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Abstract  Average embryo survival in farmed 
Atlantic salmon (Salmo salar) has declined sharply 
from about 80% to below 50% in North America over 
the past two decades. The underlying causes remain 
unclear, and no effective solutions currently exist for 
this problem, posing a major challenge to the pro-
duction of a leading aquaculture species in the USA. 
Traditional selective breeding programs typically 
assign “breeding values” to broodstock fish based on 
growth-related traits; however, incorporating repro-
ductive success traits (e.g., embryo hatch rates, meta-
bolic biomarkers) into breeding value calculations 

may improve the efficiency of broodstock selection 
and help identify individuals more likely to produce 
viable offspring. Ovarian fluid (OF), collected non-
lethally during egg harvesting, offers a valuable bio-
logical matrix for metabolomics-based biomarker dis-
covery for fish reproduction. This study tested seven 
sample preparation methods for nuclear magnetic 
resonance (NMR) metabolomics analysis of OF: (a) 
filtration; (b) protein precipitation; (c) lyophilization; 
(d) dilution; (e) lyophilization-filtration; (f) dilution-
filtration; (g) filtration-concentration. The objec-
tives were to confirm that OF contains measurable 
metabolites, and to establish a repeatable and practi-
cal OF sample preparation method for NMR metabo-
lomic analysis. Among the methods tested, filtration-
concentration produced the most consistent quality 
spectra with lower variability, higher signal-to-noise 
ratio, and ease of execution compared with alternative 
methods tested. In addition, this study demonstrates 
that blood contamination that may accidentally occur 
during ovarian fluid collection can significantly alter 
OF metabolite profiles, potentially affecting down-
stream analyses and data interpretation. These find-
ings provide a foundation for standardized NMR 
metabolomics in salmon broodstock reproductive 
research.
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Introduction

Over the past 25 years, the hatch rate of farmed Atlan-
tic salmon (Salmo salar) embryos in North America 
has seen a steady decline from approximately 80 to 
90% in the early  2000 s to less than 50% with the 
underlying cause(s) of this dramatic decline still 
uncertain (Legacki et  al. 2023; Thayer and Hamlin 
2016). Viable solutions are lacking for an issue that is 
affecting the production of one of the top aquaculture 
finfish species in states such as Maine, a leading pro-
ducer of this species in the USA (Legacki et al. 2023; 
Thayer and Hamlin 2016). Selective Atlantic salmon 
breeding programs, such as the North American 
Atlantic salmon breeding program developed at the 
USDA-ARS National Cold Water Marine Aquacul-
ture Center in Franklin, ME, USA, have historically 
assigned a “breeding value” to individual broodstock 
fish with the goal of making informed and effective 
decisions on the selection of breeding pairs for the 
next generation. Breeding values are estimates of an 
individual’s genetic merit for specific traits and are 
calculated using statistical models that incorporate 
information from the individual and its relatives (full-
siblings, half-siblings), as well as pedigree data. By 
selecting individuals with high breeding values for 
commercially important traits, these programs aim 
to increase the overall output of the production sys-
tem and improve the overall performance of farmed 
salmon populations. Although breeding values at dif-
ferent salmon producers are based on proprietary for-
mulas, growth parameters (e.g., carcass weight) are 
heavily weighted factors in these calculations. There 
are trade-offs between fish growth and fish reproduc-
tion and the relationship between a fish’s growth rate 
and its reproductive success can be quite complex; as 
a result, the best fish for growth are not necessarily 
the best for reproduction (Roff 1983; Folkvord et al. 
2014). By incorporating measurements related to 
reproductive success (e.g., egg quality, fertilization 
success, embryo hatch rates, biomarkers) in breeding 
value calculations, breeding individuals with traits 
contributing to higher embryo survival can be iden-
tified and prioritized in selective breeding programs.

The use of cutting-edge molecular technologies 
can aid in the identification of biomarkers of supe-
rior reproductive fitness in Atlantic salmon through 
the analysis of tissues and/or biofluids collected from 
broodstock fish. One such sensitive analytical tool is 

metabolomics, one of the most recent “omics” tech-
nologies. Metabolomics is the study of the pool of 
low-molecular-weight (< 1500 Da) organic molecules 
or “metabolites” that constitute the so-called metab-
olome of an organism and its tissues and biofluids. 
Metabolites are the substrates, intermediates, and end 
products of gene expression and cellular metabolism 
given that they are the result of enzymatic and protein 
activities, and they are involved in a complex system 
of biochemical pathways that play crucial regulatory 
roles in biological systems (Fiehn 2002; Viant 2007; 
Gebregiworgis and Powers 2012). Compared with 
other “omics” technologies (genomics, transcriptom-
ics, proteomics), metabolomics provides the closest 
representation of an organism’s molecular phenotype 
(Dunn et  al. 2011; Fiehn 2002). The metabolome is 
highly sensitive to changes induced by different fac-
tors including genetic, environmental (including diet), 
and pathophysiological stimuli, and the responses to 
these stimuli are reflected in qualitative and/or quan-
titative changes in specific metabolites and therefore 
changes in an organism’s tissues/biofluids metabo-
lome (Ramsden 2009; Nicholson et al. 1999). Metab-
olomics analysis relies on the use of high-resolution 
analytical platforms including mass spectrometry 
(MS) and nuclear magnetic resonance (NMR) spec-
troscopy. Specifically, NMR spectroscopy is a highly 
reproducible and inherently quantitative technique 
that allows the simultaneous detection and quantifica-
tion of the metabolites present in a biological sample, 
including complex mixtures such as tissue extracts 
or biofluids (Markley et  al. 2017; Nagana and Raft-
ery 2019). Importantly, NMR spectroscopy is unbi-
ased and can be applied to the analysis of compounds 
from a variety of chemical classes (e.g., amino acids, 
carbohydrates, nucleotides, organic acids, alkaloids). 
In addition, NMR spectroscopy is non-destructive 
in that the sample is not altered during analysis, and 
requires minimal sample preparation prior to instru-
mental analysis, without the need for chromato-
graphic separation or chemical modification (Emwas 
et al. 2019; Nagana and Raftery 2021).

NMR-based metabolomics is increasingly being 
used in biomarker research with the goal of identify-
ing biochemical markers that can be used for the early 
detection and diagnosis of human diseases, including 
cancer and neurological disorders (Gebregiworgis 
and Powers 2012; Emwas et  al. 2016). In addition, 
NMR metabolomics offers a powerful approach to 
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understanding the metabolic changes associated with 
various reproductive states and conditions in animals 
(Lombó et al. 2021; Gérard et al. 2015; Velho et al. 
2017; Zhang et al. 2018). NMR-based metabolomics 
can be used as a discovery tool to analyze the metab-
olome and evaluate potential differences in metabolite 
profiles associated with an animal reproductive status 
(Gérard et al. 2015). In the case of fish, there are sev-
eral limitations in the measurement of their metabo-
lome, which are mainly based on time-consuming, 
costly, and invasive tissue sampling procedures for 
subsequent laboratory analyses. In fish research, sev-
eral biofluids are commonly analyzed to understand 
physiological processes, and the impacts of environ-
mental factors, disease states, and reproductive status; 
these include blood plasma (and serum), the collec-
tion of which is considered minimally invasive, as 
well as skin mucus and genital fluids (ovarian and 
seminal fluids) (Carriquiriborde 2020; Rosengrave 
et  al. 2009). Among fish, female salmonids have a 
unique ability to retain ovulated oocytes (eggs) in 
their body cavity for several days post-ovulation 
without significant loss of viability. This is facilitated 
by the “coelomic” or “ovarian” fluid (OF), a semi-vis-
cous biological fluid produced by filtration from the 
blood plasma and secreted by ovarian epithelia that 
surrounds and protects the maturing eggs and helps 
preserve their viability by providing the required 
nutrients (Gueho et al. 2024; Rosengrave et al. 2009). 
Fish OF has a complex biochemical composition that 
includes proteins, free amino acids, carbohydrates, 
and lipids; OF chemical composition varies between 
fish species, and is known to play key roles in egg 
maturation and fertilization success (Rosengrave et al. 
2009; Nynca et  al. 2022; Hirano et  al. 1978; Lahn-
steiner et al. 1995). Utilizing biofluids such as ovar-
ian fluid that can be easily collected during the egg 
collection process can provide a non-lethal and rela-
tively non-invasive sampling method and a valuable 
matrix to study the fish metabolome for fish repro-
duction. In its compositional complexity, biochemical 
compounds within the ovarian fluid metabolome can 
be evaluated for use as biomarkers of superior repro-
ductive fitness when correlated to other biological 
parameters and metrics associated with reproductive 
success (e.g., embryo hatch rates).

Currently, there are no available analytical meth-
ods for the processing of fish ovarian fluid for NMR-
based metabolomic analysis. The aim of this study 

was twofold: (1) to verify that ovarian fluid contains 
metabolites measurable by NMR spectroscopy, and 
(2) to establish a comprehensive, repeatable, and 
practical fish ovarian fluid processing method for 
NMR metabolomic analysis. To this aim, we tested 
seven sample preparation methods for NMR sample 
preparation: (a) filtration; (b) protein precipitation; (c) 
lyophilization; (d) dilution; (e) lyophilization + filtra-
tion; (f) dilution + filtration; and (g) filtration + con-
centration. Filtration uses 3-kDa molecular-weight-
cutoff centrifugal filters that use size exclusion to 
remove macromolecules from the samples, including 
proteins, large lipids (e.g., lipoproteins), and nucleic 
acids that would interfere with the NMR analysis of 
small metabolites. The protein precipitation method 
is based on the addition of pre-chilled methanol at 
a 2:1 (v/v) ratio (methanol:ovarian fluid) to remove 
proteins and other macromolecules by precipitat-
ing them out of solution. The different methods were 
tested based on NMR spectral reproducibility, signal-
to-noise (S/N) ratios, metabolite coverage, and practi-
cal ease. Due to the potential for blood contamination 
during ovarian fluid collection which could alter the 
metabolite profiles, we also evaluated the effects of 
two different levels of blood contamination (low and 
high) on the resulting NMR spectra for the different 
methods tested.

Materials and methods

Experimental fish husbandry and selection

Atlantic salmon (Salmo salar) for this study were 
reared at the USDA-ARS National Cold Water 
Marine Aquaculture Center (NCWMAC Franklin, 
ME, USA), in a recirculating aquaculture system. 
Atlantic salmon were held in 2 × 46 m3 tanks in nat-
ural light conditions, with a water flow rate of 4470 
L/min and a makeup rate of 0.042 L/min, and were 
stocked at a maximum density of 40  kg/m3. Fish 
were held in high-salinity brackish well water (≈ 15 
ppt) from 2 to 3 years of age. In August of 2022 at 
approximately 3 years of age, broodstock were trans-
ferred into fresh well water with an average salinity 
of 0.51 ± 0.09 ppt. Additional water quality param-
eters, monitored daily, were as follows: tempera-
ture (12.75 ± 0.49  °C), dissolved oxygen (DO, 70 to 
120% saturation), pH (7.84 ± 0.12), total ammonia 
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nitrogen (0.26 ± 0.11  mg/L), unionized ammonia 
(0.005 ± 0.002), nitrite (0.02 ± 0.01  mg/L), nitrate 
(0.61 ± 0.04 mg/L), CO2 (2.25 ± 0.48 ppm), and alka-
linity (87 ± 8.14 ppm). Atlantic salmon were fed two 
to four times/day on a commercial diet with a pellet 
size of 6.0 to 12.0  mm. In early fall 2022, brood-
stock identified as likely to become sexually mature 
were separated by sex. Maturity likelihood was based 
on vent swelling, body conformation, and color. All 
identified females used in this study were defined as 
“ripe” (post-ovulation) based on visible abdominal 
swelling, extended vent, and eggs readily expressed 
through manual palpation, suggesting final oocyte 
maturation.

Ovarian fluid collection and preparation

Ovarian fluid collection occurred from November 
to December 2022 at the NCWMAC (Franklin, 
ME, USA) according to the approved protocols at 
the USDA (IACUC Approval No 2022–06). Three-
year-old Atlantic salmon were anesthetized in tric-
aine methane-sulfonate (MS-222, Syndel, Ferndale, 
WA, USA) at a concentration of 100  mg/L and 
buffered with sodium bicarbonate (Sigma-Aldrich, 
Inc, St. Louis, MO) for 15  min and removed from 
the holding tank for sampling. Each fish had a pas-
sive integrated transponder (PIT) tag number which 
was scanned before sampling for identification, and 
body weight was recorded before sample collection. 

Fish were wiped with towels to remove water from 
the vent and then strip-spawned by applying a gen-
tle pressure and massaging in one motion from 
the dorsal area of the fish to the vent to facilitate 
the release of eggs and OF into a clean collection 
bucket. From each fish, two × 1.5-mL aliquots of OF 
(one for analysis and one for quality control (QC) 
material) were then transferred into 2.0-mL cryovi-
als using a pipette and flash frozen in liquid nitro-
gen. The OF samples were placed in a liquid-nitro-
gen-vapor dry shipper for shipment to the National 
Institute of Standards and Technology (NIST) at 
the Hollings Marine Laboratory (HML, Charles-
ton, SC, USA) where they were subsequently stored 
at − 80 °C until processing.

Ovarian fluid quality control (QC) material 
preparation

During sample collection, we observed variation in 
the color of the ovarian fluid, suspected to be blood 
contamination. To assess the effect of blood con-
tamination levels on metabolite profiles, two separate 
pooled salmon ovarian fluid control materials were 
prepared using QC samples with different degrees of 
blood contamination based on visual inspection (low/
yellow or high/red) (Fig. 1A and B).

A total of 24 × 1.5-mL liquid-nitrogen-frozen ovar-
ian fluid QC samples, 12 yellow and 12 red, were 
randomly selected from the overall population of 

Fig. 1   Atlantic salmon ovarian fluid quality control (QC) samples showing the variation in color from A yellow to B red for low to 
high suspected blood contamination levels, respectively
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QC samples. Upon thawing the samples on ice for ≈ 
2.5  h, each separate pool was prepared by transfer-
ring 12 × 1.5-mL QC samples into a 50-mL Falcon 
tube and vortexing for 30 s. The two pooled materials 
were then aliquoted into 18 × 0.4-mL and 4 × 1-mL 
(22 total aliquots per pooled material), of which 20 
aliquots (per pool) were used for this study (Fig. 2). 
Aliquots were stored at − 80 °C until analysis.

Ovarian fluid processing methods for NMR 
metabolomics analysis

Seven different sample preparation methods were 
tested in this study (Fig.  2): (a) filtration (one filter 
and two filters/sample); (b) protein precipitation; (c) 
lyophilization; (d) dilution; (e) dilution + filtration; 
(f) lyophilization + filtration; (g) filtration + con-
centration. Samples were thawed on ice for ≈ 2.5 h 
prior to processing using each method. A total of 40 
OF aliquots across all methods were analyzed by 1H 
NMR spectroscopy for this study. An overview of ali-
quots and sample volumes used for each preparation 
method is provided in Supplementary Table  1 (S1). 
Sample volumes for the filtration method were based 
on optimized biofluid volumes using 3-kDa MW 

cutoff centrifugal filters from previous studies con-
ducted in our laboratory (Schock et al. 2013).

Filtration (one‑filter and two‑filter approaches)

Twelve Nanosep centrifugal filters (3-kDa MW cut-
off) (Pall Life Sciences, Pall Corporation, Port Wash-
ington, NY, USA) were placed in a 1-L beaker with 
≈ 800 mL MilliQ water and a magnetic stirring bar 
to wash overnight at room temperature under constant 
stirring to remove glycerol present in the filters (as 
indicated by the manufacturer’s product information), 
which would otherwise interfere with NMR analy-
sis. The following morning pre-washed filters were 
centrifuged at 2000 × g at 25 °C for 5 min to remove 
residual water. Two approaches were compared to 
ensure an adequate volume of filtrate for NMR analy-
sis: one filter per sample and two filters per sample. 
In the one-filter approach, ≈ 350 µL of ovarian fluid 
was loaded onto a centrifugal filter and centrifuged at 
10,621 × g at 4 °C for ≈ 1.5 h to obtain ≈ 200 µL of 
filtrate. This filtrate was mixed with 400 µL of NMR 
phosphate buffer (100  mmol/L sodium phosphate in 
D2O (pH = 7.3, measured) containing 1.0  mmol/L 
sodium 3-trimethylsilyl 2,2,3,3-d4 propionate (TMSP, 
Sigma-Aldrich, 98 atom % D, CAS: 24,493–21-8) 
as the chemical shift reference standard) to reach a 

Fig. 2   Overview of method development for Atlantic salmon 
ovarian fluid processing for NMR metabolomics analysis. 
Seven methods (a–g, in bold) were tested, in addition to three 

method variations in this study. Number of aliquots for the low 
(yellow, Y) and high (red, R) blood-contamination QC pools is 
indicated for each method
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final volume of 600 µL. In the two-filter approach, 
two filters were used per sample (≈ 350 µL OF each) 
and the resulting filtrates (≈ 200 µL each) were com-
bined to obtain ≈ 400 µL of filtrate prior to addition 
of a 200-µL NMR buffer to reach a final volume of 
600 µL. For all samples from both approaches, 550 
μL was then transferred into 5-mm NMR tubes for 
analysis.

Protein precipitation

After thawing eight frozen ovarian fluid QC samples 
on ice for ≈ 2.5 h, methanol pre-chilled on ice (800 
μL) was added to 400 μL of sample (2:1, v/v). After 
vortexing the resulting suspension for 10  s, it was 
incubated at − 20  °C for 10  min. Proteins were pel-
leted at 14,000 × g for 5 min at 4 °C. The supernatant 
was transferred into new pre-labeled microcentrifuge 
tubes. Samples were dried using a vacuum centri-
fuge (Eppendorf, Hauppauge, NY, USA) overnight at 
room temperature. Dried metabolites were rehydrated 
with 600 μL of NMR phosphate buffer and vortexed 
for 10  s until completely redissolved. Samples were 
centrifuged at 14,000 g at 4 °C for 5 min to pellet any 
particulates. Subsequently, 550 μL of the samples 
was transferred into 5-mm NMR tubes for analysis.

Lyophilization

Eight frozen 1-mL ovarian fluid QC samples were 
taken from the − 80 °C freezer and lyophilized (Lyo-
philizer Heto Cooling Trap) overnight. The following 
morning, the freeze-dried samples were reconstituted 
in 600 μL of NMR phosphate buffer, vortexed for ≈ 
2.5 min until completely redissolved, and centrifuged 
at 10,621 × g, at 4 °C for 10 min to pellet any particu-
late matter. A slimy film was observed on the surface 
of all samples; and therefore, the samples were sub-
jected to an additional centrifugation step. This addi-
tional step failed to displace the film. Taking care to 
avoid touching the slimy film with the pipette tip, 550 
μL of the samples was transferred into 5-mm NMR 
tubes for analysis. Two of the eight samples were 
used to test the lyophilization + filtration method (see 
method below).

Dilution

After thawing eight frozen ovarian fluid QC sam-
ples on ice for ≈ 2.5 h, samples were centrifuged at 
10,621 × g, at 4  °C for 10 min to pellet particulates. 
Four hundred microliters of supernatant per sam-
ple was transferred into new pre-labeled microcen-
trifuge tubes and 200 μL of NMR phosphate buffer 
was added to a final volume of 600 μL. Subsequently, 
550 μL of the samples was transferred into 5-mm 
NMR tubes for analysis. Two of the eight samples 
were used to test the dilution + filtration method (see 
method below).

The dilution + filtration, as well as the lyophiliza-
tion + filtration method below, tested the addition of a 
filtration step during the sample preparations, as fol-
low-up methods to both dilution and lyophilization.

Dilution + filtration

From the remaining two samples that underwent dilu-
tion, 500 μL per sample was loaded onto centrifugal 
filters (3-kDa MW cutoff) that had been pre-washed 
overnight. The filtration protocol (two-filter method) 
was then followed to obtain 400 μL of filtrates per 
sample. NMR phosphate buffer (200 μL) was added 
to the 400 μL samples to a final volume of 600 μL, 
and vortexed for 60 s. Samples (550 μL) were trans-
ferred into 5-mm NMR tubes for analysis.

Lyophilization + filtration

From the remaining two samples that underwent 
lyophilization, 500 μL was loaded onto Nanosep 
centrifugal filters (3-kDa MW cutoff) (Pall Life Sci-
ences, Port Washington, NY, USA) that had been pre-
washed overnight (see filtration method for details). 
The filtration protocol (two-filter method) was then 
followed to obtain 400 μL of filtrates per sample. 
NMR phosphate buffer (200 μL) was then added to 
the 400-μL samples to a final volume of 600 μL, and 
the samples were vortexed for 60 s. Next, 550 μL of 
each sample was transferred into 5-mm NMR tubes 
for analysis.
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Filtration + concentration

Eight Nanosep centrifugal filters (3-kDa MW cut-
off) (Pall Life Sciences, Port Washington, NY, USA) 
were pre-washed overnight (see filtration method for 
details). Eight aliquots of pooled ovarian fluid control 
material were thawed on ice for ≈ 2.5 h. Then, 500 
μL per sample was loaded onto the centrifugal filters 
(two-filter method) and centrifuged at 10,621 × g at 
4  °C to obtain at least 400 μL of filtrate from each 
sample (≈ 3 h). The filtrates from two filters (400 μL 
each) were combined into new microcentrifuge tubes 
to obtain four 800-μL samples. Samples were dried 
overnight at room temperature using a vacuum cen-
trifuge (Eppendorf, Hauppauge, NY, USA). Dried 
metabolites were reconstituted in 600 μL of NMR 
phosphate buffer, vortexed for 60  s until completely 
redissolved, and centrifuged at 10,621 × g, at 4 °C for 
10 min to pellet particulates. Samples (550 μL) were 
transferred into 5-mm NMR tubes (Bruker Biospin, 
Inc., Billerica, MA, USA) for analysis.

1H NMR spectroscopy data acquisition

Fish ovarian fluid NMR spectra were acquired 
at a temperature of 298  K on a Bruker Avance II 
700 MHz NMR spectrometer equipped with a 5-mm 
triple-resonance TXI room-temperature probe and 
a SampleJet automatic sample changer (Bruker Bio-
spin, Inc., Billerica, MA, USA). One-dimensional 
(1D) 1H NMR spectra were acquired under automa-
tion using ICON-NMR (Bruker Biospin) with water 
suppression using a three-pulse sequence based on a 
standard one-dimensional (1D) nuclear Overhauser 
effect spectroscopy (NOESY) pulse sequence with 
presaturation (pulse program “noesygppr1d”). The 
NMR protocol included 10  min for temperature 
equilibration, automated shimming with on-axis and 
off-axis shims, automated probe tuning, and pulse 
calibration on each individual sample. Spectra were 
acquired with a spectral width of 20.0 ppm, a relax-
ation delay of 3.0  s, 200 scans, and eight dummy 
scans, for a total of 65,536 data points. A 60-ms mix-
ing period was used for solvent suppression and an 
acquisition time of 2.34  s for a total repetition time 
(D1 + AQ) of 5.34  s. The receiver gain parameter 
(RG) was set to 32. The resulting spectra were pro-
cessed by zero-filling to 65,536 complex points and 
by multiplying the free induction decay (FID) by an 

exponential-line-broadening function of 0.3 Hz prior 
to Fourier transformation. The resulting spectra were 
calibrated to the TMSP peak set at 0.0 ppm, automati-
cally phased, and baseline-corrected by applying a 
fifth-order polynomial with additional manual phase 
correction when necessary using the TopSpin 3.5 
software (Bruker Biospin, Inc.).

1H NMR data processing and multivariate statistical 
analysis

Processed 1H NMR spectra were assessed by visual 
inspection and were analyzed using multivariate anal-
ysis. Prior to statistical analysis, spectra were binned 
from 0.20 to 10.0  ppm using a 0.005 bin width in 
NMRProcFlow v1.3.10 (Jacob et  al. 2017). The S/N 
ratio for each bin was calculated using NMRProc-
Flow. Bins with S/N ratio < 3 were removed (denois-
ing), and the water region (4.70 to 4.90  ppm) was 
excluded, which resulted in 1147 spectral bins for 
subsequent multivariate statistical analysis. Binned 
spectra were normalized using the constant total 
spectral area and the bins were Pareto scaled in which 
the bin intensity is divided by the square root of the 
standard deviation of the bins. Data were analyzed 
using principal component analysis (PCA) and visu-
alized using MetaboAnalyst 5.0 (Chong et al. 2019). 
Spectral data quality was assessed using the percent-
age relative standard deviation (% RSD) of individual 
bins across replicate samples and the median % RSD 
was reported (Parsons et al. 2009).

Results and discussion

Atlantic salmon ovarian fluid (OF) may provide bio-
chemical information that represents the reproduc-
tive fitness of an individual fish. Metabolomic char-
acterization of this matrix was conducted using 1H 
NMR spectroscopy. The 1H NMR spectra of Atlantic 
salmon OF for each sample preparation method tested 
in this study are shown in Fig. 3.

We observed pronounced spectral baseline distor-
tion due to the presence of macromolecules (i.e., pro-
teins, lipids) in the samples when using the dilution 
and lyophilization methods. These methods do not 
involve the physical separation (“deproteinization”) 
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Fig. 3   1H NMR full spectra 
comparison of the seven 
methods tested for Atlantic 
salmon ovarian fluid 
processing for metabolomic 
analysis

Fig. 4   1H NMR spectral region (0.6–4.4  ppm) displaying a 
comparison of four methods for Atlantic salmon ovarian fluid 
processing showing broad macromolecule peaks in the lyo-
philization (purple), dilution (green) and protein precipita-

tion (red) methods compared with the filtration (blue) method. 
Asterisks highlight broad peaks causing significant baseline 
distortion and masking peaks from low-molecular-weight 
metabolites
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of such molecular components from the sample prior 
to NMR analysis (Fig. 4).

In addition, residual macromolecule peaks were 
observed when using the methanol protein precipi-
tation method at a ratio of 2:1 (v/v) methanol:OF 
(Figs.  3 and 4). High-molecular-weight molecules 
negatively affect NMR spectral quality due to the 
broad peaks originating from them that can com-
pletely obscure the peaks arising from the low-molec-
ular-weight metabolites and subsequently impair 
metabolite identification and relative quantification, 
thus limiting the amount of obtainable information 
(McHugh et  al.  2018; Yanibada et  al. 2018; Daykin 
et  al. 2002). The presence of high levels of macro-
molecules in the samples obtained using dilution and 
lyophilization is reflected in a PCA score plot defin-
ing the 1H NMR spectral differences from the filtra-
tion method (Fig. 5).

Taken together, these observations indicate that 
the dilution and lyophilization methods are not ideal 

for discovery-based metabolomics analyses, where 
comprehensive and unbiased detection of metabo-
lites is essential. Because of the presence of mac-
romolecules, we decided to test the addition of a 
filtration step (dilution + filtration (N = 2), and lyo-
philization + filtration (N = 2)), to physically remove 
them from the sample as shown in the 1H spectra 
comparison in Supplementary Figures  S1 and S2. 
The filtration methods are explored further below. In 
addition, alternative approaches based on macromole-
cule-signal suppression using NMR pulse sequences 
such as the Carr-Purcell-Meiboom-Gill (CPMG) 
T2-filtering sequences could be considered. These 
approaches were not evaluated in this study. Although 
1H CPMG experiments can provide aid in qualitative 
identification of metabolites, by attenuating signals 
from proteins and lipids, they are to be used with cau-
tion when accurate metabolite quantitation is needed, 
since certain metabolites may also experience signal 
loss, thus leading to inaccurate quantification. Also, 

Fig. 5   Principal compo-
nent analysis of 1H NMR 
spectra from four ovarian 
fluid processing meth-
ods. Ellipses represent 
95% confidence regions. 
Ellipses are calculated for 
all groups but, except for 
the protein precipitation 
method, they are too small 
to be visualized. Different 
blood contamination levels 
are indicated using differ-
ent symbols: low blood 
contamination (circles), 
high blood contamination 
(triangles)
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the CPMG is generally not considered a quantitative 
sequence since it can induce non-uniform relaxation 
of metabolite signals across the spectrum (Mulard 
et al. 2025).

To further assess the filtration method and to eval-
uate different volumes of filtrate for NMR analysis, 
we compared the use of a single centrifugal filter to a 
two-filter-per-sample approach. The use of two filters 
per sample provided a larger volume of filtrates, thus 
leading to an improvement in NMR spectral signal-
to-noise ratios compared to a single filter. The two-
filter method was particularly useful for the detection 
of metabolites present at low concentrations in the 
OF (Fig. 6).

This enhancement in spectral quality supports the 
value of optimizing filtration steps in the sample prep-
aration protocol. The potential for certain metabolites 
to be present in free form as well as bound to macro-
molecules (e.g., bound to albumin in blood samples) 

should be considered in the filtration method since 
the removal of macromolecules by filtration could 
also cause the loss of metabolites bound to these mac-
romolecules, thereby reducing their concentration in 
the final NMR sample. Therefore, alternative sample 
preparation methods may be more suitable for use in 
targeted metabolomics workflows that are intended 
for absolute quantitation of specific metabolites of 
interest. While this study prioritizes the evaluation 
of different OF sample preparation methods based 
on overall spectral quality, repeatability, and ease of 
execution over metabolite quantitation, the inherently 
quantitative nature of NMR warrants further con-
siderations. In untargeted metabolomics approaches 
where all detectable metabolites are evaluated, sev-
eral factors make absolute quantification challeng-
ing, including extensive signal overlap within com-
plex biological matrices which leads to metabolite 
signal masking, the use of short relaxation delays to 

Fig. 6   Comparison of 1H 
NMR spectra of Atlan-
tic salmon ovarian fluid 
obtained from a one-filter 
(blue) vs. a two-filter (red) 
approach using the filtration 
method. A Stacked and B 
overlaid 1H NMR spectra
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optimize the signal-to-noise ratio might not allow 
nuclear relaxation for all nuclei, and the potential for 
signal loss due to protein binding to small molecules. 
Furthermore, the lack of purified internal standards 
for every detectable feature, coupled with the discov-
ery-based nature of an untargeted approach, renders 
the absolute quantification of all detected metabolites 
technically prohibitive.

A confounding factor to consider is blood con-
tamination during sample collection. Blood con-
tamination during OF collection in fish is a com-
mon issue that can impact downstream analyses 
and experiments. This can occur particularly when 
sample collection involves stripping, a procedure 
that can inadvertently damage small blood ves-
sels, thus resulting in blood release into the ovarian 
fluid (Dietrich et al. 2008; Lahnsteiner et al. 1995; 
İnanan and Öğretmen 2015). Our results demon-
strate that blood contamination of OF samples alters 
their metabolite profiles as summarized in the PCA 
score plot in Fig. 5, where the samples with higher 
blood contamination levels show distinct metabo-
lomic profiles in terms of relative metabolite lev-
els from those with lower blood contamination 
levels, regardless of the method used. The influ-
ence of blood contamination levels on metabolite 
peak intensities is shown for the spectral subregion 
between 2.10 and 2.85 ppm (Fig. 7), with a general 
increase in peak intensities detected in the samples 

with a high blood contamination level compared 
with those with low blood contamination.

These results reinforce the importance of mini-
mizing blood contamination during OF collection to 
ensure biologically meaningful metabolomic com-
parisons. Our observations may not preclude the 
use of blood-contaminated OF samples, but further 
investigations are needed to evaluate the effect of 
blood contamination levels on the concentration of 
metabolites/biomarkers of interest identified using 
other methods.

Subsequent analyses were performed exclusively 
on non-contaminated OF samples. A comparative 
PCA score plot calculated using 1H NMR spectra 
of OF for protein precipitation, filtration, and filtra-
tion + concentration is displayed (Fig. 8).

Explained variance (EV) were 56.5% for PC1 
and 40.1% for PC2 with a total EV for PC1-PC2 
of 96.6%. Overall, the filtration + concentration 
method showed a lower value of spectrum-wide 
variability with a median % RSD of 8.03% com-
parable to the filtration only method that had a 
median % RSD of 8.24%, whereas the protein pre-
cipitation method had a higher median % RSD of 
9.02%. Although the difference in median % RSD 
is relatively small, the presence of residual macro-
molecules in the samples after protein precipitation 
constitutes a drawback for spectral quality. While 
reporting the median % RSD conveys the repeat-
ability across the whole spectrum, it is essential to 
understand the measurement quality of individual 
peaks/bins. The % RSD for individual bins was cal-
culated to visualize the variation within each extrac-
tion method. Out of 1147 spectral bins, the method 
with the highest percentage of bins with RSD < 10% 
was the filtration + concentration method suggest-
ing that this method had the least amount of varia-
tion (Table 1). Spectral signal-to-noise (S/N) ratios 
were also evaluated. The filtration + concentration 
provided the highest S/N value (33.2) despite a 
longer processing time with this method due to the 
addition of an overnight concentration step.

A list of 45 metabolites detected in OF samples 
is provided in Supplementary Table S2. In addition, 
a partially annotated spectrum of Atlantic salmon 
ovarian fluid obtained using the filtration + concen-
tration method is shown in Fig. 9.

Fig. 7   Influence of blood contamination levels on 1H NMR 
metabolite profiles of Atlantic salmon ovarian fluid (filtration 
method). Differences in intensity can be observed for several 
peaks (black arrows), which indicate differences in concentra-
tion for various metabolites between high (red spectrum) and 
low (blue spectrum) blood contamination of ovarian fluid sam-
ples
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Conclusions

In summary, fish ovarian fluid (OF) constitutes 
a viable matrix for the measurement of metabo-
lites using NMR-based metabolomics. Supplies 
needed for ovarian fluid collection are minimal, 
easily obtainable from commercial sources, and 
affordable. Sample collection is simple, rapid, and 

minimally invasive compared to blood and tis-
sue collection, which suggests its reproducibility 
across different operators and facilities. Our results 
highlight the importance of minimizing accidental 
blood contamination that can occur during sample 
collection for reliable metabolite measurements and 
interpretation of outcomes. Future work on OF may 
incorporate quantitative hemoglobin measurements; 

Fig. 8   PCA scores plot of protein precipitation, filtration, and filtration + concentration preparation methods for salmon ovarian 
fluid. Ellipses represent 95% confidence regions for each group. Spectral median % RSD values are indicated for each method
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for example, a spectrophotometric assay to measure 
hemoglobin absorbance at a frequency of ≈400 nm 
could be used to correlate total hemoglobin con-
centration in individual OF samples to changes in 
specific metabolite concentrations. OF’s chemi-
cal composition is quite complex, and similar to 
other matrices such as blood, it is characterized by 
the presence of macromolecules (proteins, lipids) 
which can interfere with metabolite measurements. 
To analyze low-molecular-weight metabolites in 
metabolomic analysis, it is recommended to remove 
macromolecules during sample processing since 
they generate broad signals that can obscure the 

narrow peaks arising from the small metabolites and 
interfere with metabolite identification and quanti-
fication. Although any sample preparation method 
for untargeted metabolomic analyses will inevitably 
introduce bias, our evaluation criteria emphasized 
NMR spectral quality and method reproducibility 
and practicality rather than the effect of different 
preparation methods on individual metabolites. It 
remains critical that biological interpretations are 
framed within the context of the specific metabo-
lome analyzed by the chosen methodology. Overall, 
our results show that filtration + concentration was 
the best method among those tested in this study 

Table 1   Comparison 
of ovarian fluid sample 
preparation methods tested 
in this study

a Residual macromolecules 
from 1H NMR spectra
b S/N was calculated using 
NMRProcFlow
c For these methods, N = 2 
and no statistical inferences 
were made

Method aResidual macro-
molecules

Median
% RSD

% Bins with 
RSD < 10%

bSignal-to-
noise (S/N)

Processing 
time (h)

Filtration No 8.24 56.8 20.3 ≈ 6
Protein precipitation Yes 9.02 56.0 21.3 ≈ 14
Lyophilization Yes N/A N/A N/A  > 24
Dilution Yes N/A N/A N/A ≈ 3
Filtration + concentration No 8.03 59.0 33.2 ≈ 14
cDilution + filtration No N/A N/A 19.9 ≈ 9
cLyophilization + filtration No N/A N/A 26.3  > 24

Fig. 9   Partially annotated 1H NMR spectrum of Atlantic salmon ovarian fluid obtained using the filtration + concentration prepara-
tion method. Neu5Ac N-acetylneuraminic acid, BCAA​ branched-chain amino acids
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based on the low % RSD, higher S/N, and ease of 
execution. This method allows for the evaluation of 
OF metabolite profiles across different broodstock 
experimental groups and can aid in the identifica-
tion of fish reproductive biomarkers, as well as pro-
vide a foundation for standardized NMR metabo-
lomic studies in salmon broodstock reproductive 
research.

Acknowledgements  The authors would like to thank the staff 
at the USDA-ARS National Cold Water Marine Aquaculture 
Center for assisting with sample collection, animal care and 
all aspects of fish husbandry. Specifically, we would like to 
thank Erin Legacki, Melissa Milligan, Mark Polinski, Michael 
Pietrak, and Demitri Lifgren. Additionally, the authors would 
like to thank the staff and graduate students at the University 
of Maine School of Marine Sciences for assisting with sam-
ple collection. Specifically, we would like to thank Halli Bair 
and Krystal Boley. All NMR metabolomics analyses occurred 
at the NMR Facility at the Hollings Marine Laboratory in 
Charleston, SC.

Author contribution  Experiment conception and design: 
FC, ALB, TBS. Material preparation, data collection and 
analysis: FC, ALB. Administration and funding acquisition: 
HH. The first draft of the manuscript was written by FC and all 
authors commented and edited the manuscript. All authors read 
the final manuscript and approved its submission.

Funding  This project was supported by Agriculture and 
Food Research Initiative Competitive Grant nos. 2021–68012-
35922 and 2022–67016-37226 from the US Department of 
Agriculture’s National Institute of Food and Agriculture to HH.

Data availability  All data supporting the findings of this 
study are available within the paper.

Declarations 

Ethics approval  The animal study was reviewed and approved 
by the IACUC at the National Cold Water Marine Aquaculture 
Center in Franklin, ME (IACUC Approval No 2022–06).

Competing interests  The authors declare no competing inter-
ests.

Disclaimer  Certain commercial equipment, instruments, 
trade names, products, or materials are identified in this paper 
in order to specify the experimental procedure adequately. Such 
identification is not intended to imply or convey and should not 
be interpreted as conveying official approval, recommendation 
or endorsement by the National Institute of Standards and Tech-
nology (NIST), nor is it intended to imply that the materials or 
equipment identified are necessarily the best available for the 
purpose.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Carriquiriborde P (2020) Chapter 3 - Metabolic profiling of bioflu-
ids in fish for identifying biomarkers of exposure and effects 
for assessing aquatic pollution. In: Álvarez-Muñoz D, Farré 
M (eds) Environ Metabolomics. Elsevier, pp 65–89. https://​
doi.​org/​10.​1016/​B978-0-​12-​818196-​6.​00003-0

Chong J, Wishart DS, Xia J (2019) Using metaboanalyst 4.0 
for comprehensive and integrative metabolomics data 
analysis. Curr Protoc Bioinformatics 68(1):e86. https://​
doi.​org/​10.​1002/​cpbi.​86

Daykin CA, Foxall PJD, Connor SC, Lindon JC, Nicholson JK 
(2002) The comparison of plasma deproteinization meth-
ods for the detection of low-molecular-weight metabolites 
by 1H nuclear magnetic resonance spectroscopy. Anal 
Biochem 304(2):220–230. https://​doi.​org/​10.​1006/​abio.​
2002.​5637

Dietrich GJ, Wojtczak M, Słowińska M, Dobosz S, Kuźmiński 
H, Ciereszko A (2008) Effects of ovarian fluid on motil-
ity characteristics of rainbow trout (Oncorhynchus mykiss 
Walbaum) spermatozoa. J Appl Ichthyol 24(4):503–507. 
https://​doi.​org/​10.​1111/j.​1439-​0426.​2006.​01130.x

Dunn WB, Broadhurst DI, Atherton HJ, Goodacre R, Griffin JL 
(2011) Systems level studies of mammalian metabolomes: 
the roles of mass spectrometry and nuclear magnetic 
resonance spectroscopy. Chem Soc Rev 40(1):387–426. 
https://​doi.​org/​10.​1039/​b9067​12b

Emwas A-H, Roy R, McKay RT, Ryan D, Brennan L, Tenori 
L, Luchinat C, Gao X, Zeri AC, Gowda GAN, Raftery D, 
Steinbeck C, Salek RM, Wishart DS (2016) Recommen-
dations and standardization of biomarker quantification 
using NMR-based metabolomics with particular focus on 
urinary analysis. J Proteome Res 15(2):360–373. https://​
doi.​org/​10.​1021/​acs.​jprot​eome.​5b008​85

Emwas A-H, Roy R, McKay RT, Tenori L, Saccenti E, Gowda 
GAN, Raftery D, Alahmari F, Jaremko L, Jaremko M, 
Wishart DS (2019) NMR spectroscopy for metabolomics 
research. Metabolites. https://​doi.​org/​10.​3390/​metab​
o9070​123

Fiehn O (2002) Metabolomics — the link between genotypes 
and phenotypes. In: Town C (ed) Functional Genomics. 
Springer Netherlands, Dordrecht, pp 155–171. https://​doi.​
org/​10.​1007/​978-​94-​010-​0448-0_​11

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/B978-0-12-818196-6.00003-0
https://doi.org/10.1016/B978-0-12-818196-6.00003-0
https://doi.org/10.1002/cpbi.86
https://doi.org/10.1002/cpbi.86
https://doi.org/10.1006/abio.2002.5637
https://doi.org/10.1006/abio.2002.5637
https://doi.org/10.1111/j.1439-0426.2006.01130.x
https://doi.org/10.1039/b906712b
https://doi.org/10.1021/acs.jproteome.5b00885
https://doi.org/10.1021/acs.jproteome.5b00885
https://doi.org/10.3390/metabo9070123
https://doi.org/10.3390/metabo9070123
https://doi.org/10.1007/978-94-010-0448-0_11
https://doi.org/10.1007/978-94-010-0448-0_11


Fish Physiol Biochem (2026) 52:63	 Page 15 of 15  63

Vol.: (0123456789)

Folkvord A, Jørgensen C, Korsbrekke K, Nash RDM, Nilsen 
T, Skjæraasen JE (2014) Trade-offs between growth and 
reproduction in wild Atlantic cod. Can J Fish Aquat Sci 
71(7):1106–1112. https://​doi.​org/​10.​1139/​cjfas-​2013-​0600

Gebregiworgis T, Powers R (2012) Application of NMR 
metabolomics to search for human disease biomarkers. 
Comb Chem High Throughput Screen 15(8):595–610. 
https://​doi.​org/​10.​2174/​13862​07128​02650​522

Gérard N, Fahiminiya S, Grupen CG, Nadal-Desbarats L 
(2015) Reproductive physiology and ovarian folliculo-
genesis examined via 1H-NMR metabolomics signatures: 
a comparative study of large and small follicles in three 
mammalian species (Bos taurus, Sus scrofa domesticus 
and Equus ferus caballus). OMICS 19(1):31–40

Gueho A, Żarski D, Rime H, Guével B, Com E, Lavigne R, 
Nguyen T, Montfort J, Pineau C, Bobe J (2024) Evolu-
tionarily conserved ovarian fluid proteins are responsi-
ble for extending egg viability in salmonid fish. Sci Rep 
14(1):9651. https://​doi.​org/​10.​1038/​s41598-​024-​60118-2

Hirano T, Morisawa M, Suzuki K (1978) Changes in plasma 
and coelomic fluid composition of the mature salmon 
(Oncorhynchus keta) during freshwater adaptation. Comp 
Biochem Physiol a: Physiol 61(1):5–8. https://​doi.​org/​10.​
1016/​0300-​9629(78)​90266-9

İnanan BE, Öğretmen F (2015) Determination of differences in the 
biochemical properties of sperm activating and non-activating 
ovarian fluids and their influences on sperm motility in rain-
bow trout (Oncorhynchus mykiss). Aquaculture 448:539–544. 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2015.​06.​018

Jacob D, Deborde C, Lefebvre M, Maucourt M, Moing A (2017) 
NMRProcFlow: a graphical and interactive tool dedicated to 
1D spectra processing for NMR-based metabolomics. Metab-
olomics 13(4):36. https://​doi.​org/​10.​1007/​s11306-​017-​1178-y

Lahnsteiner F, Weismann T, Patzner R (1995) Composition 
of the ovarian fluid in 4 salmonid species: Oncorhynchus 
mykiss, Salmo trutta f lacustris, Saivelinus alpinus and 
Hucho hucho. Reprod Nutr Dev 35(5):465–474

Legacki E, Peterson BC, Hamlin H, Schock TB, Milligan M, 
Boggs A (2023) Using skin mucus for the identification of 
ovulation biomarkers in North American Atlantic salmon 
(Salmo salar). Aquaculture 575:739717. https://​doi.​org/​
10.​1016/j.​aquac​ulture.​2023.​739717

Lombó M, Ruiz-Díaz S, Gutiérrez-Adán A, Sánchez-Calabuig 
M-J (2021) Sperm metabolomics through nuclear mag-
netic resonance spectroscopy. Animals 11(6):1669

Markley JL, Brüschweiler R, Edison AS, Eghbalnia HR, Pow-
ers R, Raftery D, Wishart DS (2017) The future of NMR-
based metabolomics. Curr Opin Biotechnol 43:34–40. 
https://​doi.​org/​10.​1016/j.​copbio.​2016.​08.​001

McHugh CE, Flott TL, Schooff CR, Smiley Z, Puskarich MA, 
Myers DD, Younger JG, Jones AE, Stringer KA (2018) 
Rapid, reproducible, quantifiable NMR metabolomics: 
methanol and methanol: chloroform precipitation for removal 
of macromolecules in serum and whole blood. Metabolites 
8(4):93. https://​doi.​org/​10.​3390/​metab​o8040​093

Mulard ED, Gilard V, Balayssac S, Rautureau GJP (2025) 
Quantitative nuclear magnetic resonance for small biolog-
ical molecules in complex mixtures: practical guidelines 
and key considerations for non-specialists. Molecules 
30(8):1838. https://​doi.​org/​10.​3390/​molec​ules3​00818​38

Nagana GGA, Raftery D (2019) Overview of NMR spectros-
copy-based metabolomics: opportunities and challenges. 
Methods Mol Biol 2037:3–14. https://​doi.​org/​10.​1007/​
978-1-​4939-​9690-2_1

Nagana GGA, Raftery D (2021) NMR-based metabolomics. 
Adv Exp Med Biol 1280:19–37. https://​doi.​org/​10.​1007/​
978-3-​030-​51652-9_2

Nicholson JK, Lindon JC, Holmes E (1999) Metabonomics’: 
understanding the metabolic responses of living systems 
to pathophysiological stimuli via multivariate statistical 
analysis of biological NMR spectroscopic data. Xenobi-
otica 29(11):1181–1189

Nynca J, Żarski D, Fröhlich T, Köster M, Bobe J, Ciereszko A 
(2022) Comparative proteomic analysis reveals the impor-
tance of the protective role of ovarian fluid over eggs dur-
ing the reproduction of pikeperch. Aquaculture 548:737656. 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2021.​737656

Parsons HM, Ekman DR, Collette TW, Viant MR (2009) Spec-
tral relative standard deviation: a practical benchmark in 
metabolomics. Analyst 134(3):478–485. https://​doi.​org/​
10.​1039/​b8089​86h

Ramsden JJ (2009) Metabolomics and metabonomics. In: Bio-
informatics: an introduction. Springer London, London, 
pp 1–6. https://​doi.​org/​10.​1007/​978-1-​84800-​257-9_​16

Roff DA (1983) An allocation model of growth and reproduc-
tion in fish. Can J Fish Aquat Sci 40(9):1395–1404

Rosengrave P, Taylor H, Montgomerie R, Metcalf V, McBride 
K, Gemmell NJ (2009) Chemical composition of semi-
nal and ovarian fluids of chinook salmon (Oncorhynchus 
tshawytscha) and their effects on sperm motility traits. 
Comp Biochem Physiol A Mol Integr Physiol 152(1):123–
129. https://​doi.​org/​10.​1016/j.​cbpa.​2008.​09.​009

Schock TB, Keller JM, Rice M, Balazs GH, Bearden DW 
(2013) Metabotyping of a protected non-model organ-
ism, green sea turtle (Chelonia mydas), using 1H NMR 
spectroscopy and optimized plasma methods for metabo-
lomics. Curr Metabolomics 1(4):279–290

Thayer LR, Hamlin HJ (2016) Investigating factors contribut-
ing to reduced embryo survival in farm-raised Atlantic 
salmon, Salmo salar L. Aquac Res 47(12):3980–3989. 
https://​doi.​org/​10.​1111/​are.​12848

Velho ALC, Oliveira R, Dinh T, Moura A, Kaya A, Memili 
E (2017) Applications of metabolomics in reproductive 
biology. In: Constantinescu G, Schatten H (eds.) Animal 
models and human reproduction. https://​doi.​org/​10.​1002/​
97811​18881​286.​ch20

Viant MR (2007) Metabolomics of aquatic organisms: the new 
‘omics’ on the block. Mar Ecol Prog Ser 332:301–306

Yanibada B, Boudra H, Debrauwer L, Martin C, Morgavi DP, 
Canlet C (2018) Evaluation of sample preparation meth-
ods for NMR-based metabolomics of cow milk. Heliyon 
4(10):e00856. https://​doi.​org/​10.​1016/j.​heliy​on.​2018.​e00856

Zhang J, Wang G, Zhao C, Bai Y, Shu S, Fan Z, Xia C (2018) 1H 
NMR plasma metabolomic profiling of ovarian quiescence in 
energy balanced postpartum dairy cows. Vet Q 38(1):47–52

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1139/cjfas-2013-0600
https://doi.org/10.2174/138620712802650522
https://doi.org/10.1038/s41598-024-60118-2
https://doi.org/10.1016/0300-9629(78)90266-9
https://doi.org/10.1016/0300-9629(78)90266-9
https://doi.org/10.1016/j.aquaculture.2015.06.018
https://doi.org/10.1007/s11306-017-1178-y
https://doi.org/10.1016/j.aquaculture.2023.739717
https://doi.org/10.1016/j.aquaculture.2023.739717
https://doi.org/10.1016/j.copbio.2016.08.001
https://doi.org/10.3390/metabo8040093
https://doi.org/10.3390/molecules30081838
https://doi.org/10.1007/978-1-4939-9690-2_1
https://doi.org/10.1007/978-1-4939-9690-2_1
https://doi.org/10.1007/978-3-030-51652-9_2
https://doi.org/10.1007/978-3-030-51652-9_2
https://doi.org/10.1016/j.aquaculture.2021.737656
https://doi.org/10.1039/b808986h
https://doi.org/10.1039/b808986h
https://doi.org/10.1007/978-1-84800-257-9_16
https://doi.org/10.1016/j.cbpa.2008.09.009
https://doi.org/10.1111/are.12848
https://doi.org/10.1002/9781118881286.ch20
https://doi.org/10.1002/9781118881286.ch20
https://doi.org/10.1016/j.heliyon.2018.e00856

	Evaluation of sample preparation methods for NMR-based metabolomics of Atlantic salmon (Salmo salar) ovarian fluid
	Abstract 
	Introduction
	Materials and methods
	Experimental fish husbandry and selection
	Ovarian fluid collection and preparation
	Ovarian fluid quality control (QC) material preparation

	Ovarian fluid processing methods for NMR metabolomics analysis
	Filtration (one-filter and two-filter approaches)
	Protein precipitation
	Lyophilization
	Dilution
	Dilution + filtration
	Lyophilization + filtration
	Filtration + concentration

	1H NMR spectroscopy data acquisition
	1H NMR data processing and multivariate statistical analysis

	Results and discussion
	Conclusions
	Acknowledgements 
	References


