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A B S T R A C T   

Over the past 50 years, 31P NMR has proven a powerful tool for obtaining information on cellular biochemistry. 
Here we use this technique for the first time to study intracellular phosphorous metabolites in skeletal muscle 
tissue of wild and farmed salmon, to investigate possible effects due to differences in diet and way of life. The 
wild salmon sample shows a significantly more diverse composition of metabolites compared to the farmed 
salmon sample. The differences are evident in the entire spectrum, including regions displaying resonances from 
phosphomonoesters and sugar phosphates, as well as other molecules important for phospholipid metabolism. 

It is demonstrated that 31P MAS NMR can be used to study a broad range of phosphorus metabolites ex vivo, 
which can give useful information, both on its own or as a supplement to other extraction-based analyses. Further 
31P MAS NMR investigations on farmed salmon raised under different controlled conditions may give important 
insights into the broad array of health issues seen in farmed salmon.   

The mortality rate of farmed salmon is currently around 15 % in 
Norwegian fish farms, not including destruction of fish due to e.g. de
formities. According to the annual Fish Health Report from the Nor
wegian Veterinary Institute, various infections are a significant cause of 
the baseline mortality. The reasons for the high baseline mortality are 
complex and not fully understood, and involves factors related to pro
duction and health, as well as environmental factors [1]. A better un
derstanding of the biochemistry of the salmon is crucial to understand 
the relationship between mortality and factors related to salmon health. 
Here, we explore the use of the non-intrusive technique 31P Magic Angle 
Spinning (MAS) NMR to obtain such information on tissues ex vivo. 

In contrast to 1H and 13C NMR, 31P NMR of tissues and cells show a 
limited number of resonances. Nonetheless, since the pioneering work in 
this field during the 1970′s [2,3], metabolites that contain phosphorous 
in sufficient levels have revealed crucial information on cellu
lar biochemistry and physiology. 

Inorganic phosphorous (Pi) is the most abundant phosphorous specie 
in the intracellular environment, constituting about 30 % of the total 
phosphorous content [4]. Other abundant metabolites include sugar 
phosphates, phosphocreatine (muscle tissues in particular) and nucleo
sides, as well as phosphomonoesters (PME) and phosphodiester (PDE), 
which are building blocks for phospholipid cellular membranes. 

Deprivation of phosphorous in humans is known to manifest in a 

number of disorders, particularly in the musculoskeletal system [5]. 
Similarly, inadequate phosphorous content in the feed of fish has shown 
to have adverse effects on bone health and growth [6,7], as well as 
changing rates of expression of a number of enzymes [8] and causing 
deformities [7,9]. 

The metabolism of phosphorous depends on several other factors 
than the source of phosphorous itself. Fatty acids, in the form of diac
ylglycerol, make up the oleophilic acyl chains of phospholipids. Inges
tion of high amounts of long-chain marine omega-3 fatty acids leads to 
high incorporation of eicosapentaenoic acid (EPA) and docosahexaenoic 
acid (DHA) into membrane phospholipids and a membrane packing that 
differs from a phospholipid membrane with low amounts of EPA and 
DHA. This in turn can affect membrane fluidity and function [10,11]. 
13C Magic Angle Spinning (MAS) NMR spectroscopy can quantify the 
most relevant fatty acids in salmon fat within 40 min, without use of 
chemical extractions. 

Furthermore, it is well known that fatty acids in general, and marine 
omega-3s in particular, affect lipid metabolism in both humans and 
animals, as well as the phospholipid composition of cellular membranes 
[12]. Kellner et al. (2017) found that an omega-3 rich diet suppressed 
the mRNA abundance of genes involved in lipolysis in both adipose 
tissue and the liver of pigs [13]. Dagnelie et al. (1993) studied effects of 
varying dietary marine omega-3 on rats and humans using 31P NMR, and 
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found markedly reduced phosphocholine (PC) levels in rat livers 
following high fish oil consumption, with a combined rise in glycer
ophosphocholine (GPC) [14]. This is consistent with a shift from the 
phospholipase C to the phospholipase A1/A2 pathway of phosphati
dylcholine breakdown. 

Levels of dietary marine omega-3 in farmed salmon feed have 
decreased markedly over the past two decades, which has changed the 
ratio of fatty acids in farmed salmon [15,16]. Marine omega-3 s have 
now to a large extent been replaced by vegetable fatty acids to increase 
sustainability of fish farming. In a previous solid-state 13C NMR study 
[16] it was found that the high omega-3 content in the farmed salmon 
tissue give cellular membranes that do not pack as well as in the wild 
salmon. This results in higher fluidity of the farmed salmon cellular 
membrane phospholipids compared to the omega-3 rich wild salmon, 
possible health effects will likely be investigated in the future. 

Due to the widely different diet and way of life, it is reasonable to 
expect different metabolic profiles of intracellular phosphorous species 
for farmed and wild salmon. This may in turn directly or indirectly relate 
to salmon health. In this study we have used 31P solid-state NMR for the 
first time to investigate differences in phosphorous metabolites in 
salmon. The chemical shift anisotropy (CSA) of phosphorous originates 
in reduced mobility of the molecules in that the effects of orientation 
dependent interaction with the magnetic field will not be averaged to 
one chemical shift value, the isotropic value. The statistical distribution 
of phospholipids will produce a characteristic broad line-shape for 
superimposed resonances, the CSA. The isotropic shifts of these phos
phorous resonances are found from 31P MAS experiments. When the 
sample spinning in Hz is less than the CSA (in Hz) the spectrum will 

contain spinning sidebands in addition to a resonance at the isotropic 
chemical shift. 

Magic angle spinning (MAS) gives resolved spectra and allows me
tabolites to be studied directly in tissues ex situ. Farmed (Vågen Seafood, 
Norway) and wild (Alta River, Norway) Atlantic salmons are compared 
to identify possible differences. Samples are taken of skeletal muscle at 
the so-called Norwegian Quality Cut (NQT) [17]. The muscle sample 
was placed in 4 mm (80 µL) zirconia MAS rotors. Skeletal muscle 
inflammation is a common cause of mortality in farmed salmon [18], 
and it is thus interesting to understand the differences in intracellular 
biochemistry between farmed and wild salmon for such samples. 

Fig. 1 shows resolved MAS (3500 Hz) and static 31P spectra of skel
etal muscle from a wild (A) and farmed (B) Atlantic salmon. The spin
ning spectra are cut at about the top level of the static spectrum. Labels 
a-j are at isotropic chemical shifts of phosphorous species, the intense 
peak labelled e, f corresponds to two resonances where one has spinning 
sidebands (not shown) and the other is without spinning sidebands at 
the same isotropic chemical shift.Fig. 1 C shows an enhancement of the 
2–3 ppm region. It is obvious that there is a larger variety of phospho
rous metabolites in the wild salmon sample, with ten observable reso
nances, compared to only six observable resonances in the farmed 
salmon sample. 

31P chemical shift values are referenced by external calibration with 
85% H3PO4, where the resonance of H3PO4 is set to zero. The larger 
resonance at about 0.75 ppm in both spectra is inorganic phosphorous 
(Pi). It should be noted that the 31P MAS NMR spectrum of muscle tissues 
will change with time after resection of the tissues. This is primarily due 
to hydrolysis of phosphocreatine, which also generates inorganic phos
phate. Hence, a few hours following tissue resection, the 

Fig. 1. 31P spectra of: A; farmed salmon. B; wild salmon; C shows an 
enhancement of the 2–3 ppm region. Main spectra are static 31P spectra and the 
corresponding MAS (spinning 3500 Hz) spectra. Inserted in both the farmed 
and the wild salmon spectra is the full height MAS spectrum. Labels a-j are at 
isotropic chemical shifts of phosphorous species, the intense peak labelled e, f 
corresponds to two resonances; one with spinning sidebands (not shown) and 
one without at the same chemical shift. 

Fig. 2. A simulated MAS (spinning 3500 HZ) spectrum of the 10 species 
apparent in the wild salmon spectrum show good agreement with the experi
mental spectrum shown. 
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phosphocreatine peak is not expected to be found in the spectrum, in 
favour of an increased signal from inorganic phosphorous [19]. A 
similar process will occur for adenosine triphosphate (ATP). Thus, in our 
spectra peaks from these molecules, which are involved in the energy 
production of the cells, will not give resonances. Instead, peaks will 
originate from molecules such as sugar phosphates, PME and PDE, 
including phosphatidylcholine (PC), GPC, glycero-phospho-ethanol
amine (GPE) and phosphoenolpyruvate. 

In Fig. 2, the MAS 31P spectrum of the wild salmon sample is simu
lated to better visualize different peaks. A simulated spinning (3500 Hz) 
spectrum of the 10 species apparent in the wild salmon spectrum show 
good agreement with the experimental spectrum shown. The simulated 
spectrum was calculated in the “Topsolids” software (Bruker). It can be 
seen that the Pi resonance is made up of two overlapping resonances, 
which correspond to intracellular and extracellular Pi. This is evident by 
only one resonance giving spinning side bands, meaning only one 
resonance originates from intracellular motionally restricted Pi. The 
resonances downfield from Pi (a-d) originate from sugar phosphates and 
phosphomonoesters, including the important phospholipid precursors 
phosphoetanolamine and phosphocholine. Except for resonance d, 
which is common for both the wild and farmed sample, the spectra 
deviate. In particular, the wild sample has a pronounced resonance c, 
whereas the farmed sample lack both resonance a, b and has only a small 
peak at the position of resonance c. Based on literature [20], it is likely 
that resonances a-c are glucose-6-phosphate, fructose-6-phosphate and 
fructose 1-phosphate, although the precise assignment is unknown due 
to significant overlap of these resonances. Glucose-6-phosphate is the 
key to both glycolysis and the pentose phosphate pathway, which are 
two major metabolic pathways in the cells. Fructose-6-phosphate also 
play an important role in glycolysis as the isomerized product of glucose- 
6-phosphate. It should be noted that there is an additional sugar phos
phate resonance in the farmed sample, which is not present in the wild 
sample. This resonance is located slightly up-field from resonance d, at 
2.1 ppm (see Fig. 1 C). This resonance may be assigned to ribose-5- 
phosphate [20], which is the last step of the pentose phosphate 
pathway, and presence of this resonance may as such explain the 
reduction/absence of glucose-6-phosphate and fructose-6-phosphate in 
the farmed sample. However, this resonance is also located at the ex
pected position of PC [14]. 

The spectral region with the most pronounced differences includes 
resonances g-j. Here, for example GPC, glycerophosphoetanolamine 
(GPE) and phosphoenolpyruvate will resonate. In this spectral region, 
there is no overlap of the wild and farmed spectra. 

The chemical shift of resonance g and h relative to Pi indicates GPE 
and GPC, respectively [14]. The presence of these resonances in the wild 

sample, and corresponding absence in the farmed sample, may suggest 
different routes of phospholipid degradation. For example, [14] found 
that a diet rich in marine omega-3 promotes presence of GPC due to the 
phospholipase A1/A2 pathway being preferred for phosphatidylcholine 
breakdown. 

Resonances i and j are broader, which means these originate from 
more motionally restricted molecules, such as phospholipids. In fact, 
line broadening is generally more pronounced in the spectra of the wild 
sample. T2 values for muscle tissue, measured in a series of different 
region of interests in a MRI image (data not shown), were 40 ± 3 ms and 
20 ± 3 ms for farmed and wild salmon, respectively (Fig. 3). MR images 
of salmon fillets (upper row) taken from farmed (a) and wild (b) species. 
In the fillets, the average T2 measured in a series of different regions of 
interest (0.2 mm × 0.2 mm) in the connective tissue has values of (54 ±
3) ms and (35 ± 3) ms for farmed and wild salmon, respectively. The 
corresponding T2 values for muscle tissue in the fillets were (40 ± 3) ms 
and (20 ± 3) ms, respectively. These values will primarily reflect H2O 
mobility, where a lower value indicates lower mobility, and further 
demonstrate the different chemical environments of the two samples, 
causing differences in molecular mobility. 

Fig. 4 shows the C––C region of 13C MAS spectra recorded from the 
same salmon samples, showing resonances from unsaturated fatty acids. 

Fig. 3. MR images of salmon fillets (upper row) taken from farmed (a) and wild (b) species. In the fillets the average T2 measured in the connective tissue has values 
of (54 ± 3) ms and (35 ± 3) ms for farmed and wild salmon, respectively. The corresponding T2 values for muscle tissue in the fillets were (40 ± 3) ms and (20 ± 3) 
ms, respectively. 

Fig. 4. 13C NMR spectra of C = C region show: Top: Wild salmon resonances 
labelled a: EPA C18/DHA C20/ALA C16; b: monounsaturated fatty acid (f.a.); c: 
DHA C5; d: EPA C5-C6; e: highly unsaturated f.a.; f: polyunsaturated f.a.; g: not 
identified f.a.; h: EPA C17/DHA C19. Bottom: Corresponding resonances from 
farmed salmon. 
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The assignment of the resonances in the C––C region of the 13C NMR 
spectra of wild and farmed salmon are as follows (see labelling in Fig. 4): 
a) EPA C18, DHA C20 and alpha-linolenic acid (ALA) C16; b) mono
unsaturated fatty acids (f.a.); c) DHA C5; d) EPA C5-C6; e) highly un
saturated f.a.; f) polyunsaturated f.a.; g): not identified f.a.; h) EPA C17 
and DHA C19. Fatty acid methyl resonance at 14.1 ppm is used as 
chemical shift reference. Both spectra are obtained with high power 
broad band decoupling, a waiting time in between transients of 10 s and 
256 transients. It is evident from the spectra that there are major dif
ferences in the amount and composition of fatty acids between the 
farmed and wild salmon sample, with a higher amount of PUFA in the 
wild sample, and more monounsaturated fatty acids in the farmed 
sample. Hence, the acyl chains would be expected to differ in phos
pholipids from the two samples, although further investigations are 
needed to fully explain the considerable deviations in the two 31P 
spectra (Fig. 1). 

In summary, our results indicate that there are significant differences 
in phosphorous metabolites between farmed and wild salmon. The re
sults e.g. suggest that there may be deviations in phospholipid mem
brane composition, and thereby membrane fluidity and function. It is 
demonstrated that 31P MAS NMR can be used to study a broad range of 
phosphorus metabolites ex vivo, which can give useful information, both 
on its own or as a supplement to other extraction-based analyses. 
Further 31P MAS NMR investigations on farmed salmon raised under 
different controlled conditions may give important insights into the 
broad array of health issues seen in farmed salmon. 
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