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of the gaping behavior of mollusks during emergembe. change in tissue distribution and
mass balance dfC-labeled nutrients (J°C-glucose and 2°C/**N-glycine) provides the
basis for a new quantitativBuxomic method for eluciding sublethal environmental
effects in marine organisms called whole body mass balance phenaioniMBaP).

Keywords: H & '¥C NMR; metabolomic; fluxomic; oyster; mass balance;
2-BC/*N-glycine; Ut*C-glucose

1. Introduction

Our understanding of orgaspecific toxicity is primarily based on a combination of traditional
toxicokinetic studies that follow absorption, distribution, biotransformation and excretion of xenobiotics
and toxicodynamic studieShe central concept is that perturbed metabolibvpags will result in
detectable changes in the mass balance of metabolites compared to baseline conditions. From
concept comes the corollary that careful comprehensive quantification of these perturbations ci
elucidate the biochemical basis of theitiy. Typically *“C tracers have been used in environmental
toxicology to study comprehensive distribution and disposition of xenobiotics in whole organisms [1,2]
More recently, highly sensitive analytical platforms including NMR spectroscopy and peag®setry
have allowed using stable isotopes for metabolic pathway analisen physiological concentrations
of metabolites are within the range B NMR spectroscopic sensitivity, regihe, noninvasive,
in situ, metabolic distribution and dispdsih studies [3] can generate comprehensive toxicodynamic
data.In these situation§’C NMR spectroscopy ofC labeled nutrients can be used to determine the
metabolic effects of environmental stressors including toxic@hisse techniques make it possild
use a single time point analysis to study tdependent changes the wide array of biochemical
reaction velocities of an organi@nmetabolism, or the fluxome [4]. This is the basis of whole body
mass balance phenotyping (WoMBaP), a new toxicodymamethod that quantitatively expresses the
character of the metabolome and the fluxome as they respond to an environmental stress. A previc
metabolomic study usintH NMR spectroscopy has identified the biochemjmalfile of the Eastern
oyster Crasso$rea virginica [5]. This study [5] provides the basis for developing WoMBaP for this
species, potentially including nenvasive,in vivo WoMBaP studies that would use localized NMR
spectroscopy [6,7] or chemical shift imaging (CSI) of intact oysterstg3jletermine the metabolic
contribution of integrated functional organ systefiitgs ability to sample living oysters would permit
longitudinalin vivo NMR or CSI studies of chemical dynamics to facilitate the interpretation of the
biochemical impacts darget organ disease or intoxicati@wL1].

This is the first comprehensiVéC fluxomic study of oysters using two metabolically important
13C-labeled nutrients, glucose and glycine. Therefore, the major goal of this study was to establis|
baseliné*C distributions derived from B°C-glucose and-2°C/**N-glycine among oyster tissues, and to
demonstrate the feasibility of using WoMBaP in the oyster model. Specifically, Eastern oysters wel
exposed to three different treatments*i@*°N-glycine, U'C-glucose, and™*C/°N-glycine +
U-C-glucose) and four dissected organ blocks were analyzefGf{H-NMR-based WoMBaP:

(1) adductomuscle (2) mantle (3) gills; and (4) the gastrointestinal (Gl) tract including the stomach
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and digestive gland. An initi 'H NMR metabolomic study demonstrated that the osmolyte betaine was
the most abundant metabolite in all tissues, as were primary metabolites of the Krebs cycle and the ¢
product of glycolysis, which is alanine rather than lactate in oysteM|B].ch@e glucose to probe
glycolysis and the Krebs cycle, while glycine was chosen to probe betaine, which is trimethylglycine, ¢
well glutathione metabolism because glutathione has been the focus of many toxicology studies wi
oysters [1814]. In addition, gfcine forms serine, and a recent publication has been shown tHh3 the
serine isotopomers formed from'&-glycine can be used to determine the percent produced in
the mitochondriaversuscytosol, as well as the mitochondrial redox status [15]. Finallyecent
comprehensive transcriptomics publication on the Pacific oy§tegigad suggested that a primary
pathway for alanine synthesis is via the alaglyexylate transamination (AGT) pathway [16], wherein
the NHs from 23C/*N-glycine will combne with pyruvate forming alanine and glyoxylate.
Therefore, the relative contribution of alanine derived from AGT and alanine amino transaminase (ALT
will be easily detected byC NMR analysis of oysters fed'2C/**N-glycine and W**C-glucose.

2. Resuts and Discussion
2.1. Comparison of the Perchloric AaidrsusMethanol Extraction Methods Applied@yster Tissues

Previous'H NMR metabolomic studies have revealed that mantle and the digestive gland/stomac
tissue blocks contain a large amount of glyen (0.B7 mg of glycogen per 10§ of oyster tissue,
depending on the season), but adductor muscle does not [5]. Recent extraction studies have shc
that perchloric acid extraction gfycogen is efficient [4]. Glycogen confounds spectral analysis by
co-resonating with other metabolites between 856282 ppm, such as serine and glycierchloric acid
extraction was used in the initial studies (Fig1AN top spectrum), but to simplify thtH NMR
spectra and more accurately quantfiz fractional enchments of glycine, betaine, glutathione,
serine, and potentially other metabolites not listed in Figuseibsequent studiesed 50% methanol
to extract tissuesF{gure 1AN bottom spectrum).

Perchloric acid extracts divalent cations, which broaden spgmtaks. The mantlé=igure 1B,
top spectrum) and digestive gland/stomach demonstrated this broadened line width, while spect
quality was relatively sharp in extracts of adductor muscle tisBigeiré 1B, middle spectrum).

The peaks of the C2 and @8sitions of thé*C serine isotopomers represented by the triplets centered
at 57.3ppm and 61.2 ppm, respectively, show a sharpening of the triplet and increased resolution
spectral quality from the methanol extract tissue. Treatment with Chelex@sim bead that chelates
divalent metal ions, did not significantly increase resolution of the methanol tissue extract, suggestir
that methanostufficiently precipitates divalent cations, and that divalent cations were a likely cause of
the broadeningn this region. Because perchloric acid extract of adductor muscle tissue did not exhibi
the same broadening of these resonanéeguie 1B, bottom spectrum) seen in the digestive
gland/stomach, mantle, and gill tissue blodkgre 1B, top spectrum) suggasthat the later tissues
may contain higher concentrations of divalent metals. It is well documented that cadmium, iror
copper, and other cations are accumulated in oyster hepatopancreas and ni®ifle [17
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Figure 1. (A) RepresentativéH NMR spectra ofthe mantle tissue block of oysters
exposed to W3C-glucose and extracted with 8% perchloric acid showing the broad
resonances between 5.42 ppm and 3.25 fipp) and the increase in resolution in the
same region due to precipitation of glycogen duringaexion with methanol (bottom).
(B) Representative portions of thi€ NMR spectra of the mantle tissue block from oysters
exposed to seawater containing 2.7 mMF@**N-glycine and extracted with perchloric
acid (top) and 50% methanol (middlend perhloric acid extract of muscle (bottorfipm
oysters exposed to seawater containing 2.7 mIRCylycine.
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Figure 2. A schematicbiochemical representation of the various known metabolic
pathwaysin the oyster biosystem that were expectetheégprobed by Y3C-glucose and
2-*C/™N-glycine. The schematic map shows glycolysis, Krebs cycle, glycine and serine
metabolism expected in the cell cytosol, mitochondria or symbiotic bacteria. The star and
asterisk track the position of th€ and™N in metabolites of 2°C/*°N-glycine. The*C-labeled
metabolites of L*C-glucose are not shown, but it would uniformly label glycogen, alanine,
while the labeling pattern of glutamate formed by the Krebs cycle is discussed in the text.
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Abbreviations: AST, alanineglyoxylatetransaminas¢EC 2.6.1.44); ALT, Alanine transaminase (EC 2.6.1.2);
Glycine cleavage system [glycine dehydrogenase (GLDC) EC 1.4.4.2; aminomethyltransferase (AMT) EC
2.1.2.10]; SHMT, serine hydroxymethyl transferase (EC 2.1.2.1),
L-serine ammonia lyase (SAL, EC 4.3.1.17}.DH, D-lactate dehydrogenase; PC, pyruvate carboxylase;
PDH, pyruvate dehydrogenase.

2.2. Tissue Distribution of-2*C/*°*N-Glycine andJ-'*C-Glucose in the Four Tissues and Treatments

The weight of the oyster andkspective tissue blocks in the four treatments are presented in
Table 1 The standard deviations for some of the tissue blocks, especially the gills, were very high, ar
we attribute this to using wet weights of tissues rather than reporting on a dht WasisThe need
to quench the metabolism rapidliy]d not permit the time to thoroughly dry thissue Dry weight
reporting will beused in future studigs more accuratg reportof metabolite concentrations
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In the present study, the molar ratiostleé same 20 metaboliteescribedn a previous'H NMR
metabolomic study of the Eastern oyster [5] were not significantly different between the threc
treatments. This result is corroborated by the principal component analysis (PCA)'bf MéR
spectra 6 the four tissus displayed in Figure 3A showing little separation within each tissue.
However, the PCA analysis of tHel NMR spectra does reflect metabolic differences betviken
tissues especially the muscle compared to mantle, gills, and digestivé/sibmach Kigure 3A).

In contrast, the PCA analysis of representati@NMR spectraof the four tissues displayed a clear
difference in*3C metabolites between the three treatmefigute 3B). This likely reflects the different
spectral patterns ofhe parent**C-labeled compound, -2C/**N-glycine and WU=C-glucose, and
their metabolites.

Figure 3. (A) The principal component analysis (PCA) of the'4spectra of the four
oyster tissue blocks (mantle, gills, digestive gland/stomach, and mussdgdtrwith
just seawater or seawater containing 2.7 mfMC*°N-glycine, 5.5 mM W'3C-glucose, or
2.7 mM 23C/*N-glycine plus 5.5 mM t°C-glucose (B) The PCA plot of the*C
spectra of the four oyster tissue blocks from oyster exposed to the rémaents as in
(A). Both 2.7 mM 2"C/*N-glycine plus 5.5 mM U°C-glucoseis situatedoetween the
2.7 mM 23C/*N-glycine (right) and 5.5 mM U°C-glucose (left), indicating that the
parent and metabolites are contributing to this separation.
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Table 1. Weights of the four tissue blocks used in the 48 h uptake experiment using
2-13C/*N-glycine and U=C-glucose, and th&C fractional enrichment of alanine determined
at the C3 position from tH&l NMR spectrumgee Experimental Secti@2 andSection3.6).

Total * Muscle Gills Stomach Mantle
Weight £ Weight £ Weight £ Weight £ Weight
SD, g (%*C SD,g(%*C SD,g(%®C SD,g(%*C SD,g (%°C
Ala + SD) Ala + SD) Ala + SD) Ala+SD)  Ala+ SD)
56.3+13.2 0.43£0.12 0.67+0.10 1.26+0.64 1.60x£0.59

- (ND) (ND) (ND) (ND)

Treatment N

Control 4
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Table 1.Cont.

Total * Muscle Gills Stomach Mantle
Weight £ Weight £ Weight + Weight + Weight +
SD, g (%*C SD,g(%®C SD,g(%°C SD,g(%*C SD,g(%°C
Ala + SD) Ala + SD) Ala + SD) Ala + SD) Ala + SD)
2-13C/N- 535+ 135 045+0.18 1.03+0.35 1.16+0.11 1.39+0.69

Glycine - (ND) (ND) (ND) (ND)
55.5+21.5 0.42+0.23 0.63+0.26 1.00+0.65 0.89+0.31
- (23% + 36)  (20% + Jb)  (23% + 106)  (15% + Pb)

Treatment N

U-*C-Glucose 4

2130 /15N -
Glycine+ 4

U-"*C-Glucose

* The average weight for each group of Eastern Oyster was made with water including shell and contained

water, whie the various organ blocks were weighed after dissection and prior to extraction. Abbreviations:

N is the number of replicates per treatment; SD is standard deviation; ND is not detected.

56+10.8 0.48+0.15 0.95+0.12 1.23+0.39 +0.42
- (18% + 26)  (16% + Db)  (25% + 126) (13% = %)

2.3. Mass Balance 6fC-labeled Metabolites ithin Each of the Bsue Blocks

Both glycine and glucose ametabolized in all four organ blocks in a similar manner, but glycogen
is significantly**C-labeled in the mantle and digestive gland/stomach for those treatments containin
U-C-glucose. Glycogen does not appeartie *C spectrum shown ifFigure 4 because it is
precipitated during the methanol/water extraction processsetion2). When 23C/*N-glycine is
applied, it is metabolized to serin€he supposition that serine is entirely formed from glycine is
supported by thé®C-'*N coupling constant &k) of 6.3 Hz, which as expected is detected only in the
resonance of the C2 and not C3 of serilso, the ratio of the serine isotopomeits.( 2,3**C-serine,
2-%C-serine, and 3%C-serine) is that expectefiall of the glycinederived serine was formed in the
mitochondria [15]. Interestingly, although one of the metabolic pathways of betaine formation is
trimethylation of glycine, we detect MdC or N labeling of betaine, suggesting that at least under
these metabolic conditions, betaine forms from other metabolic pathways or is assidiittig in
the diet. However, in the-¥C/*N-glycine treatment, a minor amount of mitochonedefived serine
forms alanine probably by entering glycolysis (spgotmot shown), and even less labeled aspartate
andglutamate are formed via the Krebs cycle.

Based on our isotopomer analysis, all of the alanine in tH€/2N-glycine + U'*C-glucose
treatment is formed from glucose via glycolysis. From the varidGs'H one bonecoupling
constants, the primary alanine isotopomer i$’Ctalanine. We do not detect fractional enrichment
of alanine obtained from th&¥C-satelite peaks of the C3 position of alaniféggre 1A) in the
2-%C-glycine treatmentsin the twotreatments containing £#C-glucose ie., 2 mM U-**C-glucose
and 2'C-glycine plus UC-glucose), between ¥6E25% of the alanine pool in the four tissue blocks
(gills, mantle, muscle, and digestive gland/stomach) was labeled by'fi@dlucose aftethree days
of exposure Table ). Unlabeled glycogen, lipid or protein stores likely contributed, as the oysters
were not fed during the 3 days of treatment and likely survived on endogenous energy stores. In fact
is somewhat surprising that as mwada quarter of the alanine pool was labeled by exogenous glucose
dissolve in the seawater. The discovery that glucose but not glycine contribute to alanine production
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similar to previous enzyme studies quantifying alanine aminotransferase [22,23¢ebtitr@nscriptomic
studies during environmental stress conditions have foundegipating of alaninglyoxylate
transaminase. Future WoMBaP studies should include this#/AIN labeling scheme of glycine to

easily probe the AGT pathway in case thashpvay becomes important during stress conditions.

Figure 4. Representativ€®C NMR spectra of methanol extract of mantle from oysters after

48 h of exposure to 2.7 mM-3C/**N-glycine and 5.5 mM W3C-glucose in seawater.

Inset spectral enlargements shdhe various coupling constants derived from the
spectrum. Given in the tables below the spectrum are the respective chemical shifts and
carboncarbon coupling constants.dJof the various>C isotopomers and associated peak
areas. Thé>C spectrum athie bottom of the figure identifies dffC-labeled metabolites
detected in this study, and is from the crushed oyster experiment discussed in the text.
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The comparison of the levels of 1,2&-glutamateversus4,5*C-glutamate after administration
of U-"*C-glucose has been used as a relative measure of entry into the Krebs cycle via pyruva
carboxylase (PQjersuspyruvate dehydrogenase (PDH), respectively in rats, for over 25 years [24,25]
In our experiments, a significant amount of3@-pyruvate deved from U-**C-glucose enters the Krebs
cycle labeling the C3 and C4 of glutamaég(re 4, with entry via pyruvate dehydrogenase forming
4,53C-glutamate (Figure 5Ayesulting in theC2-C3 coupling constant ¢dcs = 51 Hz) shown in
Figure 4.A relaively large amount of 2;3’C-glutamate forms via Y°C-pyruvateentering the Krebs
cycle through the activity of pyruvate carboxylaBegygre 5B [4]. We also detect a small amount of
labeled glutamate at the C2 position (centered at 55.3 ppm), but dosufficient signatto-noise
ratios, isotopomers are not quantifigdowever, the presence of'2C label at the C2 position is
detected through G€3 coupling constantdcz.cz = 31 Hz) shown in kgure 4 Also, the use of wet
weights for organ blocks diabt permit accurate calculation of concentrations and fractional enrichments.
In future studies th&C fractional enrichment of tHéC-labeled metabolites must be calculated.

Figure 5. The metabolic scrambling of {°C-glucose entering the Krebs cycleavi
pyruvate dehydrogenasA)(and pyruvate carboxylasB)(showing the pathway by which
various isotopomers formThe *C scrambling of labeled {fC-pyruvate entering the
Krebs cycleshowsthat the 1,2,3°C-glutamate and 1,2;3C-aspartate isotopomers lpn

form by entry into the Krebs cycle via pyruvate carboxylaggle 4,5*°C-glutamate and

3,4*C-aspartatdorms via pyruvate dehydrogenase
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2.4, Effect of Hypoxic Stress on the Oyster Mass Balance

As an example dfiVoMBaP application we inwtigate the oyster response to what we hypothesized
to be hypoxia experienced at low tide when oysters are OemergedO and can be exposed to air. Ale
and serine isotopomers derived from‘i@-glucose and -2°C-glycine, respectivelywas detected in
water from the shell of the emerged oysteEig(re 6AN top spectrum). However, the dominant
metabolites were propionic acid and acetate derived fréfiC\dlucoseby propionic acid fermentation
(Figure 6AN top spectrum
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Figure 6. (A) Representativé’C NMR spetra of the seawater at the start, 1 day and

3 days of exposure to 2.7 mMZC/**N-glycine plus 5.5 mM U>C-glucose under normal
water and submerged conditionsAfter 24 h slightly more glycine than glucose is
consumed and bicarbonate at 163 ppm isléab@g ot shown), likely formed from dissolved
carbon dioxide, a catabolite of the Krebs cytherd spectrum from top By the third day,

no glucose or glycine is detected in the seawaezandspectrum frontop). Water from

the shell of emerged or thetically OhypoxicO oyster revealed thdf@glucosederived
1,2,3C-alanine, 1,2,3%C-propionate (12.8, 33.4, 185 ppm), -1*¢-acetate (24 and82.3

ppm) and 2°C-glycine derived serine was secreted into this space (top spectrum)
(B) Representate *C NMR spectra (10 ppBL05 ppm) of the perchloric acid extracts of
oyster tissues (gills were included with the mantle for the emergence experiment) from
contol and oysters exposed to 12 dfh emergence. Perchloric acid rather methanol
extraction was sed in order to extract the glycogen and demonstrate its tissue distribution.
The chemical shift and concentration referencéC2acetate (singlet at 24 ppm) was
added to the tissue extractdote that although -2*C-acetate was added to the NMR
samplesas a concentration chemical shift reference the C2 acetate at 24 ppm in A and top
spectrum is composed of a doublet represeritjgd°C-acetate
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In bothemerged and submerged oysters the largest peaks T HCthNMR spectra of the extraaté
the three tissue blocks shown Rigure 6Bare from U'*C-glucose derived alanine, the epibduct
of anaerobic glycolysis in oysters E#B]. The most obvious difference between the spectra of the
different tissue blocks of emerged oysters is thgtagen is present in the mantlgills were
included), and the digestive gland/stomach but not the adductor megglee(6B). In all tissues,
either the naturdC abundant osmolytes such as taurine and betaine decrease, or aifefiabeled
metabdites increase. In addition, based on the glutamate isotopomeric analy$i€;pyruvate in
these animals entered the Krebs cycle via pyruvate dehydrogenase and pyruvate carboxylase in
tissues. Other studies on oyster have shown the existence ofatgyrdehydrogenase, pyruvate
carboxylase, malic enzyme, and PEP carboxykinase, and the effects of season and environmel
stress [2@7]. Together these findings suggest that aerobic metabolism occurs throughout emergenc
Because glutamate is producedhe Krebs cycle through aerobic metabolism, this suggests there was
sufficient oxygen present in the emerged oySthrs may be occurring through miegaping behavior
in air. The finding is in agreement with interpretations proposeéhfeivoreattime *'P NMR studies
of mussels [6]. Emerged conditions also cause concentrations of natural abundance betaine,
osmolyte, to decrease in all tissueg(re 6B, compaed control to emerged spectra).

Betaine, which is trimethylglycine, is ndtC-labeled ad thus not derived from-2C-glycine.

It should be noted that there reesaturation effects evidenced by the C3 and C2 peak areas of serine
wherein the dipolar relaxation of the C3 position has twice the protons and thereby a shorte
T, relaxation valuehan the C2 position [12]. The glycine cleavage system requires MA@Dwithout
oxygen NADH should accumulate as the electron transport chain is uncoupled and negative feedbe
slows the Krebs cycle. However, théC-labeled Krebscycle anaplerotic produ, isotopomers of
glutamate, also increases in emerged oysters, suggesting that the Krebs cycle was not pertur!
(Figure 6B). Glutamate isotopomers are the largest peaks in the seawater retained in the emerg
oysters suggesting that the Krebs cycleasva during emergence and that these compounds were
actively secreted into this intishell compartment. Surprisingly, the levels of glycogen in mantle and
the digestive gland/stomach are not especially depleted with emerg@meevould assume these
compunds should be catabolized to glucose for consumption by glycdiygisd€ 6B, compare the

four spectra second from the top).

Earlierin vivo*'P NMR studies of marine mollusk showed that emergence and environmental stres
causes a decrease of intradeltupH [6,7], and in vertebrates, lactate accumulates during anaerobic
glycolysis decreasing intracellular pH, yet only alanine accumulates in mollusk. Metabolomic studie
of the eastern oyster [5] have identified succinate and acetate as significantlitestahnd they
increase in response to environmental stressors such as, temperature and ocean acidification [.
salinity [30], and hypoxia [14,31], affecting intracellular pFa determine if bacteria endemic to the
oyster or oyster symbionts are respible for alanine production rather than the oysher oyster and
its tissue was crushed in seawater containing 5.6 mM glucose with 2.7 mM glyciadoaved to
metabolize for 24 hThe primary metabolite in the pelléigure 7, top spectrum), and seater pellet
(Figure 7, second spectrum from top) is-fC-glucose derived lactate presumably from resident
bacteria on or within the oysteEomparing™>C NMR spectra fronFigures 6Band7 (top spectrum)
supports that the primary glycolytic end produicthe oyster derived from either glucose or glycine is
alanine not lactate. Although this is well established, it is interesting to highlight that bacteria wer:
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present in the exposure chamber exposing viable oysters, and the oyster either maintaiaett@l b
level by filtering the seawater and consuming them or inhibiting symbiont lactate production. This ma
be important in future environmental stress studies as hypercapnia has been shown talribibit
oyster infection [32], and simple analysislactate in the seawater could be a rapid easure of quality
assurance in future stress studies. Also as expected, the indigenous B¥ctediel the various
metabolites involved in the Krebs cycle producing citrate, succinate, aspartate, glutantetis, @oe
alanine from WC-glucose and serine from'3C-glycine Figure 7N top spectrum).

Figure 7. Representativé’C NMR spectra of the seawater from this incubation at the
beginning of the experiment (bottom spectrum), and seawater supernatant gpadtiem)

and extracted pellet containing the oyster carcass (top spedften)centrifugation and

24 h of incubation at room temperature. This study demonstrates the metabolism of
2-BC-glycine and U=C-glucose by endemic bacteria creates signifitevels of anaerobic
glycolytic endproduct, lactate (21 ppm), and additional metabolites (see text).
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2.5.Whole Body Mass Balance Phenotyping (WoMBaP) Summary Plot

Figure 8is a schematic overview of the tissue distribution and mass balaneE@f°N-glycine
and U'3C-glucose after 2 days of exposure. The metabolic pathways correspond to recent transcripton
pathways in oyster exposed to similar conditions [13,14,16,31,33,34]. Theseaddal schematic
WoMBaP metabolic summary plots relate theoant of flux of glucose and glycine through the
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different metabolic pathways by the width of the line, while the eaboling represents the respective

tissues and their relative amounts of whole body consumption by the different pathways of the gluco
ard glycine. This is a relatively easy format to relate entire quantitative fluxomic experiments anc

shifts in the mass balance of metabolites can be a measureletlmlteffects of environmental stress.
Figure 8. The whole body mass balance phenotypiMgo(MBaP summary plot of the
oysters exposed for 3 days to 2.7 mM®@/**N-glycine and 5.5 mM W3C-glucose
in seawater.
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3. Experimental Section
3.1 Acquisition and Husbandry of Oysters

Unless otherwise stated, all chemicals used in this study wermettrom Sigma (St. Louis, MO,
USA). Eastern OystersCfassostrea virginica (50070 g) were collected from Taylorr€ek near

Beaufort, NC, and fasted for one day in Pltered natural seawater prior to the experiments. A total

four oysters (iF 4) were used for each treatment labeled nutrients (as: blariRC glucose 5.5 mM,
3¢ glycine 2.7 mM, and botiC glumse plus=C glycine).

3.2. WoMBaP Experimental Procedure
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A total of sixteen oysters were analyzed by NMR spectroscopg gave very little signal for
muscle and gills and was exclude from analy$asb(e 1) Experimentswere conductedin October
2010. Sawater with salinity 2B82 ppt was obtained from Bogue Sound at the Center for Marine
Sciences and Technology (CMAST), bltered through a @ ®lter, and then used immediately in the
experiments. After fasting for a day, oysters were transferred to a beaker containing 20Patdr ehd
the appropriaté®C labeled nutrients (5.5 mMC glucose, 2.7 mM>C glycine). Aeration was provided
with a 1/4 inchdiameter Tygon? (Aqueon ProductsFranklin, WI, USA) tube inserted into each
beaker bubbling room air lightly to avosfartlingthe oyster into closing. Oysters were maintained at
room temperata@r for 48 h prior to dissection.

3.3. Dissection and Extraction of Oyster Tissue Blocks

Four issue blocks ((1) muscle; (2) Gl with digestive gland; (3) mantle with heart; (4) gills) were
harvested within 30 s of quickly opening the shell using an oyster knife. The harvested blocks wel
immediately frozen in liquid nitrogen. Each organ block was pulverized individually using a stainless
steel mortar and pestle with constant addition of diqutrogen. The crushed organ block was then
transferred to a 50 cc polyethylene disposable centrifuge tube and weighed. For perchloric ac
extraction, 8% perchloric acid was addedo2 v:w (volume:weight).Methanol extractions were
performed by addin$0% methanol to the sample suspended in water to achiese-a vtw ratio.

This mixture was vortexed for 1 min, before being refrigerated over(dgi). After centrifugation

at 4,500 gfor 5 min, the supernatant was collected, &mel pH adjusted witlseries of potassium
hydroxide concentrations to precipitate perchlorate salts and achieve a slightly alkaline pH betwet
pH 707.4. The supernatant was then centrifuged again at 4,5005min to settle any precipitate.
The clear supernatant was thgoghilized in a 50 cc polyethylene disposable tube and stored in a
plastic cryovial at'80 jC until spectroscopy was performed. Even though drying the tissue prior to
extraction and operating with dry weights giving more reliable concentration measuresoemsof

the compounds can oxidize and evaporate during the lyophilization. So in this study weOve quencl
metabolism and extracted the tissues immediately after harvesting and weighting, which resulted
using wet tissue weights and molar rations.

3.4.Emergence and Cruste@yster Experimental Procedure

To investigate whether lactate accumulates with emergence and if it forms from endemic bacteri
two experiments were performed: (1) two oysters for the emergence study and (2) one oyster for t
indemic bacteria study. Fothe emergence study, the tars were exposed for 48th 2.7 mM
2-1*C/*N-glycine plus 5.5 mM H°C-glucose under normal cotidins at room temperature (~28);
in the dosing chamber. The control oyster remained in the perfusia@msystile the OhypoxicO
oyster was removed from wat@nd kept emerged for 12airoom temperature simulating edoble
low tideO. After the 12 the oysters were dissected and extracted. In order to expedite metabolic
guenching the gills were not dissed and included with the mantle, so only three tissue blocks
((1) muscle; (2) Gl with digestive gland; (3) mantle with heart and gills) were analysed. For the
endemic bacteria oyster experiment, the oyster tissue was crushed to a fine suspensiareshd filt
through 200 prmylon mesh and the filtrate was incubated with 2.7 mNCZ*N-glycine plus 5.5 mM
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U-C-glucose in 50 mL filtered seawater in a beakighout bubbling. After 12 hthe suspension was
centrifuged at4,500 g for 5 min and the pellet was extted with perchloric acid, while the
supernatant lyophilized directly

3.5.'H and*C NMRSpectrosopy of Extracted Tissue Blocks

Lyophilized powder from the perchloric acid extraction for each ofdigan blocks for each
oyster was dissolved in OriL deuterium oxide with 0.2% TSP and transferred to a 5 mm NMR tube.
The'H NMR spectra were acquired at 25 jC using a 14.1 T Variama spectrometer equipped with
a 5 mm HCN NMR probe with a ormilse sequence using a 90;j Bip angle, with a 1.5 s presaturation
pulse on residual water, a 2.5 s acquisition time and tefagation time resulting in a 4 s repetition
time. The sweep widtlvas 6,000Hz andacquired with 15,000 complex points, and 128 transients.
The'*C NMR spectra were acquired at 25 jC using a 14.1 T Varian Inova spectrometer equipped wil
a 5 mm broadband NMR probe with a gndse sequence with WALTZ decoupling durirggjaisition,

a 2 sacquisition time and 2 melaxation time resulting in 4 s repetition time. The sweep width was
32,000 Hz and acquired with 64,000 complex points. For the WoMBaP studies there were 512 transie!
and for the emergenstudies there wergd24 transients.

3.6. Analysis ofH and**C NMRSpectra and Generation of WoMBaP Summary Plots

Data were analyzed using an AQRbs 9.0 1D NMR Processor (ACD Lab3$§ spectra were
zeroblled to 32,000 points, and line broadened using a 0.3 Hz exponG&aimsian function.
Metabolites were identified in thBH NMR spectra based on previous studies of the eastern oyster
metabolome[5]. Though we attempted to calculate concentrations based ofHtlspectrum by
comparing areas under peaks to TSP peakseasopsly described [35], unfortunately our use of wet
weights for the tissue blocks contributed excessive variability, most likely because of the presence
extra sea water, particularly for the gillBherefore, rather than concentrations, molar ratiesew
established by dividing the area under a peak by the sum of all peak areas in the spectrum, exclud
the water peak. NMR determination of molar ratios is a conventional and validated method for metabol
profiling [36,37]. The'*C fractional enrichmes were obtained from tH&C satellite peaks in théd
NMR spectra [38]. For the Principal Component Analysis, spectra were binned into 0.005 ppn
buckets, using whole spectrum area as a reference. TSP (<0.5 ppm), w&®® (gpm) and >9.5
ppm regions wre excluded. Data were moved to the SIMCA P+ software (Umetrics, Umea, Sweden
where Principal Component Analysis onb¥ck was performed. First and second component were
used to make the score scatter plot. The WoMBaP summary plots were generatetipbyinguhe
weight of each tissue by tHéC fractional concentration of-ZC-glycine and U*C-glucose, and
expressed as the thickness of the colored line. In the present study, the molar ratios frbranithe
13C spectra were used to avoid the highalkility encountered with the wet weighfBaple .

4. Conclusions

The tissue distribution and disposition of*Z-glycine and W=C-glucose inC. virginica was
determined. Isopopmeric analysis revealed that glucose was pric@mgymedn glycolysisand the
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Krebs cycle forminglanine,and glutamate and aspartate, respectivetyexpected, alanine is the end
product ofglycolysis in oysters rather than lactate, while lactate is the end product for many bacteri
found in seawater. Alanine was produce alanine transaminase and not alagly@xylate
transaminase. Glycine was converted primarily to serine via the glycine cycle and serine was entire
formed in the mitochondria. These initial isotopomer studies form the basis of a new fluxomic
phenotying method, WoMBaP, which has potential for elucidatinglsthml environmental stressors.

In future studies using a dnyeight basis for concentration calculatipasd the use of a fast 2D NMR
technique rather than 18C and*H NMR spectroscopyshoud be considered.
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