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Artemia franciscana using 1H NMR and GC-MS
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Cynthia K Larive1,*

1.Department of Chemistry, University of California – Riverside, Riverside, CA, 92521

2.Environmental Toxicology Graduate Program, University of California – Riverside, Riverside, CA, 
92521

Abstract

Global salinization trends present an urgent need for methods to monitor aquatic ecosystem health 

and characterize known and emerging stressors for water bodies that are becoming increasingly 

saline. Environmental metabolomics methods that combine quantitative measurements of 

metabolite levels and multivariate statistical analysis are powerful tools for ascertaining biological 

impacts and identifying potential biomarkers of exposure. We propose the use of the saltwater 

aquatic crustacean, Artemia franciscana, as a model organism for environmental metabolomics in 

saltwater ecosystems. Artemia are a good choice for ecotoxicity assays and metabolomics analysis 

because they have a short life cycle, their hemolymph is rich in metabolites and they tolerate a 

wide salinity range. In this work we explore the potential of Artemia franciscana for 

environmental metabolomics through exposure to the broad-spectrum herbicide, glyphosate. The 

LC50 for a 48 hr exposure of Roundup® was determined to be 237 ± 23 ppm glyphosate in the 

Roundup® formulation. Artemia cysts were hatched and exposed to sub-lethal glyphosate 

concentrations of 1.00, 10.0, 50.0, or 100 ppm glyphosate in Roundup®. We profiled 48 hr old 

Artemia extracts using 1H NMR and GC-MS. Dose-dependent metabolic perturbation was evident 

for several metabolites using univariate and multivariate analyses. Metabolites significantly 

affected by Roundup® exposure included aspartate, formate, betaine, glucose, tyrosine, 

phenylalanine, gadusol, and isopropylamine. Biochemical pathway analysis with the KEGG 

database suggests impairment of carbohydrate and energy metabolism, folate-mediated one-carbon 

metabolism, Artemia molting and development, and microbial metabolism.
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1. Introduction

Global freshwater salinization is a major threat to aquatic ecosystems, drinking water 

availability, and recreation (Dugan 2017; Williams 1999, 1993, 2002; Kaushal 2005). 

Studies predict that salinity levels for Midwestern lakes may exceed the aquatic life 

threshold for many ecosystems within 50 years (Dugan 2017). Midwestern lakes have long 

suffered from the effects of nonpoint source agricultural pollution, including eutrophication 

from fertilizer and animal waste and pesticide run-off (Watson 2016). Rising salinity 

compounded by agricultural pollution and other stressors presents a growing need for 

thorough monitoring of ecosystem health to better manage known and emerging stressors.

In addition to monitoring physical and chemical properties of water to identify potential 

aquatic hazards, ecosystem health and stressor identification may be evaluated through 

studies with bioindicators. Bioindicators include biological organisms, communities, or 

processes that can be used to evaluate the state of an ecosystem (Parmar 2016; Holt 2010). 

Daphnia magna, an aquatic microcrustacean, is a commonly used bioindicator for freshwater 

quality. Established standardized tests from the OECD and the EPA utilize mortality, heart 

rate, and fecundity as endpoints of assays using bioindicators such as Daphnia, but further 

targeted testing is typically required to identify the toxic mode of action (“Effects on Biotic 

Systems” 2017; Guilhermino 2000; US EPA 2013).

Studies using metabolomics have shown promise for monitoring metabolite shifts during 

sublethal stress and identifying toxic modes of action. The field of environmental 

metabolomics studies changes to an organism’s small-molecule metabolite profile before 

and after exposure to a stressor (Lankadurai 2013; Larive 2015). The biochemical mode of 

action of the stressor can be elucidated by characteristic metabolite shifts resulting from the 

exposure. Arthropods, such as Daphnia, are ideal candidates for metabolomics analysis 

because their hemolymph circulates in an open circulatory system that is in constant contact 

with the organism’s tissue and regularly exchanges with the surrounding environment to 

maintain osmotic balance and homeostasis (Campbell, JW 1970). This hemolymph is 

abundant in small molecule metabolites that are readily monitored through metabolomics 

methods.

Many standardized ecotoxicological assays rely on Daphnia magna to provide toxicity 

information for freshwater ecosystems; however, Daphnia are highly sensitive to salinity and 

are not a suitable model for ecosystems with rising chloride levels (Martínez-Jerónimo 2007; 

Schuytema 1997). Therefore, we propose using Artemia franciscana because they are 

closely related to Daphnia magna but can live in environments with a salinity range up to 

300 ppm (Nunes 2006; Kerster 1983). Artemia fulfill all criteria of a good indicator: they are 

abundant and common, well-studied, economically important, and they provide measurable 

responses to environmental stress (Holt 2010).

The genus Artemia is an ancient and primitive aquatic crustacean that is found worldwide in 

inland saltwater lakes. Artemia are an interesting biological model due to their unique 

developmental stages. In favorable environmental conditions, females give birth to live, free-

swimming Artemia nauplii, but when environmental conditions are poor, encysted gastrula 
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embryos (cysts) are released (Clegg, J 2002). These cysts are metabolically inactive but 

hatch once favorable environmental conditions return (Campbell 1970, Warner 2013). This 

phenomenon makes Artemia cysts ideal for ecotoxicity assays because the cysts are 

inexpensive, have a long shelf-life, and are easy to hatch (Nunes 2006; Gajardo 2012; 

Libralato 2014).

Artemia also have a short life cycle, allowing life-stage and generation specific testing. For 

the first few days of life, nauplii utilize internal yolk platelet organelles for energy. Artemia 
begin to feed after depleting their yolk reserves and their digestive system matures. Their 

naupliar eye guides them towards light to find food. Artemia molt through several naupliar 

stages and then to the juvenile and adult stages (Clegg 2002; GSLEP 2019). Because they do 

not require feeding and because they have a high concentration of free amino acids, the 

naupliar stage of development is an ideal model system for environmental metabolomics 

(Nunes 2006; Nakamura 2007; Helland 2000). The assay in this study was modeled after the 

EPA 48 hr Freshwater Daphnids Aquatic Invertebrate Acute Toxicity Test using metabolite 

shift as an endpoint instead of mortality (US EPA 2013). As Artemia are not as sensitive to 

standard mortality tests, the potential for environmental metabolomics application offers a 

new opportunity for Artemia use in ecotoxicity assays for studying stressors in saltwater 

systems.

This study uses environmental metabolomics to evaluate the effects of sub-lethal stress from 

the Roundup® herbicide in Artemia. Roundup® is a formulation of glyphosate (N-

(phosphonomethyl) glycine), a broad-spectrum herbicide that is widely applied to actively 

growing weeds. As a chemical compound, glyphosate is not considered a harmful 

contaminant because it is minimally toxic to animals, is readily degraded by soil microbes, 

and has low leach potential. However, due to poor management of this herbicide, it is 

detected at sublethal levels in many water systems (Battaglin 2005, 2014; US EPA 2015). 

Roundup® is a well-characterized environmental contaminant and has been thoroughly 

studied in soil and freshwater systems, but there are few studies on the effects of Roundup® 

in saltwater lakes (Mercurio 2014; Carlisle 1988). Many studies have found that glyphosate 

products affect aquatic organisms, including leeches, mussels, and crayfish; therefore, we 

hypothesize that glyphosate may also impact saltwater organisms such as Artemia 
franciscana (Mercurio 2014; Shahl 2016; Rzymski 2013; Howe 2004).

Glyphosate kills actively growing weeds by inhibiting the shikimate pathway in plants and 

microorganisms (Schuette 1998; Herrmann 1999). Although the glyphosate molecule is 

minimally toxic to animals, long-term oral exposure to glyphosate led to reduced body 

weight, liver toxicity, and loose stool in dogs and rats (Shahl 2016). Recent studies have also 

shown that it is a possible carcinogen and it perturbs the gut microbiota of honey bees that 

were fed glyphosate (Shahl 2016; Motta 2018). Toxicity results for aquatic species differ 

from those of terrestrial species (Rzymski 2013; Schuette 1998, Rodriguez- Gil 2017). 

Bluegill sunfish and rainbow trout were susceptible to glyphosate exposures below the 

maximum contaminant level (700 ppm). Also, trace levels of glyphosate affected growth, 

metabolism, and energy utilization in juvenile crayfish (Avigliano 2014). Several studies 

have shown that the formulation of glyphosate is more toxic than the active ingredient alone. 

Roundup® is the Monsanto company’s formulation of the active ingredient glyphosate 
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(Erickson 2015). Other components such as isopropylamine and polyethoxylated tallow 

amine (POEA) (Figure 1) are added for stabilization of the active ingredient and to facilitate 

delivery through plant cuticles. POEA and isopropylamine have been reported to be more 

toxic than glyphosic acid, and POEA variants have been found to be highly toxic to North 

American frogs and fairy shrimp (Howe 2004; Rodriguez- Gil 2017). An additional aim of 

this study is to probe the molecular mechanism of the Roundup® formulation and identify 

which ingredients contribute to measurable metabolic effects. However, we were unable to 

obtain a commercial source of POEA for this study.

This study uses nuclear magnetic resonance spectroscopy (NMR) and gas chromatography-

mass spectrometry (GC-MS) to evaluate changes in Artemia metabolite levels in response to 

exposure to Roundup® herbicide. NMR is a rapid, robust, and quantitative technique that 

requires minimal sample preparation (Schuhmacher 2013; Barding 2012). GC-MS requires 

derivatization, but its lower limits of detection and well-established libraries provide greater 

coverage of the metabolome (Barding 2013; Halket 2005; Strehmel 2008; Nagana 2017). 

The complementarity of NMR and GC-MS produce a more comprehensive analysis of the 

Artemia metabolome than could be obtained with either method alone.

The aims of this study are to identify the lethal concentration (LC50) of Roundup® in 

Artemia, characterize the metabolite profile of Artemia 48 hr after hatching using NMR and 

GC-MS, characterize the molecular response of Artemia to sub-lethal Roundup® exposure, 

and to better understand how the Roundup® ingredients contribute to the metabolic 

perturbation. Analysis with principal component analysis (PCA) and univariate statistical 

methods helped identify metabolite shifts resulting from sub-lethal Roundup® exposure 

providing insights about the mode of action.

2. Materials and Methods

2.1. Hatching and Exposures

Grade A brine shrimp cysts (Brine Shrimp Direct, Ogden, UT) were hatched in a 1 L 

hatching vessel (San Francisco Bay Brand, Newark, CA) in 35 g/L Oceanic Natural Sea Salt 

Mix (Premium Aquatics, Edinburgh, IN) added to ultrapure (EMD Millipore, Burlington, 

MA) water at 26.7 °C (80 °F) with constant aeration. During the 48 hr hatching period, the 

cysts were exposed to constant fluorescent light. Hatched nauplii were transferred from the 

hatching vessel into 50 mL glass jars with fresh salt water and stored in a temperature 

(26.7 °C) and light (16:8 hr cycle) controlled environment.

Roundup® Weed & Grass Killer Concentrate Plus purchased locally was used as the 

glyphosate formulation and 96% N-(phosphonomethyl)glycine, purchased from Sigma-

Aldrich (St. Louis, MO), was used for the glyphosate (glyphosic acid) standard. The 

formulation reports 18.00 % glyphosate isopropylamine salt. Roundup® exposures in this 

study are reported as the concentration of glyphosate isopropylamine in the formulation. 

Initial range-finding studies using solutions of 0–700 ppm (4.14 mM) Roundup® or 

glyphosic acid revealed that neither influenced the Artemia hatch rate and that glyphosic 

acid had no effect on Artemia mortality over the 48 hr exposure. To determine the LC50 of 

Roundup®, 20 nauplii were transferred into each jar with 10 replicates (jars) per dose 
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ranging from 0 to 300 ppm (1.77 mM) Roundup®. Solutions were adjusted to pH 8.0 for all 

dose solutions. The numbers of dead and living Artemia in each jar were recorded after 48 

hr. The LC50 for the Roundup® formulation was determined to be 237 ± 23 ppm (1.40 

± 0.14 mM).

Since mortality was not affected by unformulated glyphosic acid exposure, we focused on 

the impact of Roundup® for the remainder of the study. To assess the metabolic impacts of 

sub-lethal Roundup® exposure, cysts (1 oz) were hatched and nauplii evenly distributed into 

fifty individual 50 mL jars for dose-response exposures at Roundup® concentrations of 0 

ppm, 1.00 ppm (5.91 μM), 10.0 ppm (59.1 μM), 50.0 ppm (296 μM), and 100 ppm (591 

μM). The highest tested concentration was 100 ppm because this exposure led to minimal 

mortality and the specimens were not visibly stressed. After a 48 hr exposure, living Artemia 
from each jar were collected in pre-weighed 2 mL microvials and flash frozen in liquid 

nitrogen. The samples were thawed, and the dose solution was exchanged three times by 

pipetting off the supernatant and replacing it with 1.00 mL ultrapure water. The samples 

were lyophilized, weighed, and stored in −80 °C. The sample mass ranged from 0.50 to 6.00 

mg All samples were prepared concurrently.

To assess the effect of Roundup® exposure and explore how the formulation ingredient 

isopropylamine contributes to toxicity, in separate experiments Artemia were exposed for 48 

hr to a control, 50.0 ppm isopropylamine (Acros Organics, Morris, NJ) and 50.0 ppm 

Roundup®. Samples were collected as described above.

2.2. Metabolite Extraction

Polar metabolites were extracted from lyophilized Artemia samples using a methanol: 

deuterated water: chloroform method (Theodoridis 2012). To each sample 640 μL cold 

methanol (Fisher Scientific), 240 μL cold D2O (Sigma Aldrich), and 600–750 μL Zirconia 

beads (Biospec Products, Bartlesville, OK) were added. The samples were mechanically 

homogenized using a ThermoMixer C vortex mixer (Eppendorf, Hauppauge, New York) at 

4 °C for 1 min. An additional 240 μL cold D2O and 640 μL chloroform (Macron Fine 

Chemicals, Center Valley, PA) were added to each sample followed by centrifugation at 

15700 g for 20 min at 4 °C (Eppendorf). The top layer of the supernatant was divided into 

samples for analysis by NMR (800 μL) and GC-MS (100 μL) and evaporated at room 

temperature using a Savant SC110 speedvac equipped with a refrigerator vapor trap 

(RVT400) (ThermoFisher Scientific, Waltham, MA). The dried samples were stored at 

−80°C until analysis.

2.3. NMR Acquisition and Processing

Dried metabolite extracts were reconstituted in 200 μL 50 mM phosphate buffer (pD 7.45) in 

D2O (D, 99.9%) (Cambridge Isotope Laboratories, Tewksbury, MA) containing 0.4 mM 

sodium 2,2-dimethyl-2-silapentane-5-sulfonic acid-d6 (DSS-d6) and 0.2 mM 

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

MA). 1H NMR spectra were acquired with a Bruker Avance III NMR spectrometer 

(Billerica, MA) equipped with a 5 mm TCI CryoProbe operating at 700.23 MHz. 1H NMR 

spectra were measured with the 1D NOESY pulse sequence (noesypr1d) with presaturation 

Morgan et al. Page 5

Aquat Toxicol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



during the 120 ms mixing time and 2 s relaxation delay. Spectra were acquired at 25°C with 

256 FIDs coadded, 32 dummy scans, and a 3.0 s acquisition time. A spectral width of 

11.6808 ppm was used with 32768 complex data points acquired using digital quadrature 

detection.

Spectra were processed using Bruker Topspin 3.2 to manually phase and reference each 

spectrum to the resonance of DSS-d6 (0 ppm). Spectral deconvolution and line fitting were 

performed using MestReNova 11 (Mestrelab Research, Escondido, CA). FIDs were 

apodized by multiplication with an exponential function equivalent to 1.5 Hz line 

broadening, zero-filled to 131072 points, and baseline corrected using a Whittaker Smoother 

function set to autodetect. 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 Office 2017) and the results 

of each spectrum were normalized to the sum of the total area between 0.8–9.0 ppm, 

excluding the region between 4.6–5.2 ppm. One well-resolved resonance for each metabolite 

was used for statistical analysis.

Metabolites were identified in the 1H NMR profile of naupliar Artemia extracts using the 

metabolomics databases, Chenomx (Chenomx Inc, Edmonton, Alberta) and the Human 

Metabolome Database, and by comparison to spectra of authentic standards in our in-house 

library (Wishart 2007, 2013, 2018). Two-dimensional NMR experiments, including 1H-1H 

TOCSY, and 1H-1H COSY were performed to verify the assignments. 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. Both 

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

in F2 and 512 in F1. The TOCSY spectra are apodized using a cosine function in both 

dimensions, while the COSY spectra were apodized with a sine bell function.

2.4. GC-MS Acquisition and Processing

The protocols for the derivatization, GC separation, and MS analysis were taken from 

Barding et al. 2013 with minor modifications. GC-MS aliquots were derivatized prior to 

analysis by adding 20 μL of 20 mg/mL methoxyamine (Sigma-Aldrich, St. Louis, MO) in 

pyridine (Thermo Scientific, Bellefonte, PA) and mixing at 300 rpm for 90 min at 37°C. A 

90 μL aliquot of N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) containing 1% 

trimethylchlorosilane (TMCS) (Thermo Scientific, Bellefonte, PA) was added to each 

sample and reacted for 30 min at 37°C. A 2 μL 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 to reference retention times and 

immediately sealed with a crimp cap. Chloroform blank samples and quality control samples 

containing a 2 μL FAME aliquot in 110 μL chloroform were also prepared. Twenty 

experimental samples, a blank, and a FAMEs standard were prepared for each day of GC-

MS analysis.

A blank and a FAMEs standard was run before 20 experimental samples. The ten replicate 

samples for each dose were analyzed sequentially as a batch. Samples were injected in 
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pulsed splitless mode on an Agilent J&W DB-5MS UI 30 m × 0.25 mm × 0.25 μm column 

(Santa Clara, CA) using an Agilent 7890A gas chromatograph coupled to a Waters GCT 

Premier mass spectrometer. Samples were introduced at initial oven temperature of 60 °C 

held for 1 min, ramped at 10 °C/min to a final temperature of 320 °C with a final 5-min 

hold. 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. Instrument operations were 

controlled by Waters MassLynx software version 4.1 (Waters Corporation, Milford, MA).

The data were collected in the Waters file format (*.raw) and converted to NetCDF (*.cdf) 

for compatibility with the Automated Mass Spectral Deconvolution and Identification 

System (AMDIS, NIST, Gaithersburg, MD). Deconvolution parameters were set to a 

component width of 17 scans, high resolution, high sensitivity, and medium shape. Retention 

indices (RIs) were calculated for each sample by AMDIS using an internal standard library 

and calibration standard library. Experimental samples were calibrated to the FAMEs 

standard run on the same day of analysis. Compounds were identified using the Golm 

Metabolome Database (Max Planck Institute of Molecular Plant Physiology, Potsdam, 

Germany) and NIST 2017 Mass Spectral Library (National Institute of Standards, 

Gaithersburg, MD).

MarkerLynx XS (Waters Corporation) was used for data preprocessing to collect integration 

values for identified metabolites. Peaks were detected without smoothing from an initial 

retention time of 7.00 min and a final retention time of 32.00 min, with a low-mass cutoff of 

73.5 Da, a high-mass cutoff of 600 Da, and a mass accuracy of 0.10 Da. A peak-to-peak 

baseline noise value of 1.0, a marker intensity threshold of 25 counts, and a mass and 

retention time window of 0.1 Da/min, with 3.0 noise elimination were used. The results were 

exported to Excel where the retention times and mass were matched with identified 

metabolites. One mass–retention time pair with the corresponding area for each metabolite 

was taken for data normalization and statistical analysis. For metabolites with more than one 

silylation product, the most abundant mass-retention time pair for each retention time was 

summed to obtain one value for each metabolite. The mass–retention time pair with the 

highest relative abundance was chosen to represent each metabolite and this value was 

normalized to the total spectral area.

2.5. Data Analysis

Statistical analysis and data visualization was performed using SIMCA 14.1 (Umetrics, 

Malmo, Sweden) and the muma R package in R Studio (v 1.0.136) (Gaude 2013). NMR and 

GC-MS results for each sample were combined in SIMCA for multiblock PCA. Principal 

Component Analysis (PCA) is an unsupervised exploratory dataset analysis that identifies 

the variation between groups.

Univariate statistical analysis was performed using the muma R package. Univariate analysis 

was used for pairwise comparisons between doses to identify significant variables in the 

dataset. A significant variable for our purpose is defined as a metabolite that has a measured 

fold change (fc) 1.2 > fc < 0.8 and p-value < 0.05 when comparing two conditions, in this 

case control versus Roundup® dose (Gaude 2013). The Welch’s t-test, Wilcoxon-Mann 

Whitney U Test, the Shapiro Wilk’s Test, and an outlier test are performed on each 
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metabolite (Gaude 2013; De Livera 2013). Volcano plots were constructed to visualize the 

significant variables. In these plots, the fold change and p-value for each dose vs the control 

group comparison are depicted, and the significant variables are shown furthest from the 

center of the plot.

The R package PAPi was used for pathway analysis of Artemia metabolites and their 

measured responses to Roundup® exposure (Aggio 2014). Spreadsheets were constructed 

according to the specifications of the PAPi package with metabolite identity, 2 sample 

treatments (control and 100 ppm Roundup®), and sample replicates in separate columns. 

PAPi queries the Kyoto Encyclopedia of Genes and Genomes database (KEGG, Kyoto 

University, Japan) to first convert metabolite names to KEGG codes and then to extract 

biochemical pathway information. An activity score is calculated from the number of 

metabolites identified from each pathway and the relative abundance of each metabolite in a 

sample. A line graph of the activity score of significant pathways (p < 0.05) is plotted with 

the control group and Bonferroni corrected p-values set as a reference. This Bonferroni 

correction is automatic in the PAPi calculation, it adjusts p-values to account for 

experimental error.

3. Results and Discussion

The Artemia metabolome has not previously been characterized through metabolomics 

studies, but much is known about their biological makeup due to its importance as a model 

for cellular development and as a food source for aquaculture. Most of the identified 

metabolites in these specimens are universal in the animal kingdom, such as the amino acids, 

and sugars. However, less common metabolites were also identified, namely homarine and 

gadusol. The Artemia metabolome reported herein consists of high concentrations of free 

amino acids, sugars, organic acids, and nucleic acid derivatives that are important for 

hatching, osmoregulation, detoxification, and molting (Campbell 1970; Clegg, 2002; Warner 

2013). Metabolome characterization and metabolomics analysis of sublethal exposure to 

Roundup® identified seven endogenous and one exogenous metabolite significantly affected 

by exposure. Additionally, pathway analysis of the metabolite shifts suggested biochemical 

pathways that may be perturbed by Roundup® exposure.

3.1. Profiling the metabolite extracts of naupliar Artemia

The Artemia metabolome was characterized from a pooled sample of Artemia exposed to 

100 ppm Roundup® to achieve improved detection of low abundance metabolites for both 

1D and 2D NMR analysis. The metabolites reported in 1H NMR spectra include amino 

acids, osmolytes, sugars, polyamines, nucleic acids, and one exogenous compound (Figure 

2). The presence of these molecules was verified by resonance assignments using the 2D 

COSY and TOCSY spectra as well as by GC-MS (Figure SI-1) for some metabolites. Only 

polar metabolites were identified due to the methanol:water:chloroform extraction protocol. 

This was optimal for 1H NMR analysis because the chloroform cleanup step removed broad 

lipid peaks that obscure other primary metabolites such as amino acids.

NMR and GC-MS combined identified 43 metabolites in the naupliar Artemia extracts 

(Table 1). These metabolites are classified as amino acids, sugars, osmolytes, nucleic acids, 
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and polyamines. Many of these same primary metabolites, especially amino acids, have been 

identified in Daphnia by 1H NMR, GC-MS, and LC-MS; however, several metabolites 

including gadusol, trehalose, and homarine were unique to Artemia (Nagato 2015; Taylor 

2008; Zhang 2017). Alanine, betaine, formate, lactate, taurine, homarine, 

glycerophosphocholine, phosphocholine, methanol, guanosine, uridine, cytidine, and 

gadusol were only detected by NMR. These low molecular weight compounds were not 

detected by GC-MS because they are not volatile or derivatized, eluted in the solvent delay 

of our GC method, or extensively fragmented under electron impact ionization preventing 

their conclusive identification and quantification. L-DOPA, cholesterol, linolenic acid, urea, 

spermidine, putrescine, uracil, and myo-inositol were only detected by GC-MS. These 

compounds are present in quantities too low to be quantified by our NMR method or are 

obscured by overlap in the 1H NMR spectrum. Sugars, such as glucose, were better resolved 

in GC-MS but were identified by both techniques.

Several GC-MS peaks and/or NMR resonances were not identified in public metabolomics 

libraries. Isopropylamine, homarine, and gadusol were identified after a literature search 

(Grant 1985; Shick 2002; Tikunov 2010; Cartigny 2008). Isopropylamine and homarine 

were verified from available NMR spectra and standards after they were identified in 

literature. Isopropylamine is an exogenous compound that is an important ingredient in the 

Roundup® formulation, and is therefore, not considered part of the Artemia metabolome. 

Homarine has not previously been reported in Artemia but it has been reported in other 

saltwater organisms, such as the American oyster (Tikunov 2010). Homarine has been 

determined to be an important methyl donor and possibly serves as a methyl group reservoir 

(Netherton 1982; Berking 1987). Gadusol has been reported in Artemia and zebrafish and is 

an interesting compound with a UV-protective function, however, gadusol (3.502 ppm) was 

challenging to identify in our extracts because its NMR resonances were masked by overlap 

with more abundant species and because an authentic standard was not available (Shick and 

Dunlap 2002). The homonuclear multiple bond correlation (HMBC) spectrum aided in the 

structural elucidation of gadusol by revealing long range 1H-13C couplings (Figure SI-2). 

The presence of gadusol in our extracts was confirmed by mass spectroscopy (Figure SI-3) 

(Wishart 2007).

3.2. Dose-dependent metabolite changes

3.2.1. Roundup® exposures—Mortality studies for a 48 hr exposure were conducted 

to identify lethal concentrations of Roundup®. Seven concentrations ranging from 0 to 500 

ppm Roundup® were evaluated with 10 replicate tanks per dose each containing 20 nauplii. 

Greater variance in mortality was observed at 0 ppm compared to 1 – 100 ppm Roundup®. 

It is unclear why the variance is greater for the control exposure, with mortality ranging 

from 5% to 60% within ten replicates. The lethal concentration for 50 % of the starting 

population of nauplii (LC50) was determined to be 237 ± 23 ppm Roundup® (Figure 3). 

This value was used as a starting point for testing the sublethal effects in metabolomics 

studies and the remainder of the Roundup® exposures were conducted at approximately half 

the LC50.

Morgan et al. Page 9

Aquat Toxicol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The lethal concentration determined for Roundup® is lower than the LC50 of glyphosate for 

Daphnia magna (930 ppm, 48 hr) and higher than the LC50 reported in sunfish (78 ppm, 96 

hr) and trout (38 ppm, 96 hr) (Schuette 1998; Folmar 1979). We were unable to determine a 

lethal concentration for glyphosic acid in Artemia because no mortality was observed at the 

solubility limit (400 ppm). Saltwater organisms may be less susceptible to Roundup® due to 

the solubility limits of glyphosate, especially in saltwater lakes where salinity levels can 

reach over 300 ppm (Williams 1993). The glyphosate formulation of Roundup® had toxic 

effects in naupliar Artemia so this was the focus of the remaining exposures.

Metabolomics analysis was conducted on Artemia exposed to 0, 1.00, 10.0, 50.0, and 100 

ppm Roundup® concentrations to elucidate the sublethal dose-dependent metabolic impacts. 

Using multiblock multivariate analysis, the results for NMR and GC-MS were combined for 

each sample to simplify the visualization/interpretation of the data in the whole dataset and 

confirm the identification of metabolites that contribute to the variation between groups 

(Figure 4). The metabolites reported in the Artemia metabolome (Table 1) were not all 

considered for statistical analysis because larger pooled sample quantities were used for 

profiling than were possible in the exposure experiments. The metabolites that were 

measurable by the experimental procedure are reported in Table SI-1.

Multiblock-PCA indicates that 35.6 % of variance can be explained by PC 1 (23.2 %) and 

PC 2 (12.4 %). Our results suggest dose-dependent trajectory, considerable overlap is 

evident among the control, 1.00 ppm and 10.0 ppm doses suggesting a similar metabolite 

profile for these samples. The higher Roundup® doses (50.0 ppm and 100 ppm) have greater 

separation from the control and lower Roundup® doses (1.0 and 10.0 ppm) indicating 

greater metabolic perturbation.

The PCA loading plot (Figure 4b) shows which metabolites most contribute to each 

component. In the score plots, component 1 contributes to the separation between control 

and 100 ppm and component 2 contributes to the separation between control and 50 ppm 

Roundup®. The PCA loading plot shows that tyrosine, aspartate, formate, glutamate, lysine, 

and arginine are plotted furthest from the origin in PC1. Phenylalanine, GPC, homarine, 

betaine, and gadusol are plotted furthest from the origin in PC2. Loading plots can be 

challenging to decipher when comparing multiple groups, so in order to better understand 

how individual metabolite levels change with exposure, univariate analyses were performed 

for each metabolite.

Univariate analysis was conducted with the muma package to determine which metabolites 

change significantly with Roundup® exposure (Table SI-2). P-values calculated between the 

control and treatment are reported for each dose. Differences between the results obtained by 

NMR and GC-MS are expected due to sample preparation, sensitivity, limits of detection, 

reproducibility, and data processing. For example, tryptophan significantly increased in 

several treatment groups but is not always observed across both instruments due to higher 

limits of quantitation in NMR spectra. Since the p-values vary between the techniques, 

volcano plots were generated to identify robust metabolite biomarkers.
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The fold change and p-value for each metabolite in control and 100 ppm Roundup® samples 

were plotted in a volcano plot. These plots allow visualization of the metabolites with the 

most significant deviations as a result of exposure. As shown in Figure 5, several of the 

metabolites identified in both GC-MS and NMR, such as aspartate and tyrosine, are 

significant in both datasets. The volcano plots indicate that much of the difference between 

the high dose (100 ppm Roundup®) and the control can be attributed to formate, aspartate, 

glucose, betaine, phenylalanine, tyrosine, and gadusol. When comparing the control and 50 

ppm Roundup® exposure, many of the same metabolites are affected in addition to 

homarine for NMR and myoinositol, proline, and arginine for GC-MS (Figure SI-5). 

Between 50 and 100 ppm, aspartate increases significantly by both methods, but tyrosine, 

arginine, L-Dopa, glucose, alanine, valine, leucine, proline, myoinositol, and urea change 

significantly by GC-MS (Figure SI-6).

Dose-response box and whisker plots of 1H NMR and GC-MS normalized spectral area for 

each significant variable are plotted in Figure 6. According to 1H NMR, aspartate, betaine, 

gadusol, and tyrosine significantly decrease with Roundup® exposure while formate levels 

increase. The GC-MS data trend for aspartate and tyrosine is consistent with the 1H NMR 

results but the error bars indicate greater response variability in the GC-MS data. Threonine, 

glucose, phenylalanine, and isoleucine were quantified by both GC-MS and NMR, but 

changes were only identified as significant by GC-MS. The difference in the detection of 

these metabolites is likely a result of resonance overlap which made quantification by NMR 

less reliable. Although other metabolites were affected by Roundup® exposure, we focused 

our attention on the significant variables because they contribute strongly to the metabolic 

variation according to PCA loading plots and volcano plots.

3.3. Contribution of Roundup ingredients to metabolic perturbation

The Roundup® formulation of glyphosate contains a polyethoxylated tallow amine (POEA) 

surfactant and isopropylamine stabilizing salt. Isopropylamine (Figure 2A), was identified in 

the 1H NMR spectrum of Artemia exposed to 50.0 ppm and 100 ppm Roundup® (Cartigny 

2008). An exposure of Artemia to 50.0 ppm isopropylamine and 50.0 ppm Roundup® was 

performed to identify the effects of the Roundup® ingredients. The PCA score plot (Figure 

SI-8) shows variation among the isopropylamine and Roundup® exposures, but many of the 

same metabolites are affected, indicating that some of the impact observed in exposure to 

formulated Roundup® can be attributed to isopropylamine toxicity (Tsui 2003). An 

assessment of the environmental impact quotient of active and inert pesticide ingredients 

found that POEA and isopropylamine have higher dermal toxicity than glyphosate for 

human, avian, fish, and arthropods (Surgan 2010). POEA is essential for facilitating the 

uptake of glyphosate by plants and was found to be toxic in certain frog, bacteria, algae, 

protozoa, and crustacea species (Howe 2004; Tsui 2003). We were unable to identify a 

commercial source of POEA; therefore, it is unclear in this study whether POEA contributes 

to Artemia toxicity by facilitating the uptake of glyphosate and isopropylamine or because 

the surfactant is toxic on its own.
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3.4. Biological interpretation of endogenous metabolic perturbations

Pathway activity profiling was used to provide biological insights for metabolomics results 

using the PAPi R package. Global metabolite shifts from the 100 ppm Roundup® exposure 

were correlated with metabolic pathway information found in the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) to predict biochemical pathways and compare their activity 

between the dosed and control experimental conditions (Aggio 2014). A negative activity 

score (AS) indicates the pathway is down-regulated compared to the control group and a 

positive AS indicates the pathway is up-regulated. Between GC and NMR, 87 unique 

pathways may have been significantly altered from Roundup® exposure with 10 pathways 

identified in both NMR and GC metabolome (SI-7, SI-8). Many of the pathways are not 

likely directly relevant to the Artemia metabolome, such as alcoholism and nicotine 

addiction, since the KEGG includes the genome for many different organisms.

The metabolites that were significantly affected (p < 0.05) by Roundup® exposure (100 ppm 

vs control) include aspartate, betaine, tyrosine, phenylalanine threonine, isoleucine, formate, 

gadusol, and glucose. PAPi analysis indicates that Roundup® exposure may significantly 

alter pathways related to these metabolites, including amino acid metabolism, carbohydrate 

metabolism, energy metabolism, vitamin metabolism, and biosynthesis of secondary 

metabolites.

Glucose levels increased significantly with Roundup® exposure. PAPi analysis predicted 

down regulation of pathways involved in carbohydrate metabolism, such as glycolysis. 

Glucose has been identified as a cryoprotectant in earthworm species (Bundy 2003) and in 

Artemia franciscana (Clegg 2002), our observations show that large amounts of glucose 

accumulate in cold-stressed naupliar Artemia, therefore it may protect internal structures 

from damage from other xenobiotic stressors or adverse environmental conditions (Teets 

2013). In the encysted Artemia embryo, energy is stored in the form of trehalose. As the 

embryo emerges and develops through the naupliar stages, trehalose is converted to glucose 

with the help of the proteolytic trehalase enzyme (Clegg 2002; Teets 2013; Yancey 2005). 

Trehalase and the other proteolytic enzymes involved in Artemia development are highly 

sensitive to environmental conditions, such as temperature, oxygen levels, and pH (Yancey 

2005; Ezquieta 1985). Glucose accumulation may reflect suspended development and 

increased energy storage in response to the poor environmental conditions induced by the 

Roundup® exposure.

Amino acids are readily identified by NMR and GC-MS and they are abundant in Artemia, 

therefore it is reasonable that many of the pathways identified by PAPi are related to amino 

acid metabolism. Many of these pathways were suggested to be down-regulated at the high 

dose Roundup® exposure, which may indicate a protective stress response. Cysteine 

proteases (CP) are essential enzymes in Artemia for yolk utilization and growth in the early 

stages of pre- and post-emergence development. (Clegg 2002; Ezquieta 1985; James 1998). 

When Artemia are under stress from unfavorable environmental conditions, these proteolytic 

enzymes may be inhibited to prevent nutrient and energy loss. Inhibition of CP may account 

for the overall observed decrease in metabolite concentrations at higher Roundup® doses 

and for the down-regulation in pathways related to amino acid metabolism.
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The negative activity score assigned to the degradation of aromatic compounds metabolic 

pathway and the positive activity score assigned to tyrosine metabolism may be related to 

the decreasing levels of tyrosine with Roundup® exposure (Figure 6). Tyrosinase is an 

enzyme located in crustacean hemolymph that is active during crustacean molt cycles and is 

important for converting tyrosine into N-acetyldihydroxyphenylalanine, which ultimately 

forms the chitin exoskeleton (Clegg 2002; Chang 1993). The developing Artemia nauplii are 

expected to undergo two molt cycles within the timeframe of the experiment (48 hr hatch, 48 

hr exposure) (Clegg 2002; Gajardo 2012; GSLEP 2019). Perturbations of tyrosine 

metabolism suggests that some of the Artemia exposed to Roundup® may have been in the 

process of molting when they were sacrificed for the experiment. This could indicate either 

faster or slower development compared to the control group. Tyrosinase is also an important 

enzyme for wound healing in arthropods. Early juvenile crayfish exposed to glyphosate had 

elevated aspartate transaminase to alanine transaminase levels (ASAT:ALAT) (Avigliano 

2014). Elevated ASAT:ALAT is an indicator of tissue damage. ASAT converts aspartate and 

α-ketoglutarate into glutamate and oxaloacetate. ALAT converts alanine and α-ketoglutarate 

into glutamate and pyruvate. Therefore, decreased aspartate levels and increased glutamate 

levels in Artemia exposed to Roundup® may correlate to elevated ASAT:ALAT which 

would necessitate upregulation of tyrosinase activity to counter tissue damage. Tissue 

damage may be a result of isopropylamine accumulation and the reported dermal toxicity of 

isopropylamine and POEA (Surgan 2010).

Gadusol and betaine levels decreased with Roundup® exposure. Gadusol is an interesting 

metabolite prevalent in marine organisms as a sunscreen-like molecule that absorbs UV 

radiation. (Shick 2002; Grant 1985; Khosravi 2013). A study on Artemia in Lake Urmia 

determined that the bioaccumulation of mycosporine-like amino acids, such as gadusol, is 

affected by salinity and UV radiation, suggesting that gadusol also contributes to 

osmoregulatory function (Khosravi 2013). Considering that betaine is an osmolyte and 

gadusol has a similar dose-dependent response, Roundup® or POEA exposure may affect 

osmoregulation.

The concentration of formate increases significantly with the increasing Roundup® 

concentration. Formate is an essential intermediate in folate-mediated one-carbon 

metabolism. Formate has been identified as a possible biomarker for deficiency in folate and 

vitamin B12 and downregulation of one-carbon metabolic processes (Lamarre 2013; Fox 

2008). One-carbon metabolism involves metabolic processes where methyl groups from 

donors, such as serine, choline, glycine, betaine, and methionine, are interchanged and 

transferred using folate cofactors (Fox 2008; Bailey 2015; Locasale 2013). Thiamine, 

nicotinamide, vitamin B12, pantothenate, riboflavin, pyridoxine, folic acid, biotin, and 

inositol have been identified as necessary vitamins for successful Artemia cultures 

(Campbell 1970). Formic acid is a toxic metabolite so accumulation resulting from vitamin 

deficiency from Roundup® exposure may cause delayed development and mortality 

(Lamarre. 2013; Fox 2008).

Many of the pathways identified through PAPi are related to plant and bacteria metabolic 

pathways. Carbon fixation in prokaryotes, porphyrin and chlorophyll metabolism, and 

microbial metabolism in diverse environments were suggested to be down-regulated while 
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bacterial chemotaxis, puromycin biosynthesis, and novobiocin biosynthesis were 

upregulated. These pathways are correlated to the changes measured in aromatic amino 

acids, such as tyrosine, L-DOPA, and phenylalanine and also gadusol. Artemia either obtain 

gadusol from the consumption of algae, from gut microbes, or through a biosynthetic 

pathway that has been identified in zebrafish (Brotherton 2015; Osborn 2015; Grant 1985; 

Carreto 2005). Microbes synthesize gadusol through the shikimate pathway, which is the 

targeted pathway for the herbicidal activity of glyphosate so reduced expression of gadusol 

with increased Roundup® exposure may indicate an effect on the microbial community 

(Motta 2018). Gut microbes play an important role in the Artemia life cycle and the genome 

of this community has been sequenced (Riddle 2013; Nougue 2015). However, the literature 

about the impact of Roundup® on the soil and gut microbiome has produced inconsistent 

and contradictory results. Some studies point to an increase in bacterial diversity and 

abundance, other studies report that prolonged Roundup® exposure causes a shift in 

bacterial community composition towards glyphosate-tolerant species, and some studies 

report no effect on gut or soil microbes (Imparato 2016; Pizarro 2016; Allegrini 2017; 

Newman et al. 2016; Riede et al. 2016; Zabaloy et al. 2016). Further studies on the gut 

microbes in Artemia are necessary to elucidate the impact of Roundup® exposure.

4. Conclusion

The metabolome provides important insight into how an organism responds to its 

environment and metabolomics is proving to be a promising method for understanding 

external stressors. We believe that Artemia is a great model organism for metabolomics 

studies because the hemolymph metabolites are readily studied by analytical methods and 

they are highly responsive to environmental cues. It is a versatile model system and by 

studying the naupliar stage of Artemia development, we were able to identify an impact of 

Roundup® on developmentally important metabolites, such as trehalose. Artemia have many 

different metabolites that work to maintain the osmotic balance, and we have also shown 

through metabolomics how these osmolytes respond to Roundup® stress.

Forty-three polar metabolites were identified by NMR and GC-MS in this study, and they 

were carefully characterized and verified. We found that these methods are complementary 

and provide good coverage of metabolite classes. NMR is especially useful for identifying 

uncommon metabolites, such as gadusol and homarine, because multiple experiments can be 

run on each sample and the spectra are highly reproducible. Using multiblock-PCA, we were 

able to combine the datasets, show that they are in agreement, and look at the big picture 

effects on dose-dependent metabolite shifts.

Roundup® was chosen for this study because there is ample literature on the effects of this 

compound on nontarget organisms, but there has not been a study on Artemia and few 

studies for saltwater organisms; there is also no scientific consensus on the safety of 

exposure to this compound. Although we determined that environmentally relevant 

concentrations of Roundup® are not a major concern to Artemia, using metabolomics we 

were able to identify potential pathways and biomarkers of toxicity. There is a growing body 

of literature that points to Roundup® impacting the gut microbiome. Our results also 

suggest that this may be the case for Artemia; however, this was not verified conclusively in 
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our study. Future work will involve the use of Artemia metabolomics to characterize the 

sublethal mode of action for other aquatic stressors that have been identified as emerging 

environmental contaminants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
13C NMR Carbon-13 Nuclear Magnetic Resonance

1H NMR Proton Nuclear Magnetic Resonance

COSY Correlation Spectroscopy

GC-MS Gas Chromatography – Mass Spectrometry

HSQC Heteronuclear Single Quantum Coherence

PCA Principal Component Analysis

PLS-DA Partial Least Squares – Discriminant Analysis

POEA Polyethoxylated Tallow Amine

TOCSY Total Correlation Spectroscopy

HMBC Heteronuclear multiple bond correlation spectroscopy
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Highlights

• GC-MS and 1H NMR identified 43 metabolites in Artemia extracts

• Multivariate analysis revealed dose-dependent differences in metabolite 

expression from Roundup® exposure

• Isopropylamine in the Roundup® formulation contributed to the metabolic 

perturbation

• Roundup® exposure affected one-carbon, carbohydrate, microbial, and 

energy metabolism
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Figure 1. 
Ingredients for the Roundup® formulation: the active ingredient glyphosate, the stabilizing 

salt isopropylamine, and the adjuvant polyethoxylated tallow amine (POEA)
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Figure 2. 
1H NMR spectra of naupliar Artemia extracts labeled with identified metabolites. Refer to 

Table 1 for full metabolite name. The chemical shift reference DSS at 0 ppm is shown in the 

full spectrum, A, with individual spectral regions expanded to show spectral detail. The 

chemical shift range for each inset include: A. 0.8 to 2.2 ppm, B. 2.3 to 3.1 ppm, C. 3.1 to 

3.7 ppm, D. 3.7 to 4.5 ppm, E. 4.5 to 6.5 ppm, F. 6.8 to 8.7 ppm.
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Figure 3. 
Dose-Response Plot for Artemia mortality with exposure to Roundup®. The LC50 is 

determined to be 237 ± 23 ppm Roundup®.
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Figure 4. 
Multivariate analysis of GC-MS and NMR dose-dependent results compiled in SIMCA. (a) 

Multiblock-PCA score plot with PC1 = 23.2% and PC2 = 12.4% explained variance for 

control (green), 1.00 ppm (purple), 10.0 ppm (red), 50.0 ppm (yellow), and 100 ppm (blue) 

Roundup®. (b) Loading plot indicating how metabolites from GC-MS and NMR contribute 

to the variance in PC1 and PC2.
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Figure 5. 
Volcano plots for control vs 100 ppm Roundup® exposure for metabolites identified by GC-

MS (left) and NMR (right). Variables in blue are significant (p-value < 0.05) and exhibit fold 

changes > 1.2 or < 0.8. On the x-axis, negative values represent metabolites with a positive 

fold change (increased concentration) compared to the control.
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Figure 6. 
Box and whisker plots of significant variables for each Roundup® dose in 1H NMR and GC-

MS analysis. The box represents the interquartile range, the bar represents the median of the 

dataset, the whiskers extend to the highest and lowest observations, and black circles 

represent statistical outliers.
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Table 1.

Metabolites identified by 1H NMR and GC-MS spectra of Artemia extracts.

Metabolites 1H Chemical Shift (ppm) GC Retention Index

Amino Acid

Alanine (Ala) 1.464d, 3.77*

Arginine (Arg) 1.900m, 3.238m 1821.6

Asparagine (Asn) 2.840m, 2.943dd, 3.99* 1496.9; 1589.2

Aspartate (Asp) 2.667m, 2.802dd, 3.89* 1511.8

Glutamate (Glu) 2.051m, 2.139m, 2.342m 1615.4

Glutamine (Gln) 2.123m, 2.440q, 3.76* 1723.1; 1769

Glycine (Gly) 3.556s 1303

Histidine (His) 3.103m, 3.23*, 3.98*, 7.073s, 7.837s 1914.2

Isoleucine (Ile) 0.929m, 1.002d, 1.252m, 1.461m 1180.3; 1290.5

Leucine (Leu) 0.952t, 1.708m, 3.72* 1159.7

Lysine (Lys) 1.470m, 1.714m, 1.907m, 3.018m, 3.75* 1702; 1916

Methionine (Met) 2.126m, 2.637t, 3.840* 1511.4

Phenylalanine (Phe) 3.117m, 3.276, 3.983*, 7.318d, 7.372t, 7.418t 1621.3

Proline (Pro) 2.027m, 2.347m, 3.330m, 3.414, 4.119dd 1295.4; 1573

Serine (Ser) 3.83*, 3.952m 1356.8

Threonine (Thr) 1.323d, 4.245m 1381.4

Tryptophan (Trp) 7.189t, 7.276t, 7.534d, 7.724d 2204.7

Tyrosine (Tyr) 3.037*, 3.182*, 3.927*, 6.885d, 7.184d 1933.4

Valine (Val) 0.982d, 1.034d, 2.264m, 3.603* 1213.5

Osmolyte

Betaine 3.258s, 3.894s

Choline 3.185s, 3.51*, 4.052m

Formate 8.445s

Glycerol 3.550m, 3.641m

Glycerophosphocholine 3.212s, 3.40*, 3.47*, 3.75*, 3.98*

Homarine 4.357s, 8.534dd, 8.77*

Lactate 1.322d, 4.124m

Methanol 3.345s

Phosphocholine 3.195s, 3.58*, 4.17*

Taurine 3.417m, 3.33* 1660.9

Sugar

Gadusol 2.379d, 2.686d, 3.502s, 3.567, 3.718, 4.107s

Glucose 3.24*, 13.40*, 3.44*, 4.635d, 5.223d 1887.4

Maltose 4.636d, 5.223d, 5.406d

Myo-inositol 2072.8

N-acetylglucosamine 5.196d 2059.2

Trehalose 5.196d

Nucleic Acid
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Metabolites 1H Chemical Shift (ppm) GC Retention Index

Cytidine 5.899d, 6.093d

Guanosine 5.899d, 7.899s

Inosine 4.428m, 6.093d, 8.224s, 8.329s 2566.5

Uracil 5.794d, 7.528d 1334.1

Uric acid 2085.1

Uridine 3.85*, 4.12*, 4.22*, 5.902m, 7.855d

Polyamine

Ornithine 3.053t 1610.5;1811.7

Ornithine-1,5-lactam 1452.6

Putrescine 1729.1

Urea 1240.6

Other

L-DOPA 2081.6

Glycyl-proline 1973.8

Pyroglutamate 2.03*, 2.39*, 2.501m, 4.168dd

Exogenous

Isopropylamine 1.294d, 3.48*

Asterisks (*) indicate resonances identified in COSY or TOCSY NMR spectra. These values are reported to two decimal places due to the reduced 
resolution of 2D spectra. Resonance multiplicity are indicated by singlet (s), doublet (d), triplet (t), doublet of doublets (dd), and multiplet (m).
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