but with significance (p = 0.028) observed 

in low and high dose group comparisons. With similar trends observed for NADH, it seems 

likely that the change is real. The MB-OPLS-DA score plot comparing the control and low 

dose groups (Figure 5.5E) shows poor separation; however excellent separation was 

observed in the score plots comparing the control and high dose group (Figure 5.5F) and 

this is the only model to have a Q2 = 0.6, meaning that it has good predictability. Figure 

5.5G was used to ascertain the metabolite drivers of the separation, showing glutamine 

(NMR and LC-MS), ophthalmic acid, and N-acetylserine as the strongest drivers separating 

the high dose and control groups. Additionally, all other metabolites that were statistically 

significant in the univariate analysis were important for the separation of the high dose 

group from the control group (i.e., p(corr)  0.4, VIP  1). Other metabolites deemed 

important for the separation of the high dose group, include adenosine (LC-MS), betaine 

(NMR), dimethylarginine (LC-MS), N,N-dimethylhistidine (NMR), fumarate (NMR), 

glycine (NMR), hydroxypyruvic acid (LC-MS), kynurenine (LC-MS), leucine (LC-MS), 
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phenylalanine (LC-MS), threonine (LC-MS), and tryptophan (LC-MS). There were no 

metabolites that drove the separation of the control and exposed groups (i.e., p(corr)  -0.4 

and VIP  1), which may indicate larger biovariance in the control group. This could be 

further supported by the ROC curve (Figure 5.5H), where the AUC indicated that the model 

correctly classifies the control group 95% of the time and the high dose group 100% of the 

time, which is the strongest AUC on all models and matrices in this study.  

 CC extracts were the least sensitive matrix to detect the effects of chlorothalonil 

exposure. Increased ADP ribose (p = 0.017,  = 1.2) and deoxyguanosine (p = 0.034,  = 

1.4) levels were observed in the high dose group (Table 5.1 and Figure 5.6). MB-OPLS-

DA score plots revealed poor separation of the low and high dose groups from the control 

(Figure 5.5IJ) and the Q2-value indicated low predictability. Due to the poor separation, 

Figure 5.5K cannot be used to conclusively suggest metabolites that drive separation, but 

ADP ribose is the only metabolite that is statistically significant and has a p(corr)  0.4 and 

VIP  1, indicating that it is a driver of the separation of the high dose and control groups. 

Poor predictability of the model is further supported by the ROC curves (Figure 5.5L) 

showing an AUC of 0.78 and 0.83 for control and high dose groups, respectively.  
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Figure 5.6. Box plots of statistically significant metabolite changes in earthworms, CF, 

and CC extracts exposed to chlorothalonil, as described in Table 5.1 and 5.2.  = P  0.1, 

 = P  0.05,  = P  0.01,  = P  0.001. 
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5.3.2. Matrix Comparisons and Biomarkers of Chlorothalonil Exposure 

Major objectives of this study included determining (1) if the CC metabolome was 

useful in evaluating toxicant exposure, (2) which matrix was most sensitive to 

chlorothalonil exposure, and (3) what are the metabolite biomarkers of chlorothalonil 

exposure at environmentally relevant levels. Metabolites were affected in all matrices of 

earthworms exposed to soil dosed with 18.5 and 37.0 mg/kg chlorothalonil based on the 

soil dry weight. Compared with whole earthworm and CF extracts, the CC metabolites 

appeared to be less sensitive to chlorothalonil exposure due to greater biovariability. This 

is not surprising when one considers that CC are comprised of several cell types and it is 

likely that each sample contains a different relative proportion of cell populations. 

Therefore, it is difficult to conclude whether changes in metabolite levels are due exposure 

or differences in the composition of CC sample-to-sample. Flow cytometry methods have 

been established to separate subpopulations of earthworm CC prior to toxicity testing.52 To 

more appropriately determine whether CC are useful in environmental metabolomics, CC 

would need to be separated following exposure and sample collection. This would increase 

experiment length and the separation process could affect cell metabolism,53 and thus, it is 

probable that there is little advantage of using CC for biomonitoring in comparison to 

earthworm or CF extracts.  

 Perturbations of metabolite levels were detected in the earthworm and CF extracts 

following 14-day chlorothalonil exposure. Previously, earthworm and CF metabolite 

impacts were compared after exposure to endosulfan and endosulfan sulfate, which 

concluded that the two matrices are complementary for defining biomarkers and providing 
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insights into the mechanism of action.13-14 Our study supports this notion, where we 

detected different metabolic perturbations in each matrix. Interesting, ADP ribose was the 

only consistent metabolite change observed in both matrices. CF was particularly useful 

for detecting chlorothalonil exposure, where glutamine was the only metabolite altered at 

18.5 and 37.0 mg/kg chlorothalonil. Additionally, the greatest number of metabolic 

changes were measured in the CF. In conjunction with glutamine, N-acetylserine and 

ophthalmic acid increases could serve as useful metabolite biomarkers of earthworms 

exposed to 37.0 mg/kg chlorothalonil, as noted by univariate and multivariate analysis. 

Although fewer metabolites were perturbed in the earthworm extracts, several metabolite 

levels changed significantly in the high dose group. It is likely that the most sensitive matrix 

for monitoring toxicant exposures will depend on the compound of interest, and therefore, 

we propose profiling metabolites in both whole earthworm and CF to determine biomarkers 

of an exposure.  

 

5.3.3. Potential Biochemical Targets  

Observed metabolic perturbations in this study were different than the fungicidal 

mode of action of chlorothalonil. The main mechanism of action of chlorothalonil in fungi 

is to target glutathione and thiol-dependent enzymes. Though oxidized glutathione was 

detected in earthworm and CC extracts and reduced glutathione was detected in all 

matrices, statistically significant shifts in glutathione levels were not observed at the doses 

chosen and conditions used, granted other metabolite changes may be indicative of an 

increase in oxidative stress.2 An increase in N-acetylserine levels was observed in the CF 
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extracts of earthworms exposed at the high dose. N-Acetylserine has been suggested as an 

inducer of cysteine biosynthesis and its increase could suggest an impact on cysteine or 

thiol metabolism.54 Ophthalmic acid is an analog of glutathione that contains a 2-

aminobutyrate moiety instead of cysteine, or in other words, a methyl group instead of 

thiol. We did not observe changes in oxidized glutathione (GSSG) and did not detected 

reduced glutathione (GSH) in CF extracts at the high dose, but levels of ophthalmic acid 

increased in the high dose in CF extracts (Figure 5.6). Intriguingly, ophthalmic acid 

increased with glutathione depletion in the livers of mice exposed to acetaminophen.55 

Soga, et al. 55 demonstrated that glutathione inhibits -glutamylcysteine synthase (GCS) 

under reducing conditions and as levels of glutathione are depleted, GCS is activated 

resulting in a increases in ophthalmic acid and the precursor -glutamyl-2-aminobutyrate. 

Under conditions and time point assessed in our experiments, chlorothalonil levels may 

have not been high enough to deplete glutathione levels but the observed increase in N-

acetylserine and ophthalmic acid levels suggest that glutathione metabolism may have been 

affected.  

Other metabolic perturbations demonstrated that chlorothalonil had an impact on 

amino acid, purine, and pyrimidine metabolism, and potentially induced DNA damage. 

ADP ribose is involved in the detection and repair of DNA damage, and was the only 

consistent metabolite change observed.56 Poly ADP ribose polymerase (PARP) detects 

single strand breaks and initiates the production of poly-ADP ribose chains to signal DNA 

repair. Chlorothalonil-induced DNA damaged has been observed in in vitro studies with 

human peripheral blood lymphocytes and Chinese hamster ovary, and rat livers.57-59 The 
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observed increase in ADP ribose in our study may suggest increased DNA damage and 

repair in earthworms exposed to chlorothalonil. PARP is NAD+-dependent, which could 

be further supported by the increase in NAD+ and NADH in the CF extracts. 

Chlorothalonil, in addition, targets NAD+ dependent thiol glycolytic and respiratory 

enzymes which could also explain the increased NAD+ and NADH levels.2 Increases in 

ADP and ATP were also observed in the earthworm extracts, demonstrating that 

chlorothalonil exposure may have increased in energy consumption. Further research is 

warranted to determine the effects of chlorothalonil on glutathione metabolism and DNA 

damage in earthworms.  

 

5.4. Conclusions 

This study sought to evaluate metabolomic impacts of chlorothalonil, at 

environmentally relevant concentrations, in earthworm, coelomic fluid, and coelomocyte 

extracts and determine the utility of each matrix. Most metabolite changes were observed 

in earthworm and CF extracts, and we propose that in future studies both matrices be 

evaluated to determine biomarkers and stressor mode of action. Few metabolite changes in 

CC extracts were observed, which we postulate is due sample-to-sample coelomocyte 

subpopulation differences.  

Metabolic profiling with orthogonal instrumentation broadens metabolic coverage, 

which was further supported by this research. Previously, we found that GC-MS increased 

coverage of CF metabolome, giving insights into fatty acids and other low-level 

metabolites (Chapter 4).15 The targeted LC-MS method employed herein detected a larger 
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number metabolites compared with either 1H NMR or GC-MS and was instrumental in 

detecting biomarkers of chlorothalonil exposure. These results suggest that LC-MS should 

be employed more often in earthworm metabolomic studies. Orthogonal instrumental 

methods also provide a means to confirm biomarkers and was useful in this study to 

confirm glutamine as a biomarker of chlorothalonil exposure.  

Environmental metabolomic studies using environmentally relevant concentrations 

are essential to identifying relevant biomarkers of exposure. Identifying exposure markers 

can be challenging, since bioavailability of toxicants can change depending on 

environmental conditions.  For instance, the bioavailability of chlorothalonil in soil can 

change depending on the organic matter content. Following OECD guidelines, a 10% 

organic matter content was chosen for this study, which is 5% higher than the soil used to 

determine the chlorothalonil LC50 for earthworms (268.5 mg/kg).27, 29 Nevertheless, this 

study was able to determine that glutamine increases in earthworm CF following 14-day 

exposure to 37.0 mg/kg based on soil dry weight, an exposure equivalent to the application 

rate, and 18.5 mg/kg, the soil half-life concentration. Increasing N-acetylserine and 

ophthalmic acid levels, as seen for the 37 mg/kg dose, are additional metabolite signatures 

of chlorothalonil exposure. Although glutathione levels were not altered as hypothesized 

by the chlorothalonil mode of action in fungi, the changes in N-acetylserine and ophthalmic 

acid may indicate oxidative stress. Furthermore, increased levels of ADP ribose in 

earthworm and CC extracts might be representative of increased PARP activity to repair 

DNA damage induced by chlorothalonil. These results support the use of whole earthworm 

and CF extracts in monitoring chlorothalonil exposure at environmentally relevant levels.  
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CHAPTER SIX 

Conclusions and Future Directions 

 

 

6.1. Conclusions 

This dissertation aimed to comprehensively assign metabolites in earthworm 

extracts using 1H NMR, GC-MS, and LC-MS, and explore complementary matrices to 

whole-earthworm extracts, namely coelomic fluid (CF) and coelomocytes (CC), as 

bioindicators of environmental insult. Fifty-four metabolites were detected in earthworm 

extracts, 47 in CF, and 41 in CC using 1H NMR, including amino acids, betaine analogs, 

organic acids, nucleotides, and polyamines (Chapters 2 and 3).1 GC-MS was employed 

only with CF extracts where 44 metabolites were detected, increasing the coverage of fatty 

acids and low-abundance amino acids, organic acids, and derivatives (Chapter 4).2 LC-MS 

expanded detection of primary metabolites, including amino acid derivatives, purines, 

pyrimidines, and signaling molecules (Chapter 5). The targeted LC-MS approach used 

detected 97 metabolites in earthworm extracts, 82 in CF, and 67 in CC. Current 

technologies cannot comprehensively detect all metabolites with a single instrument, and 

this work supports the use of orthogonal analytical instruments for metabolic profiling and 

confirmation of biomarkers.  

Significantly, a newly identified metabolite, malylglutamate, found at 

approximately 7 g/mg in earthworms was elucidated herein (Chapter 3).1 In collaboration 

with Dr. David Martin’s research group (UC Riverside), a synthesis scheme was 



 206 

developed, and the absolute confirmation which was determined to be (−)--ʟ-malyl-ʟ-

glutamate. Following identification, LC-MS was employed to explore the presence of 

malylglutamate in invertebrates closely related on the phylogenetic tree, where it was 

detected in redworms (Eisenia fetida), nightcrawlers (Lumbricus sp.), blackworms 

(Lumbriculus variegatus), black planaria (Phagocata gracilis), Caenorhabditis elegans, 

and water bears (Hypsibius sp.) at concentrations in the ng/mg - g/mg range. It was not 

detected in white worms (Enchytraeus sp.), water fleas (Daphnia Magna), and mystery 

snails (Pomacea bridgesi), and potentially was detected in leeches (Placobdella ornata) 

and brown planaria (Fugesia tigrine). 

Due to its high abundance in earthworms, malylglutamate is suspected to serve 

important biological functions and we postulated that malylglutamate could be a chelator, 

osmolyte, malate/glutamate store, and provided charge balance. Chelation by 

malylglutamate was observed using 1H NMR where its resonances broadened and/or 

shifted downfield with increasing Mn2+, Ca2+, and Zn2+ concentrations, supporting the 

hypothesis that malylglutamate serves as chelator of micronutrients or a protectant from 

metal toxicity. Earthworms were exposed to cold stress, high water content, low water 

content, and high salt concentrations in soil to test the malylglutamate response as an 

osmolyte and store for malate/glutamate. Under these environmental stresses as well as 

exposure to the pesticides examined in this dissertation, no significant changes in 

malylglutamate levels were observed, so it is inconclusive whether malylglutamate has 

biological functions other than chelation.   
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 In addition to metabolite assignment, this dissertation sought to explore the 

response of earthworm metabolism to environmental stressors. Chloroacetanilide 

herbicides (Chapter 4) were selected due to their extensive use and high mobility in the 

environment to further explore the response of CF to compounds in the same chemical 

class.2 Earthworms were exposed to acetochlor, alachlor, butachlor, metolachlor, S-

metolachlor, and propachlor for 2-days, following the OECD filter paper test guidelines.3 

CF was collected following exposure, and samples were analyzed using 1H NMR and GC-

MS. Metabolic perturbations in the earthworm CF were similar to the designed 

chloroacetanilide mechanism of action. Chloroacetanilide herbicides are a class of broad-

spectrum, pre-emergent herbicides that target synthesis and elongation of very-long chain 

fatty acids.4 The results suggested that chloroacetanilide herbicides disrupted fatty acids 

metabolism and increased energy demand, as seen by decreases in fatty acids levels and 

perturbations in metabolites involved in -oxidation, carbohydrate, TCA cycle, and amino 

acid metabolism.  

 Chlorothalonil (Chapter 5) is one of the most heavily used fungicides worldwide. 

It targets glutathione and NAD+-dependent thiol glycolytic and respiratory enzymes and 

was selected to compare how exposure of a toxicant affects metabolism in earthworm, CF, 

and CC extracts.5 Environmentally relevant doses equivalent to the application and its half-

life, 37.0 and 18.5 mg/kg soil dry weight, respectively, were chosen and worms were 

exposed in soil for 14-days.3, 6 Earthworm, CF, and CC samples were collected and 

analyzed using 1H NMR and LC-MS. Metabolic perturbations were detected in all 

matrices, with CC being the least sensitive matrix. CF extracts were the most sensitive 
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matrix to detect the effects of chlorothalonil exposure. Increased glutamine levels, detected 

by both instruments, was the only biomarker observed at both doses. Univariate and 

multivariate analysis also revealed N-acetylserine and ophthalmic acid as strong biomarker 

candidates of chlorothalonil exposure in the high dose group, which may indicate increased 

oxidative stress. ADP ribose was the only metabolite consistently affected increasing 

significantly in earthworm and CC extracts and nearly statistically significant in CF 

extracts. The increase in ADP ribose levels suggests an increase in poly ADP ribose 

polymerase in response to DNA damage induced by chlorothalonil. These results support 

metabolic profiling in whole earthworm and CF extracts to determine which matrix is most 

sensitive for detecting metabolite response to the stressor of interest.  

 

6.2. Future Directions 

6.2.1. Earthworm Metabolomics  

Earthworm metabolomics has been studied as a possible indicator of environmental 

toxicity for over twenty years.7-10 1H NMR has been the primarily analytical tool used for 

these studies, and still many unknowns remain the in the NMR spectra of all of the 

earthworm species commonly used for this research (e.g., Eisenia fetida, Eisenia andrei, 

Eisenia veneta, Lumbricus terrestris, Aporrectodea caliginosa). Metabolite annotation and 

profiling with GC-MS has been employed in several studies, and the targeted LC-MS 

analysis employed in Chapter 5 is the only known study thus far that has applied LC-MS 

in earthworm metabolic profiling. Several studies have used LC-MS to aid identification 

of suspected metabolites, for instance in Chapter 2 LC-MS was used to confirm the 
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assignment of N,N,N-trimethylornithine, and Liebeke, et al. 11 used it to identify 

drilodefensins. Future research should explore untargeted LC-MS in earthworm 

metabolomics to expand metabolite coverage and aid identification of unknown 

metabolites. Furthermore, polar metabolites have primarily been targeted within the field, 

and only a couple recent papers have explored earthworm lipidomics.12-13 Future research 

should consider incorporating lipid analysis into their workflows. This could help diagnose 

mechanism of action and identify biomarkers of environmental stressors. There is also a 

large knowledge gap of the lipids and other nonpolar metabolites that encompass the 

earthworm metabolome, and their identification could help aid understanding of 

earthworm biochemistry. 

 A large body of research has detected metabolite changes in response to toxicant 

exposure in eathworms.9-10 Few investigations have stepped beyond detection of changes 

in metabolite levels and used biochemical approaches or other omics technologies to 

confirm predicted biochemical pathway perturbations and biomarkers of exposure. There 

is a need to take a more biochemical and broader omics approach within the field to not 

only confirm hypotheses but understand the utility of earthworm metabolomics in 

biomonitoring, including determining its sensitivity in comparison to other methods.  

 

6.2.2. Malylglutamate  

The identification of malylglutamate and exploration of its biological function is a 

significant contribution of this dissertation research to the field of earthworm 

metabolomics. In Chapter 3, malylglutamate was detected in several species close on the 
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phylogenetic tree. We detected malylglutamate in invertebrate species closely related to E. 

fetida, and the presence of malylglutamate in other organism, such as vertebrates, fungi, 

bacteria, plants, should be explored.  

Malylglutamate was determined to be a chelator (Chapter 3) and further studies 

should be conducted to study malylglutamate concentration under heavy metal stress to see 

how its levels are affected. Furthermore, it is important to measure the binding affinities of 

malylglutamate with a variety of metal ions to determine if it is a general chelator or 

designed to specifically chelate micronutrient metals or defend against metal toxicity. 

Further studies are needed to explore what other biological functions malylglutamate 

serves in earthworms. Our results suggested that it may serve as a malate and glutamate 

and potentially provides charge balance; however, this needs to be more thoroughly 

investigated, perhaps by knocking out the genes that produce malylglutamate and then 

evaluate their fitness under environmental stress (e.g. salinity, temperature, water content, 

metals) to elucidate function.  

Lastly, we hypothesized that malylglutamate is synthesized by the same family of 

enzymes as N-acetylaspartylglutamate (NAAG) and -citrylglutamate.14-15 Further 

research should be conducted to explore the presence and analogs of the RIMKLA and 

RIMKLB genes in earthworms, or C. elegans since their genome is annotated, to test this 

hypothesis. The synthetic pathway of malylglutamate can also be explored through the 

incorporation of stable isotopes to follow its flux, which could give insights into its 

metabolism and biochemical function.  
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APPENDIX A 

Acknowledgements: I would like to thank Dr. David Martin and Abigale Fecue for 

conducting the malylglutamate synthesis and optical rotation measurements for this work. 

 

 

A.1. Malylglutamate Synthesis Procedures 

1H and 13C NMR spectra were recorded on a Varian Inova 400 MHz spectrometer 

unless otherwise indicated and were internally referenced to residual solvent signal (note: 

D2O was referenced at 4.79 ppm for 1H and CDCl3 referenced at 7.26 ppm for 1H NMR 

and 77.16 ppm for 13C NMR, respectively). Data for 1H NMR are reported as follows: 

chemical shift ( ppm), integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 

quartet, m = multiplet), and coupling constant (Hz). Data for 13C NMR are reported in 

terms of chemical shift and no special nomenclature is used for equivalent carbons. IR 

spectra were recorded on a Bruker Alpha FT-IR Spectrometer. High-resolution mass 

spectrometry data were recorded on an Agilent LCTOF instrument using direct injection 

of samples in dichloromethane into the electrospray source (ESI) with positive ionization. 

Optical rotation was measured on a Rudolph Research Analytical Autopol IV Automatic 

Polarimeter. 

All reactions were carried out under an inert atmosphere of nitrogen in oven dried 

or flame dried glassware with magnetic stirring, unless otherwise noted.  Solvents were 

dried by passage through columns of activated alumina. All starting materials were 

prepared according to known literature procedures or used as obtained from commercial 
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sources, unless otherwise indicated. Reactions were monitored by thin-layer 

chromatography (TLC) and carried out on 0.25 mm coated commercial silica gel plates 

(Analtech TLC Uniplates, F254 precoated glass plates with organic fluorescent binder) 

using UV light as visualizing agent and KMnO4 and heat as a developing agent. Flash 

chromatography was performed on silica gel (Silicycle, SiliaFlash P60, 230-400 mesh).  

 

A.1.1. Synthesis and Characterization of Peptide Coupling Partners 

L-6, D-6, L-8, L-9, L-11, and D-11 (Figures 1 and 2) were synthesized according to known 

literature procedures.1-4  

 

Figure 1. Synthesis of both diastereomers of the originally proposed structure 1. a. 

BnOH, 1.22 equiv p-TsOH, toluene, rt. b. 2,2-dimethoxypropane (DMP), 1 mol % p-

TsOH, CH2Cl2. c. BnBr, Cs2CO3, DMF. d. AcOH, H2O, 60 ºC. e. EDCI, HOBt, NEt3, 

DMF. f. H2, 5 mol % Pd/C, EtOH.  
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Figure 2. Synthesis of both diastereomers of the revised structure 2. a. TFAA, BnOH. b. 

EDCI, HOBt, NEt3, DMF. c. H2, 5 mol % Pd/C, EtOH.  

 

A.1.2. Synthesis and Characterization of Benzylated Compounds 

General Procedure for Peptide Coupling Reactions (A): To a flame dried flask equipped 

with a magnetic stir bar were sequentially added acid (1.0 eq), amine (1.2 eq), HOBT (1.2 

eq), EDCI (2.0 eq) and DMF (60 mM). The vial was sealed with a septum and degassed. 

The reaction mixture was stirred for 10 minutes followed by addition of Et3N (4.0 eq) 

dropwise. The reaction was stirred for 24 hours followed by extraction with EtOAc and 

dried over Na2SO4. The solvent was removed in vacuo and the crude residue was purified 

using silica gel chromatography to provide benzylated products as a white solid. 
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(S)-Dibenzyl 2-((S)-4-(benzyloxy)-2-hydroxy-4-oxobutanamido)pentanedioate (10) 

 

Prepared according to General Procedure A using acid L-9 (22 mg, 0.10 mmol) and amine 

L-6 (60 mg, 0.12 mmol) as the substrates. Reaction time: 24 h. The crude residue was 

purified by column chromatography on silica gel using EtOAc to afford L,L-10 as a white 

solid (22 mg, 42% yield). IR (film) 3388, 3063, 3032, 1735, 1731 cm-1; 1H NMR (400 

MHz, CDCl3) δ 1.98-2.10 (m, 1H), 2.20-2.34 (m, 1H), 2.35-2.50 (m, 2H), 2.82 (dd, J = 

7.88, 17.44 Hz, 1H), 2.94 (dd, J = 3.88, 17.48 Hz, 1H), 3.60-3.66 (m, 1H), 4.40-4.42 (m, 

1H), 4.64-4.72 (M, 1H), 5.10 (s, 2H), 5.13 (s, 2H), 5.16 (s, 2H), 7.27-7.39 (m, 15H); 13C 

NMR (100 MHz, CDCl3) δ 172.6, 172.4, 172.2, 171.4, 135.9, 135.4, 135.3, 133.9, 128.8, 

128.7, 128.7, 128.6, 128.5, 128.4, 128.4, 77.5, 77.2, 76.9, 72.2, 68.6, 67.5, 67.5, 67.0, 66.7, 

51.6, 38.8, 38.4, 30.3, 29.3, 27.4, 27.3; HRMS (ESI) m/z calcd. for C30H31NO8 (M+H)+ 

533.2044, found 533.2040. 
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(R)-Dibenzyl 2-((S)-4-(benzyloxy)-2-hydroxy-4-oxobutanamido)pentanedioate (10) 

 

Prepared according to General Procedure A using acid L-9 (100 mg, 0.446 mmol) and 

amine D-6 (267 mg, 0.535 mmol). Reaction time: 24 h. The crude residue was purified by 

column chromatography on silica gel with EtOAc to afford L,D-10 as a white solid (63 

mg, 26% yield). IR (film) 3389, 3033, 2948, 1731, 1715 cm-1; 1H NMR (400 MHz, CDCl3) 

δ 2.00-2.10 (m, 1H), 2.20-2.33 (m, 1H), 2.35-2.50 (m, 2H), 2.74 (dd, J = 8.72, 17.44 Hz, 

1H), 2.94 (dd, J = 3.6, 17.56 Hz, 1H), 3.65 (d, J = 4.92 Hz, 1H), 4.40-4.48 (m, 1H), 4.62-

4.72 (m, 1H), 5.09 (s, 2H), 5.15 (s, 2H), 5.16 (s, 2H), 7.28-7.40 (m, 15H); 13C NMR (100 

MHz, CDCl3) δ 172.6, 172.0, 171.4, 164.9, 138.6, 135.9, 135.4, 133.9, 128.8, 128.7, 128.7, 

128.6, 128.5, 128.5, 128.4, 128.0, 127.8, 77.5, 77.2, 76.9, 72.3, 68.6, 67.6, 67.3, 67.1, 66.7, 

51.6, 38.3, 29.9, 27.4; HRMS (ESI) m/z calcd. for C30H31NO8 (M+H)+ 533.2044, found 

533.2037. 
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(S)-Dibenzyl 2-((S)-4-(benzyloxy)-3-hydroxy-4-oxobutanamido)pentanedioate 

 

Prepared according to General Procedure A using acid L-9 (500 mg, 2.23 mmol) and amine 

L-6 (1.34 g, 2.67 mmol). Reaction time: 24 h. The crude residue was purified by column 

chromatography on silica gel using EtOAc to afford L,L-S1 as a white solid (868 mg, 73% 

yield). IR (film) 3360, 2915, 1745, 1715, 1170 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.94-

2.06 (m, 1H), 2.16-2.27 (m, 1H), 2.33-2.48 (m, 1H), 2.62 (dd, J = 7.16, 15.32 Hz, 1H), 

2.72 (dd, J = 3.68, 15.32 Hz, 1H), 3.61 (bs, 1H), 4.50 (dd, J = 3.72, 7.12 Hz, 1H), 4.63-

4.70 (m, 1H), 5.09 (s, 2H), 5.15 (s, 2H), 5.20 (s, 2H), 6.56 (d, J = 7.84, 1H), 7.28-7.39 (m, 

15H); 13C NMR (100 MHz, CDCl3) δ 173.3, 172.8, 171.6, 170.0, 135.8, 135.2, 128.8, 

128.7, 128.7, 128.6, 128.5, 128.5, 77.5, 77.2, 67.9, 67.8, 67.8, 67.6, 66.7, 51.9, 40.0, 31.0, 

30.3, 27.3; HRMS (ESI) m/z calcd. for C30H31NO8 (M+H)+ 533.2044, found 533.2049. 
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(S)-Dibenzyl 2-((R)-4-(benzyloxy)-3-hydroxy-4-oxobutanamido)pentanedioate 

 

Prepared according to General Procedure A using acid D-11 (400 mg, 1.78 mmol) and 

amine L-6 (1.07 g, 2.14 mmol). Reaction time: 24 h. The crude residue was purified by 

column chromatography on silica gel EtOAc to afford D,L-S2 as a white solid (683 mg, 

72% yield). IR (film) 3352, 3065, 2853, 1733 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.94-

2.06 (m, 1H), 2.16-2.28 (m, 1H), 2.32-2.48 (m, 2H), 2.63 (dd, J = 7.12, 15.28 Hz, 1H), 

2.72 (dd, J = 3.72, 15.32 Hz, 1H), 3.55 (d, J = 5.52 Hz, 1H), 4.47-4.53 (m, 1H), 4.62-4.70 

(m, 1H), 5.09 (s, 2H), 5.15 (s, 2H), 5.21 (s, 2H), 6.53 (d, J = 7.92 Hz, 1H), 7.30-7.39 (m, 

15H); 13C NMR (100 MHz, CDCl3) δ 177.7, 173.3, 172.3, 170.4, 135.5, 135.1, 128.70, 

128.6, 128.5, 128.4, 128.4, 128.3, 77.5, 77.3, 76.9, 67.7, 67.4, 66.8, 66.8, 51.8, 38.8, 30.8, 

30.2, 27.2, 23.5; HRMS (ESI) m/z calcd. for C30H31NO8 (M+H)+ 533.2044, found 

533.2050. 
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A.1.3. Synthesis and Characterization of Natural Products 

General Procedure for Hydrogenolysis (B): To a flame dried flask equipped with a 

magnetic stir bar were sequentially added fully benzylated precursor and Pd/C (10%, 5.0 

mol%). The vial was sealed with a septum and pumped and back filled 3 times with 

nitrogen. This was followed by addition of dry ethanol (0.026 M) and careful addition of 

H2 via balloon. The reaction mixture was stirred for 6 hours and then filtered through celite 

with DCM. Solvent was removed in vacuo without further purification. 

 

 

(S)-2-((S)-3-Carboxy-2-hydroxypropanamido)pentanedioic acid (1) 

 

Prepared according to General Procedure B using L,L-10 (126 mg, 0.236 mmol) to afford 

LL-1 as a white solid (46 mg, 73% yield). IR (film) 3396, 2844, 1710, 1450, 1361 cm-1; 1H 

NMR (400 MHz, D2O) δ 4.58 (dd, J = 4.0, 8.0 Hz, 1H), 4.47 (dd, J = 4.0, 8.0 Hz, 1H), 2.90 

(dd, J = 4.0, 16 Hz, 1H), 2.79 (dd, J = 4.0, 16 Hz), 2.50 (t, J = 8.0 Hz, 2 H), 2.22-2.32 (m, 

1H), 2.00-2.12, (m, 1H); 13C NMR (100 MHz, D2O) δ 177.1, 176.8, 174.6, 71.4, 66.9, 38.5, 

28.7; HRMS (ESI) m/z calcd. for C9H14NO8 (M+H)+ 264.0714, found 264.0710. 
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(R)-2-((S)-3-Carboxy-2-hydroxypropanamido)pentanedioic acid (1) 

 

Prepared according to General Procedure B using L,L-10 (63 mg, 0.118 mmol) to afford 

LL-1 (22 mg, 71% yield). IR (film) 3396, 2844, 1710, 1450, 1361, cm-1; 1H NMR (400 

MHz, D2O) δ 4.57 (dd, J = 4.0, 8.0 Hz, 1H), 4.48 (dd, J = 4.0, 8.0 Hz, 1H), 2.90 (dd, J = 

4.0, 16 Hz, 1H), 2.77 (dd, J = 4.0, 16 Hz), 2.50 (t, J = 8.0 Hz, 2 H), 2.22-2.32 (m, 1H), 

2.04-2.12, (m, 1H); 13C NMR (100 MHz, D2O) δ 177.1, 176.7, 174.6, 133.7, 127.1, 71.4, 

66.9, 38.6, 28.8; HRMS (ESI) m/z calcd. for C9H14NO8 (M+H)+ 264.0714, found 

264.0719. 
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(S)-2-((S)-3-Carboxy-3-hydroxypropanamido)pentanedioic acid (2) 

 

Prepared according to General Procedure B using L,L-S1 (20 mg, 0.038 mmol) to afford 

LL-1 (9 mg, 82% yield). IR (film) 3352, 3034, 1733, 1536, 1386, cm-1; 1H NMR (400 

MHz, D2O) δ 4.60 (dd, J = 4.5, 7.8 Hz, 1H), 4.46 (dd, J = 4.7, 8.2 Hz, 1H), 3.20-3.33 (m, 

1H), 2.82 (dd, J = 4.5, 15.2, 1H), 2.70-2.77 (m, 1H), 2.35-2.55 (m, 3H), 2.15-2.34 (m, 1H), 

1.90-2.05 (m, 1H); 13C NMR (100 MHz, D2O) δ 177.2, 175.3, 174.9, 174.5, 67.9, 66.9, 

57.5, 51.9, 48.9, 38.6, 29.9, 16.8.; HRMS (ESI) m/z calcd for C9H14NO8 (M+H)+ 264.0714, 

found 264.0721. The specific rotation [α]24
D = -13.6° (c 0.1, MeOH). 
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(S)-2-((R)-3-Carboxy-3-hydroxypropanamido)pentanedioic acid (2) 

 

Prepared according to General Procedure B using D,L-S1 (10 mg, 0.019 mmol) to afford 

D,L-2 (3.8 mg, 78% yield). IR (film) 3350, 2853, 1730, 1260, 1170, cm-1; 1H NMR (400 

MHz, D2O) δ 4.59 (dd, J = 4.4, 7.8 Hz, 1H), 4.46 (dd, J = 5.1, 9.0 Hz, 1H), 2.83 (dd, J = 

4.5, 15.2, 1H), 2.77 (dd, J = 7.9, 15.2, 1H), 2.51 (t, J = 7.5, 2H), 2.15-2.28; 13C NMR (100 

MHz, D2O) δ 177.1, 175.3, 174.8, 174.5, 67.9, 57.4, 51.7, 38.5, 29.9, 25.6, 16.7; HRMS 

(ESI) m/z calcd for C9H14NO8 (M+H)+ 264.0714, found 264.0720. 
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A.1.4. 1H and 13C NMR Spectra of Synthesized Malylglutamate Isomers  

 

Figure A.3. 1H NMR spectrum of benzyl ether protected L,L--malylglutamate.  
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Figure A.4. 13C NMR spectrum of benzyl ether protected L,L--malylglutamate.  
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Figure A.5. 1H NMR spectrum of benzyl ether protected L,D--malylglutamate.  
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Figure A.6. 13C NMR spectrum of benzyl ether protected L,D--malylglutamate.  
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Figure A.7. 1H NMR spectrum of benzyl ether protected L,L--malylglutamate.  
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Figure A.8. 13C NMR spectrum of benzyl ether protected L,L--malylglutamate. 
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Figure A.9. 1H NMR spectrum of benzyl ether protected D,L--malylglutamate. 
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Figure A.10. 13C NMR spectrum of benzyl ether protected D,L--malylglutamate. 

 



 232 

 

Figure A.11. 1H NMR spectrum of L,L--malylglutamate. 
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Figure A.12. 13C NMR spectrum of L,L--malylglutamate. 
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Figure A.13. 1H NMR spectrum of L,D--malylglutamate. 
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Figure A.14. 13C NMR spectrum of L,D--malylglutamate. 
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Figure A.15. 1H NMR spectrum of L,L--malylglutamate. 
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Figure A.16. 13C NMR spectrum of L,L--malylglutamate. 
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Figure A.17. 1H NMR spectrum of D,L--malylglutamate. 
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Figure A.18. 13C NMR spectrum of D,L--malylglutamate. 
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