Talanta 115 (2013) 263-270

journal homepage: www.elsevier.com/locate/talanta

Contents lists available at SciVerse ScienceDirect

Talanta

Evaluation of direct analysis in real time ionization-mass spectrometry @CmssMark
(DART-MS) in fish metabolomics aimed to assess the response
to dietary supplementation

Tomas Cajka?, Hana Danhelova?, Antonin Vavrecka®, Katerina Riddellova ®*,
Vladimir Kocourek?, Frantisek Vacha®, Jana Hajslova®

@ Institute of Chemical Technology, Prague, Faculty of Food and Biochemical Technology, Department of Food Analysis and Nutrition, Technicka 3, 166 28

Prague 6, Czech Republic

b University of South Bohemia in Ceske Budejovice, Faculty of Fisheries and Protection of Waters, South Bohemian Research Center of Aquaculture and
Biodiversity of Hydrocenoses, Institute of Aquaculture, Husova tr. 458/102, 370 05 Ceske Budejovice, Czech Republic

ARTICLE INFO

ABSTRACT

Article history:

Received 12 January 2013
Received in revised form

2 April 2013

Accepted 8 April 2013
Available online 15 April 2013

Keywords:

Direct analysis in real time (DART)
Mass spectrometry

Fish

Feeding

Metabolomic fingerprinting

Ambient mass spectrometry employing a direct analysis in real time (DART) ion source coupled to a
medium high-resolution/accurate mass time-of-flight mass spectrometer (TOFMS) was used as a rapid
tool for metabolomic fingerprinting to study the effects of supplemental feeding with cereals (triticale)
on the composition of muscle metabolites of common carp (Cyprinus carpio L.).

First, the sample extraction and DART-TOFMS instrumental conditions were optimized to obtain the
broadest possible representation of ionizable compounds occurring in the extracts obtained from
common carp muscle. To this end, a simultaneous (all-in-one) extraction procedure was developed
employing water and cyclohexane mixture as the extraction solvents. Under these conditions both polar
as well as non-polar metabolites were isolated within a single extraction step. Next, the metabolomic
fingerprints (mass spectra) of a large set of common carp muscle extracts were acquired. Finally, the
experimental data were statistically evaluated using principal component analysis (PCA) and orthogonal
partial least squares discriminant analysis (OPLS-DA).

Using this approach, differentiation of common carp muscle in response to dietary supplementation
(feeding with and without cereals) was feasible. Correct classification was obtained based on the
assessment of polar and as well as non-polar extracts fingerprints. The current study showed that DART-
TOFMS metabolomic fingerprinting represents a rapid and powerful analytical strategy enabling
differentiation of common carp muscles according to feeding history by recording metabolomic
fingerprints of ionizable components under the conditions of ambient MS.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

traditionally reared in earthen ponds. To increase its production,
natural diet is commonly supplemented with cereals, i.e., feed with

Most of fish are a rich source not only of high-quality protein,
essential vitamins, and minerals but also -3 polyunsaturated fatty
acids (PUFA) such as eicosapentaenoic acid (EPA) and docosahex-
aenoic acid (DHA) [1,2]. The content of “healthy” lipids and other
components in particular fish species may largely differ depending
on whether the fish is wild or grown under farming conditions. In
the latter case, the farming practices are based on the use of various
diet supplements what typically results in higher content of neutral
lipids [3]. In Central Europe, one of the most important farmed
freshwater fish species is common carp (Cyprinus carpio L.). It is
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high proportion of carbohydrates, representing the primary source
of energy [4]. Subsequently, specific enzymatic system of fish
enables to utilize high amount of carbohydrates, which are depos-
ited in lipids. Unfortunately, their fatty acids pattern is not affected
in a desirable way, nevertheless, optimization of »-3 fatty acids
composition in carps from different pond production systems can
be achieved by addition of plant materials containing higher
content of PUFA precursor, a-linoleic acid, ALA [5].

To monitor the effect of feeding practice on fish quality within
tested experimental set-ups and to enable traceability of declared
production system in case of marketed fish, suitable analytical
strategies have to be available. Obtaining as much as possible
comprehensive information within a short time is the current
trend when choosing laboratory approach.
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In general terms, traceability of the feed composition might be
based on the typical metabolites pattern in animal's tissues or
fluids [6]. Up to this point published studies in this research area
were focused on the determination of particular metabolites
classes such as carotenoids, fatty acids, vitamins, terpenes, or
volatile compounds, that showed up directly or in (bio)trans-
formed form in biotic samples taken from respective organism
that was fed by specific feed. For this purpose high-performance
liquid chromatography with ultra-violet detection (HPLC-UV), gas
chromatography with a flame-ionization detector (GC-FID), and
head-space gas chromatography-mass spectrometry (HS-GC-MS)
can be employed. It should be noted that these analytical strate-
gies were focused mainly on the analysis of a limited number of
analytes mentioned above with similar physico-chemical proper-
ties [7-16].

A novel approach in this area represents metabolomics that is
focused on the detection of the broadest possible range of small
molecules (<1500 Da) in complex biological matrices using a
single or small number of analyses. This approach has also
emerged as a field of interest in food and feed analysis. Methods
employing one-dimensional gas chromatography or comprehen-
sive two-dimensional gas chromatography-mass spectrometry
(1D-GC-MS, GC x GC-MS) are typically used for the analysis of
(semi)volatile metabolome components and/or polar compounds
(after their previous derivatization). For instance, Baumgarner and
Cooper used GC x GC-MS-metabolomics platform with derivatiza-
tion to detect changes in polar and non-polar metabolites during
starving of rainbow trout (Oncorhynchus mykiss) [17]. In addition,
the metabolite profiling employing 1D-GC-MS (derivatization) of
Japanese medaka (Oryzias latipes) juveniles exposed to malathion
was evaluated [18]. Further, liquid chromatography-mass
spectrometry-based methods (LC-MS) are preferred for the ana-
lysis of a wide range of not GC-amenable compounds. For very
polar and ionic analytes hydrophilic interaction chromatography
(HILIC) can be employed or for polar and non-polar (e.g., lipids)
metabolites reversed phase (ultra)-high-performance liquid chro-
matography [RP-(U)HPLC] is utilized. Nuclear magnetic resonance
(NMR) permits the detection of a broad scope of analytes within a
single run but is mainly used in the analysis of polar metabolites
and typically suffers from lower sensitivity as compared to GC-MS
and LC-MS [19,20]. The NMR-based metabolomic approach has
recently been used to assess the effect of decreasing dietary
fishmeal on the health of the finfish cobia (Rachycentron canadum)
[21], food deprivation in juvenile rainbow trout (0. mykiss) [22],
and the monitoring of the rearing conditions of Sparus aurata fish
specimens [23]. In other studies the exposure of zebrafish (Danio
rerio) to different sewage effluents [24], characterization of the
metabolic actions of crude vs. dispersed oil in smolts of Chinook
salmon (Onchorhyncus tshawytscha) [25], and the metabolic
response of juvenile Atlantic salmon (Salmo salar) to long-term
handling stress [26] have been documented.

Besides these instrumental platforms, ambient desorption
ionization techniques represent a novel solution for metabolomic
fingerprinting and profiling allowing direct sample examination in
the open atmosphere, with minimal or no sample preparation
requirements and remarkably high sample throughput [27-30].
Using these techniques the (instrumental) analysis time can
be reduced significantly (<1 min per sample) as compared to
15-60 min GC-MS or LC-MS runs.

Direct analysis in real time (DART) ionization, which was
investigated in this study, represents one of the most popular
atmospheric-pressure chemical ionization (APCI)-related techni-
ques [31]. The DART ion source has been shown to be efficient for
soft ionization of a wide range of both polar and non-polar
compounds. However, considering the absence of chromatographic
separation prior to sample ionization, the impact of matrix effects

(ion suppression) can be more significant in the case of this ambient
MS technique. In spite of this possible limitation, analysis at
trace-level (ng/g) of various analytes (mostly contaminants) in
complex matrices (food, plasma) was reported [29]. As regards data
processing, strategies including in-house macro application (Excel)
or Matlab software were reported in DART-MS metabolomics-based
studies prior to chemometric analysis [32,33].

Until now, several papers have been published describing
various DART applications including rapid analysis of various
(target) substances occurring in foodstuffs and food crops
[29,34-40], but only a limited number of papers have been focused
on metabolomics-based studies based on non-target approach
[32,33,41-43].

In this work, the proof-of-concept of differentiation of fish
muscle in response to dietary supplementation (fed with and
without the supplemental feeding with cereals) was investigated.
For this purpose, a rapid method for metabolomic fingerprinting of
common carp (C. carpio L) muscle using DART-MS has been
developed followed by multivariate data analysis of the acquired
data sets.

2. Materials and methods
2.1. Fish samples

Common carps (C. carpio L.) were reared in two earthen ponds
(Horak, Bastyi) in the Fishery of Trebon, Czech Republic. Protected
geographical indication of the origin of Trebor carp is the guarantee of
quality fish. Stocking density was recalculated always on 363 pcs/ha.
The growing season began on May 2009, and the fish were fed with
supplementary cereals (triticale). The fish on supplementary feeding
(group 1, n=20) were compared with a control group (group 2, n=20)
that were fed natural food only (plankton, benthos). The genetic
origins of the fish were identical, and the ages of the fish were also
identical (2 years). The average live weight of all fish was 0.810 and
0.675 kg for group 1 and 2, respectively. After four months the feeding
experiments were completed. The average live weights of fish were
2.59 and 2.02 kg for group 1 and 2, respectively, thus there was a 32%
increase of weight of fish fed with supplementary cereals as compared
to the control group during the rearing evaluation period.

2.2. Chemicals

Methanol, hexane, acetonitrile, and cyclohexane were obtained
from Merck (Darmstadt, Germany). Deionized water (18 MQ) was
produced by a Milli-Q system (Millipore; Bedford, MA, USA). An
aqueous ammonia solution (25%, w/w) was purchased from Penta
(Chrudim, Czech Republic).

2.3. Sample preparation

An amount of 2 g of fish sample (muscle without skin) was
taken into a 50 mL PP centrifugation tube, followed by the
addition of 10 mL of deionized water and 10 mL of cyclohexane.
After a brief shaking the content was homogenized using an Ultra-
turrax macerator at 5000 rpm for 1 min. The tube was finally
centrifuged (10,000 rpm) for 10 min. Both cyclohexane and aqu-
eous layers were collected using a Pasteur pipette into glass vials
for subsequent DART-TOFMS analysis.

During the sample preparation, blanks were also prepared
consisting of all the steps mentioned above except for the addition
of sample.



T. Cajka et al. / Talanta 115 (2013) 263-270 265

2.4. DART-TOFEMS analysis

For DART-TOFMS analyses, the system consisted of a DART-100
ion source (lonSense, Danvers, MA, USA), an AccuTOF LP medium
high-resolution/accurate mass TOF mass spectrometer [JEOL
(Europe) SAS, Croissy sur Seine, France], and an AutoDART HTC
PAL autosampler (Leap Technologies, Carrboro, NC, USA). For the
mass drift compensation needed for accurate mass measurement,
polyethylene glycol with an average molecular weight of
600 g mol™! (Sigma-Aldrich, Steinheim, Germany) at a concentra-
tion of 200 ug mL™! in methanol was introduced using a Dip-it
sampler (lonSense, Saugus, MA, USA) at the end of each analysis.
The mass resolving power for m/z 128.0 (pyroglutamic acid) and
m/z 876.8 [TAG(52:2)] was 3100 and 5800 fwhm (full width at half
maximum), respectively.

MassCenter (JEOL) software (v. 1.3.0) was used for instrument
control, data acquisition, and data processing. Mass spectral data
were obtained by averaging of the mass spectra recorded during
the exposure of the sample to the DART gas beam; background
ions were subtracted and a mass drift was corrected.

2.4.1. DART(+) ionization (analysis of cyclohexane extracts)

Ion mode: positive; helium flow-rate: 4 L min~!; needle vol-
tage: 3000 V; discharge electrode: +150 V; grid electrode: +250 V;
gas beam temperature: 350 °C; sampling time: 30s; dopant:

aqueous ammonia solution.

2.4.2. DART(-) ionization (analysis of aqueous extracts)
Ion mode: negative; helium flow-rate: 3 L min~'; needle vol-
tage: 3000 V; discharge electrode: -150 V; grid electrode: =350 V;

gas beam temperature: 250 °C; sampling time: 5 s.

2.4.3. TOFMS detection

Mass range: m/z 50-1000; peaks voltage: 900V; detector
voltage: —-2400V (positive ion mode); +2200V (negative ion
mode); acquisition rate: 5 spectras™’.

2.5. Data analysis

Chemometric analysis included multivariate data analysis using
(unsupervised) principal component analysis (PCA) and (super-
vised) orthogonal partial least squares discriminant analysis
(OPLS-DA) employing the software SIMCA (v. 13.0, 2011, Umetrics,
Umea, Sweden; www.umetrics.com).

In the first stage of the data processing, the raw data obtained
on fish samples (40 samples x 41 selected signals in positive ion
mode, 40 samples x 25 selected signals in negative ion mode)
in the form of absolute peak intensities (area) were pre-processed
using constant row sum, that is, each variable was divided by
the sum of all variables for each sample (mass spectrum); this
procedure transformed all the data to a uniform range of varia-
bility. Subsequently, log transformation and Pareto scaling
were applied for particular “normalized” data sets prior PCA
and OPLS-DA.

The quality of the models was evaluated by the goodness-of-hit
parameter (R%X), the proportion of the variance of the response
variable that is explained by the model (R?Y) and the predictive
ability parameter (Q?), which was calculated by a 7-round internal
cross-validation of the data using a default option of the SIMCA
software. In addition, the models were also evaluated in terms of
recognition and prediction abilities. Recognition ability represents
the percentage of samples in the training set, which were correctly
classified. Prediction ability is the percentage of samples in the test
set correctly classified by using the model developed during the

training step. For this purpose a 4-fold internal cross-validation
was used.

3. Results and discussion
3.1. Optimization of sample preparation and DART settings

Within the first phase of this study, we focused on the sample
preparation and optimization of DART-TOFMS conditions for the
analysis of the broadest possible spectrum of metabolites/small
molecules isolated from the fish muscle. Being aware that the
compounds largely differing in their physico-chemical properties
may occur in fish muscle, we tested several non-discriminative
approaches for their efficient isolation.

To speed up the analysis and achieve some fractionation of
sample components, we employed an “all-in-one” extraction
principle using both non-polar and polar solvents simultaneously.
While non-polar solvent is suitable for the isolation of non-polar
metabolites (e.g., hydrocarbons, triacylglycerols, cholesterol, free
fatty acids), the use of polar solvent, on the other hand, promotes
the isolation of polar analytes (e.g., amino acids, peptides, organic
acids, sugars). During the course of our experiments, 2 g of fish
muscle were homogenized using an Ultraturrax with 10 mL of
polar solvent (water or a methanol/water mixture (1:1, v/v)) and
10 mL of non-polar solvent (hexane or cyclohexane). After separa-
tion of solvent layers by centrifugation, the obtained extracts were
analyzed using DART-TOFMS, in both positive and negative ion
mode at different experimental conditions (see below). No sig-
nificant differences in the DART-TOFMS fingerprints were
observed for polar extracts prepared using water, methanol, or a
methanol/water mixture (1:1, v/v). On this account, for the
isolation of polar compounds, water (as a cheap solvent) was used
for subsequent experiments. Comparable extraction efficiency was
also observed for the non-polar solvents. In the final method,
cyclohexane was selected due to its lower volatility as compared to
hexane. This factor was beneficial during DART-TOFMS analyses
since after the transfer of the organic extracts (typically 12 per
run) in the sampling holes of a deep well micro-plate, the
spontaneous evaporation of cyclohexane was slower as compared
to hexane.

The relationship between the setting of various DART operating
parameters and features of mass spectra generated under parti-
cular conditions was also investigated. Helium beam temperature,
flow rate, desorption time, and the use of dopant were the major
parameters affecting DART ion formation and transmission
into MS.

The impact of gas beam temperature was monitored at tem-
peratures of 150, 250, and 350°C. A temperature of 250 °C
provided the highest responses for polar extracts in DART(+) and
DART(-) modes and non-polar extracts in DART(-), while the
much higher temperature (350 °C) was needed in the case of non-
polar extracts in DART(+). In this particular case the ionization
efficiency was further improved by means of using dopant
(ammonia vapors). Helium flow-rate was also observed to have
an influence on the DART-TOFMS responses of target analytes.
This parameter was tested for 3.0, 3.5, and 4.0 Lmin~'. The
number of metabolites detected increased with increased flow
rate but the rates >3 Lmin"! led in the case of polar extracts to
the dispersion of the sample on the sample stick and to splitting
solvent droplets off towards the inlet orifice of the mass spectro-
meter, causing contamination. Therefore, for subsequent experi-
ments, a helium flow-rate of 3.0 L min™! and 4.0 L min~! were used
for polar and non-polar extracts, respectively.

Another important factor optimized was (thermal) desorption
time. To improve not only the throughput of analyses but also the
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repeatability of DART measurements, a commercial autosampler
device (AutoDART-96) was used. The tested values of (thermal)
desorption time included 1, 2, 5, 10, and 30 s. It was observed that
5 s provided sufficient intensity of ions (analysis of polar extracts
in DART(+) and DART(-), and non-polar extracts in DART(-)),
while 30 s desorption time was needed during the analysis of non-
polar extracts in DART(+).

Since the analysis of the polar extracts in DART(-) and non-
polar extracts in DART(+) provided the most complex fingerprints
(for more details see Section 3.2), only these two measurements
(mass spectral records) were used in a subsequent analysis of a
large series of fish samples.

3.2. Interpretation of DART-TOFMS mass spectra

During the DART(+) analysis of polar extracts, three dominating
ions were observed: m/z 156.1 (histidine), m/z 227.1 creatine, [2M
—2H,0+H]* and m/z 114.1 representing the sum of creatinine and
creatine; the latter one undergoes degradation (-H,0) to creati-
nine during DART desorption at high temperature (Fig. 1-A). The
DART(-) spectra of the same extracts contained more signals with
dominating deprotonated molecules of histidine (m/z 154.1 and its
dimer m/z 309.1) followed by intensive signal of pyroglutamic acid
(m/z 128.0), succinic acid (m/z 117.0), glutamine (m/z 145.1),
glucose (m/z 179.0) as well as less intensive ions corresponding
to di- and tripeptides (according to elemental composition) in the
higher mass range (m/z 200-400) (Fig. 1-B). Similarly to DART(+),
the ion m/z 112.1 represents the sum of creatinine ([M-H]") and
creatine ([M-H,O-H]").

In DART(+) with the support of dopant (ammonia), triacylgly-
cerols were the most intensive ions (Fig. 1-C). Typical DART(+)-
TOFMS spectra of TAGs are characterized by molecular adduct ions
[M+NH4]" and fragment ions of TAGs, which are, in line with
expectation, the main components in fish non-polar fraction. The
formation of TAG ammonium adducts was induced by ammonia
vapors present in the sampling area. It should be noted that signals
of [M+NH4]* were of significantly higher intensities (approxi-
mately by 1 order of magnitude) as compared to the intensities of
protonated molecules [M+H]*, which were observed when the
dopant solution (aqueous ammonia) was excluded from the
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experimental set-up. Unequivocal identification of TAGs detected
in the samples and/or resolution among their stereoisomers was
not possible with the DART-TOFMS technique due to the simulta-
neous desorption/ionization of all present compounds. It is worth
noting that for sample discrimination using the chemometric
processing of recorded spectral fingerprints, the identification of
respective ions is not crucial. Nevertheless, as far as more informa-
tion is required, then in particular cases, the unequivocal identi-
fication of individual TAGs in examined extracts can be carried out
by employing HPLC separation coupled to APCI-MS [44].

On the other hand, during the DART(-) analysis of non-polar
extracts mainly free fatty acids were detected; in particular,
palmitoleic acid (C16:1), m/z 253.2; palmitic acid (C16:0), m/z
255.2; linolenic acid (C18:3), m/z 277.1; linoleic acid (C18:2), m/z
279.2; oleic acid (C18:1), m/z 281.2; stearic acid (C18:0), m/z 283.3;
eicosapentaenoic acid (C20:5), m/z 301.2; arachidonic acid (C20:4),
m/z 303.2; docosahexaenoic acid (C22:6), m/z 327.2; docosapen-
taenoic acid (C22:5), m/z 329.2 (Fig. 1-D).

3.3. Chemometric analysis

For chemometric analysis, several potential markers (ions) of
the fish extracts acquired in positive and negative ion modes were
selected after careful inspection of DART-TOFMS profiles. Depend-
ing on the ion detection threshold, hundreds of signals were
automatically annotated by the software in each sample.
A specially developed Excel macro was used to export the target
ions (in order of tens) from the raw data. The list of markers (ions,
m/z) used for area measurements, their tentative identification,
and intra-day measurement of the extraction (expressed as rela-
tive standard deviation, RSD, %; n=6) is shown in Tables 1 and 2.
In overall, the repeatability of the extraction was better for the
non-polar extracts with an average RSD of 10%, while an average
RSD of 19% was achieved for the polar extracts.

Principal component analysis (PCA) applied for data assess-
ment represents one of the most frequently used chemometric
tools. One of the main attractive features of PCA is the ability to
easily project particular data from a higher to a lower dimensional
space and then reconstruct them without any preliminary
assumptions about their distribution [45]. PCA of complete
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Fig. 1. DART-TOFMS fingerprints of the fish muscle extracts. (A) polar extract, DART(+); (B) polar extract, DART(-); (C) non-polar extract, DART(+); dopant: ammonia and

(D) non-polar extract, DART(-).
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metabolic profiles of 40 fish samples (group 1, n=20; group 2,
n=20) analyzed both in DART(+) and DART(-) ion modes showed
clustering behavior related to supplemental feeding with cereals
(triticale). Worth to notice that in the case of histidine detected in
DART(-) as deprotonated molecule (m/z 154.1) saturation of the
multichannel plate detector (MCP) was commonly observed. The
consequence of this phenomenon was that the top of the MS peak
was cut-off resulting in the underestimation of peak area/height.
This problem was solved by selecting the [M-H+1]" ion (m/z
155.1) from histidine's isotope profile. Further, due to the intensive
signal of this analyte deprotonated dimer [2M-H]™ (m/z 309.1) was
always detected in DART(-). Since this dimer provides the same
kind information as the [M-H+1]| ion, the [2M-H]™ ion was
excluded from the dataset prior the chemometric analysis (multi-
collinearity issue).

While the analysis of aqueous extracts in DART(-) provided
R?>=0.902 and Q?=0.549, some improvement of group separation
was observed in the case of cyclohexane extracts measured in
DART(+) with R?=0.920, Q*>=0.859 (Fig. 2-A, -B).

Additionally, orthogonal partial least squares discriminant
analysis (OPLS-DA) was constructed to identify and reveal the
differential metabolites in response to supplemental feeding with
cereals. In principle, the objective of OPLS is to divide the
systematic variation in the X-block into two model parts, one part
which models the co-variation between X and Y, and another part
which expresses the X-variation that is not related (orthogonal) to
Y. This may lead to better class-resolution in a discriminant
problem [46]. Using OPLS-DA further improvement of separation
between classes was achieved regardless what type of extracts
was used. In particular, the analysis of aqueous extracts in
DART(-) provided R°X=0.800, R>Y=0.903, Q*=0.807, and again,
an improvement was observed in the case of cyclohexane extracts

Table 1

measured in DART(+) with R?X=0.905, R’Y=0.966, Q*>=0.943
(Fig. 2-C, -D).

Using a VIP (variable importance of the projection) parameter
with the threshold > 1, seven markers were found to be the most
significant in the polar extracts, while 14 markers were observed
to be significant for non-polar extracts. The tentative identification
of these markers as well as their trends (increase, t; decrease, |)
for group 1 vs. group 2 (fish fed with vs. without the supplemental
feeding) are summarized in Tables 1 and 2.

An additional 4-fold cross validation was performed using both
types of the extracts to evaluate the performance of the OPLS-DA
model. In this case, the dataset was randomly split 4-times into a
calibration (training) set (3/4 of samples) with the remaining
samples (1/4) being used as a test set. Using this internal valida-
tion, recognition abilities of 100% and 92.5% and prediction
abilities of 100% and 87.5% were achieved for non-polar and polar
extracts, respectively. To that end, differentiation of fish muscle
according to diet (fed with vs. without the supplemental feeding)
was feasible using both types of extracts analyzed by means of
DART-TOFMS with better performance of the statistical model
employing data from the non-polar extract analyses.

3.4. Data interpretation

In both groups of fish three main clusters of TAGs were
observed: (i) TAG(50:3), TAG(50:2), TAG(50:1); (ii) TAG(52:4),
TAG(52:3), TAG(52:2), TAG(52:1); and (iii) TAG(54:4), TAG(54:3),
TAG(54:2). These two examined groups had the most intensive
marker TAG(52:2) consisting from the main fatty acids (C16:0,
C16:1, C18:1, C18:2) present in carp muscle [47]. However, the
relative intensity of this TAG was higher in the group of fish fed
with the supplemental feeding. Further, lower intensities of TAGs

Analytical data of selected ions (markers) determined by DART(-)-TOFMS (analysis of aqueous fish extracts).

mfz Ion Elemental composition Tentative identification RSD, %* VIP® Trend®
104.03 [M-H]~ C3HgNO3 Serine 23

105.02 [M-H]” C3Hs504 Glyceric acid 16

112.05 [M-H]/[M-H,0-H]" C4HgN30 Creatinine/creatine 12 2 !
114.06 [M-H]~ CsHgNO-, Proline 23 6 1
117.02 [M-H]” C4Hs04 Succinic acid 21 4 1
118.05 [M-H]|~ C4HgNO3 Threonine 26

125.04 [M-H| CsHsN»0, Thymine 18

128.03 [M-H]” CsHgNO3 Pyroglutamic acid 11 1 1
130.09 [M-H]~ CeH12NO, Leucine 28

132.03 [M-H]~ C4HgNO4 Aspartic acid 17

135.03 [M-H]” CsH3N4O0 Hypoxanthine 24

145.06 [M-H]~ CsHoN,03 Glutamine 21 3 1
146.05 [M-H]~ CsHgNO4 Glutamic acid 28

154.06 [M-H]~ CgHgN30, Histidine -

155.06 [M-H+1]~ 12C513CHgN50, Histidine 1 5 i
161.06 [M-H]” CsHgN,04 Dipeptide 7.8

164.07 [M-H]~ CoH1oNO> Phenylalanine 3.7

171.01 [M-H] C3HgOgP Glycerol phosphate 20

179.06 [M-H]~ CeH1106 Glucose 17

190.04 [M-H]~ C7H4N50, Unknown 22 7 1
202.08 [M-H]~ C;H5N304 Dipeptide 22

218.10 [M-H]~ CoHgNO5 Pantothenic acid 13

24218 [M-H]~ Cy3H24NO5 Unknown 25

24411 [M-H]~ Cy3H14N50, Unknown 20

267.10 [M-H]~ C12H1sN,05 Dipeptide 13

283.10 [M-H]” C11H15N405 Dipeptide 25

309.13 [2M-H]~ C12H17NgO4 Histidine -

395.19 [M-H]~ CygH27N406 Tripeptide 18

2 Relative standard deviation (RSD) of peak area, n=6. For calculation, the intensities of detected ions were normalized to the intensity of the sum of all ions (constant

raw sum).

P Variable importance of the projection; the order of markers with the VIP threshold > 1.
¢ Increase (1) and decrease () of marker intensity in the group 1 (fish fed with the supplemental feeding with triticale) vs. group 2 (fish fed without the feed without the

supplemental feeding).
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Table 2

Analytical data of selected ions (markers) determined by DART(+)-TOFMS (analysis of cyclohexane fish extracts).

mlz lon Elemental composition Lipid species RSD, %* VIP" Trend®
818.72 [M+NHg4]* Cs1HoNOg TAG(48:3) 13

820.74 [M+NH4]* Cs1HesNOg TAG(48:2) 5.1

822.76 [M+NH4]* Cs1H100NOg TAG(48:1) 78

824.77 [M+NH4]* Cs1H102NOg TAG(48:0) 14

834.76 [M+NH4]* Cs2H100NOg TAG(49:2) 8.8 14 '
836.77 [M+NHg4]* Cs2H102NOg TAG(49:1) 8.4

842.72 [M+NH4]* Cs3HosNOg TAG(50:5) 9.1 9 '
844.74 [M+NH4]* Cs3HosNOg TAG(50:4) 8.9 7 '
846.76 [M+NH4]* Cs3H100NOg TAG(50:3) 5.9

848.77 [M+NH4]* Cs3H102NOg TAG(50:2) 5.8 3 1
850.79 [M+NH4]* Cs3H104NOg TAG(50:1) 6.0 2 1
852.80 [M+NH4]* Cs3H106NOg TAG(50:0) 12

860.77 [M+NH,4]* Cs4H102NOg TAG(51:3) 14 10 B
862.79 [M+NH4]* Cs54H104NOg TAG(51:2) 4.3

864.80 [M+NH4]* Cs4H106NOg TAG(51:1) 6.9

866.82 [M+NH4]* Cs4H10sNOg TAG(51:0) 79 1 B
868.74 [M+NH4]* Cs5HogNOg TAG(52:6) 14 8 1
870.76 [M+NHg4]* CssHi100NOg TAG(52:5) 12 6 '
872.77 [M+NH4]* CssHi02NOg TAG(52:4) 8.9

874.79 [M+NH,4]* CssH104NOg TAG(52:3) 71 1
876.80 [M+NHg4]* CssHi106NOg TAG(52:2) 8.2 1 1
878.82 [M+NH4]* Cs5H10sNOg TAG(52:1) 5.6 t
884.77 [M+NH4]* Cs6H102NOg TAG(53:5) 20

886.79 [M+NH,4]* Cs6H104NOg TAG(53:4) 19

888.80 [M+NH4]* Cs6H106NOg TAG(53:3) 85

890.82 [M+NH4]* Cs6H10sNOg TAG(53:2) 45

894.76 [M+NH,4]* Cs7H100NOg TAG(54:7) 78 12 '
896.77 [M+NH4]* Cs7H102NOg TAG(54:6) 16

898.79 [M+NH4]* Cs57H104NOg TAG(54:5) 13

900.80 [M+NH4]* Cs7H106NOg TAG(54:4) 75

902.82 [M+NH4]* Cs7H10sNOg TAG(54:3) 9.1 13 1
904.83 [M+NH4]* Cs7H110NOg TAG(54:2) 6.3

906.85 [M+NH4]* Cs7H112NOg TAG(54:1) 78

916.83 [M+NH,4]* CssHi110NOg TAG(55:3) 15

918.85 [M+NH4]* CssHi12NOg TAG(55:2) 5.6

920.86 [M+NHg4]* CssH114NOg TAG(55:1) 41

922.88 [M+NH4]* CssH116NOg TAG(55:0) 14

924.80 [M+NH4]* CsoH106NOg TAG(56:6) 16

926.82 [M+NH4]* CsoH10sNOg TAG(56:5) 10

928.83 [M+NH4]* CsoH110NOg TAG(56:4) 15

930.85 [M+NH4]* CsoH112NOg TAG(56:3) 10

@ Relative standard deviation (RSD) of peak area, n=6. For calculation, the intensities of detected ions were normalized to the intensity of the sum of all ions (constant

raw sum).

b Variable importance of the projection; the order of markers with the VIP threshold > 1.
¢ Increase (1) and decrease (4 ) of marker intensity in the group 1 (fish fed with the supplemental feeding with triticale) vs. group 2 (fish fed without the feed without the

supplemental feeding).

with PUFA [TAG(50:5), TAG(52:6), TAG(54:7)] were observed in
the group of fish fed with supplementary cereals (triticale). Both
these observations were in line with the results published by
Vacha et al. [16], who reported higher % of fat consisting from
saturated fatty acids (SFA) and monounsaturated fatty acids
(MUFA) in common carp fed with supplementary cereals (triticale,
wheat, corn) and lover levels of PUFAs. Worth to notice that in this
study Soxhlet extraction followed by derivatization of fatty acids
released from particular TAGs with subsequent GC separation with
flame-ionization detection (FID) was employed.

The presence of even minor TAGs with odd-chain fatty acids is
not surprise since the carp lipids may contain up to 5.3% of these
fatty acids (mainly C15:0, C15:1, C17:0, C17:1) [47]. Lower inten-
sities of these TAGs [TAG(49:2), TAG(51:0), TAG(51:3)] were
observed in the group fed with supplemental feeding. It should
be noted that contrary to commonly used method based on
analysis of fatty acids released from TAGs by hydrolysis, mass
spectra obtained by DART ionization enable to learn more about
the nature of fish lipids.

As regards polar fractions, the increase of relative intensities of
pyroglutamic acid (linked to glutamic acid), glutamine, and proline
can be explained as a result of the dietary intake from the

supplementary feeding with triticale, where proteins contain these
amino acids at high content [48]. On the other hand, the decrease of
relative intensity of creatine can be explained by lower intake of its
precursors (arginine, glycine, and methionine) from triticale's protein.
The increase of relative intensities of succinic acid originating either
from aspartic acid (reductive deamination) or from glucose (bacteria
activity) and decrease of relative intensity of histidine (precursor of
histamine formation) refer probably more to meat/fish freshness [49]
rather than to the changes of the diet composition.

4. Conclusions

The novel DART-TOFMS technique enabled differentiation of
fish muscle based on recording metabolomic fingerprints of
ionizable compounds generated under the conditions of ambient
MS. Thanks to simultaneous extraction using polar (water) and
non-polar (cyclohexane) solvents, a broad range of metabolites
was isolated using this approach (TAGs, amino acids, organic acids,
peptides, sugars, etc.). In addition, high throughput of samples was
achievable by means of automated introduction of sample spread
on a Dip-it sampler in front of a DART ion source ( <1 min was
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Fig. 2. A two-score plot of PCA (A, B) and OPLS-DA (C, D): (A, C) polar extracts (fish muscle); (B, D) non-polar extracts (fish muscle). (Legend: group 1=fish fed with the
supplemental feeding with triticale and group 2 =fish fed without the feed without the supplemental feeding).

required for a single analysis of respective sample fraction). Thus,
this method benefits from its simplicity and the potential exten-
sibility for other metabolomics-based aquaculture studies.

Using multivariate data analysis (OPLS-DA) differentiation of
fish muscle according to diet [feed with and without supplemental
feeding with cereals (triticale)] was feasible employing polar as
well as non-polar extracts fingerprints. Relative intensity of TAG
(52:2) consisting from the main fatty acids (C16:0, C16:1, C18:1,
C18:2) was higher in the group of fish fed with the supplemental
feeding while lower intensities of TAGs with PUFA [TAG(50:5), TAG
(52:6), TAG(54:7)] were observed in the same group. Also, an
increase of relative intensities of pyroglutamic acid, glutamine,
and proline was observed in the group of fish fed with the
supplemental feeding as compared to the group of fish fed with
natural food only (plankton, benthos).
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