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ABSTRACT:  20 

Speciation is one of the most valued food authenticity attributes for fishery and aquaculture products. 21 

In this work, an untargeted and pseudotargeted metabolomics combination approach was used for 22 

authentication of three shrimp species (Litopenaeus vanmamei, Penaeus japonicus Bate, and 23 

Penaeus monodon Fabricius). A monophasic extraction (without phase separation) was developed 24 

for untargeted metabolomics analysis of shrimp tissue, improving metabolite coverage and sample 25 

throughput compared with biphasic extraction. The monophasic extraction-based untargeted 26 

metabolomics analysis revealed 26 potential markers. The following pseudotargeted metabolomics 27 

analysis confirmed 21 reliable markers, among which 9 markers were defined as key markers. The 28 

21 confirmed markers and 9 key markers were used to develop two separate partial least-squares-29 

discriminant analysis models based on 74 samples, both achieving a predictive accuracy of 100% 30 

when validated against 60 external shrimp tissue samples. The results demonstrated the potential of 31 

this newly proposed untargeted and pseudotargeted metabolomics combination approach for shrimp 32 

species authentication.  33 

 34 

KEYWORDS: shrimp, species authentication, pseudotargeted metabolomics, PRM, 35 

untargeted metabolomics, monophasic extraction  36 
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 INTRODUCTION 38 

Food authenticity has become the third most important food attribute, after  food safety and food 39 

quality. Food fraud always violates the authenticity of food, which brings about various far-reaching 40 

consequences. Shrimps (order Decapoda, class Crustacea) are an important aquatic product for 41 

human diet and international trade. They are usually presented to the consumers in their processed 42 

form and not as a whole product. Therefore, it is often difficult to discriminate among different 43 

species in addition to the severe price disparities in shrimps of different species, which gives rise to 44 

a high risk of food fraud. Authentication of shrimp species has now become a growing global 45 

concern.1 Litopenaeus vanmamei, Penaeus japonicus Bate and Penaeus monodon Fabricius are 46 

three of the most popular shrimp species in China and worldwide. However, there is limited work 47 

published in relation to the authentication of the three species using robust analytical techniques.  48 

Untargeted metabolomics based on Liquid Chromatography-Mass Spectroscopy (LC-MS) 49 

platforms can offer useful insights into disease diagnosis,2 pathogenesis,3 treatment,4 and quality 50 

evaluation of traditional Chinese medicine.5 Also, untargeted metabolomics also has potential to be 51 

applied in food authentication to predict the biological identity (such as variety, species),6 52 

geographical origin,7 agricultural production,8 and processing technology9 of different commodities. 53 

The final goal of untargeted metabolomic strategy is to obtain relevant metabolites (markers) to 54 

achieve discrimination of several sample groups.10 Thus, the untargeted metabolomics for food 55 

authentication should attach more attention to comprehensive coverage of metabolites, which will 56 

consequently enhance marker detection probability.11 Comprehensive coverage usually contains 57 

depth and breadth, targeting at capturing more compound in terms of quantity and occupying more 58 

of the metabolome's physiochemical diversity, respectively.12 In addition, large-scale-sample studies, 59 

where hundreds, or even thousands, of samples are involved, constitute one of the current trends in 60 

untargeted metabolomics.13Except for metabolite coverage, sample throughput is another important 61 

consideration in the development of novel untargeted metabolomics analytical methods. However, 62 

most analytical methods either focus only on a subset of the metabolome or sacrifice sample 63 

throughput for metabolite coverage.  64 

While untargeted metabolomics approaches contribute to the marker screening, they often fail to 65 
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provide accurate and reliable quantitative results compared to targeted strategies.14-15 Thus, there is 66 

always the risk that one or more of the screened markers are not reliable. However, most of the 67 

current food authentication studies based on metabolomics simply ended up with screening out 68 

potential markers and confirming their difference among several sample groups using the untargeted 69 

approach. There are seldom reported works that confirmed the screened markers’ reliability and 70 

stability, as well as explored their application for the prediction of unknown samples using other 71 

approaches capable of reliable and accurate quantification.  72 

In the this study, an untargeted metabolomics and pseudotargeted metabolomics combination 73 

approach was adopted for the authentication of three shrimp species (Litopenaeus vanmamei, 74 

Penaeus japonicus Bate and Penaeus monodon Fabricius). Firstly, a monophasic extraction (based 75 

on tert-butyl methyl ether/methanol/water, without phase separation) was developed for 76 

comprehensive-coverage and high-throughput untargeted metabolomic analysis of shrimp tissue. 77 

Subsequently, the monophasic extraction-based metabolomic fingerprinting of shrimp samples was 78 

performed to search for potential markers. Using pseudotargeted metabolomics, the selected 79 

markers were further validated, to construct multivariate prediction models for unknown shrimp 80 

samples.  81 

 82 

 MATERIALS AND METHODS 83 

Reagents. HPLC-grade methanol (99.9%) was from Sigma-Aldrich (Munich, Germany). LC-84 

MS-grade methanol was from Merck (Darmstadt, Germany). GC-grade tert-butyl methyl ether 85 

(MTBE, 99.9%) and LC-MS-grade ammonium acetate (99.0%) were purchased from Aladdin 86 

(Shanghai, China). Butylhydroxytoluene (BHT, AR), LC-MS-grade formic acid (FA, 99%) Choline 87 

glycerophosphate (98%), and L-(-)-Proline were (99%) were purchased from Macklin (Shanghai, 88 

China). Ultrapure water was supplied by a Milli-Q system.  89 

 90 

Shrimp Samples. Authentic shrimp samples of three species (Litopenaeus vanmamei, Penaeus 91 

japonicus Bate and Penaeus monodon Fabricius) were collected from the local farmers’ markets in 92 

Guangzhou (China), each species of shrimps collected in three batches. These individual (whole) 93 
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shrimps were used to form 4 sample sets. For each species, the shrimps in sample set 1-3 were 94 

together collected in two identical batches, and the shrimps in sample set 4 were collected in another 95 

independent batch. The sample collection was completed in two successive years (2019-2020), and 96 

the shrimps’ species had been confirmed according to their anatomical external features (such as 97 

rostrum, carapace, and petasma) with the help of a professional from College of Marine Science, 98 

South China Agricultural University (Guangzhou, China) with expertise in penaeid shrimp 99 

taxonomy. More information about the four sample sets can be found in Table S1. With the head, 100 

outer shell and vein removed, the shrimp tissue was stored in -80°C overnight. Following immediate 101 

lyophilization under vacuum afterwards, the tissue was pulverized. The dry shrimp powder was 102 

store in -20°C before use.  103 

 104 

Monophasic Extraction and Biphasic Extraction. The extraction solvent consisted of a mixture 105 

of MTBE, methanol and water,  with a ratio of 40:20:7 (MTBE/methanol/water). For monophasic 106 

extraction, an aliquot of 120mg dry shrimp tissue powder was weighted out. Then, 1.2 mL ice-cold 107 

solvent mix containing 0.01% BHT was added, followed by homogenization at 50 Hz in triplicate 108 

at an interval of 30 sec, 60 sec each time. Having been vigorously stirred for 10 sec, the sample was 109 

bath sonicated for 60 min at room temperature, and centrifuged for 15 min at 1.2 x104 rpm and 4 °C. 110 

Finally, the supernatant in the centrifuge tube was collected. For biphasic extraction, the procedures 111 

were adapted from former works.16-17 Some of the foregoing extract was diluted 1.8-fold by adding 112 

extraction solvent mix without BHT, to offset the enrichment of analytes during the following phase 113 

separation. Then, the addition of 0.30 mL ultrapure water into 1.2 mL diluted extract preceded 114 

centrifugation for 15 min at 1.2×104 rpm and 4 °C to induce phase separation, yielding a volumetric 115 

ratio of aqueous phase and organic of approximately 1:1. Both the lower aqueous phase and the 116 

upper organic phase were collected. The two extraction methods and three extracts were outlined in 117 

Figure S1. Prior to LC-MS analysis, all extracts need to be filtrated through nylon filters with a 118 

pore size of 0.22 μm and stored in -20 °C overnight. Experimental blanks were also prepared by 119 

fully executing the steps for monophasic extraction and biphasic extraction without the addition of 120 

dry tissue sample.  121 

 122 
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LC-MS Analysis. An Dionex Ultimate 3000 XRS UHPLC system (Thermo Fisher, MA, U.S.A.) 123 

was used for chromatographic separation, which was performed on an ACQUITY UPLC BEH 124 

(ethylene-bridged hybrid) phenyl column (2.1 × 150 mm, 1.7 μm) at 60 °C, with a constant flow 125 

rate of 200 μL/min. The mobile phase was composed of ultrapure water containing 10 mM 126 

ammonium acetate with 0.1% formic acid (A) and methanol containing 10 mM ammonium acetate 127 

with 0.1% formic acid (B). The gradient elution program operated at the following settings: 0-1 min 128 

at 98% A, 1-10min from 98% to 12.5% A, 10-22 min from 12.5% to 2.5% A, 22-25 min from 2.5% 129 

to 0% A, and 25-30 min at 0% A. The elution returned to the starting conditions in 0.1 min, followed 130 

by an equilibration phase of 3.9 min before the subsequent injection. The temperature of auto-131 

sampler was set at 5 °C. Exactly, 1 μL extract was injected for each injection in the untargeted 132 

metabolomics analysis, and 5 μL in the pseudotargeted metabolomics analysis.  133 

For untargeted metabolomics analysis, MS analysis was conducted according to the conditions 134 

published by Meulebroek et al18 with modifications. A quadrupole-orbitrap mass spectrometer (Q-135 

Exactive, Thermo Fisher Scientific) equipped with heated electrospray ionization (HESI-Ⅱ) was 136 

used. The ion source was operated at the following settings: sheath gas flow 40 arbitrary units (au), 137 

auxiliary gas flow 10 au, sweep gas flow 2 au, auxiliary gas and capillary temperature both 325 °C, 138 

S-lens RF level 80 %, spray voltage for positive and negative ionization 3.5 and 3.0 KV. Each sample 139 

was analyzed using full scan mode in positive and negative ionization mode, respectively, with a 140 

m/z range of 80-1200 daltons (Da). Other parameters for the full scan mode included: mass 141 

resolution 70 000 full width at half-maximum (at m/z 200), AGC (automatic gain control) 2 × 105 142 

ions, and maximum injection time 50 ms. The data-dependent acquisition (DDA) mode was also 143 

used for few injections to collect MS2 information for compound identification. 144 

For pseudotargeted metabolomics analysis, MS analysis was operated using parallel reaction 145 

monitoring (PRM) mode in positive ionization mode only, while the parameters of electrospray ion 146 

source were identical to those in the untargeted metabolomics analysis. Each target was monitored 147 

with an approximate 2 min window (retention time of ±1 min) and 0.5 amu isolation window (target 148 

m/z of ±0.25 amu). The collision energies used in collision induced dissociation were optimized to 149 

avoid too intense fragmentation and maintain strong enough ion intensity using QC sample. The 150 

product ions were selected for suitable peak shape using both QC sample and authentic individual 151 
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samples. A detailed PRM table containing the normalized collision energies used in high collision 152 

dissociation (HCD) and the product ions selected for quantification was provided in Table S2. Other 153 

parameters for the DDA and PRM mode were detailed in Figure S2.  154 

 155 

Monophasic Extraction and Biphasic Extraction for Untargeted Metabolomics Analysis. 156 

Lyophilized tissue from many shrimps was mixed. The steps for monophasic extraction and biphasic 157 

extraction were carried out based on the mixed tissue consecutively as described above. In total, 158 

three extracts were produced (Figure S1) and analyzed using the untargeted metabolomics approach 159 

for comparison purposes: (1) “Monop”, the extract from the monophasic extraction; (2) “BipO”, the 160 

organic phase from the biphasic extraction; (3) “BipA”, the aqueous phase from the biphasic 161 

extraction. In each ionization mode (positive or negative), each extract underwent 12 injection 162 

replicates representing samples of the corresponding extract, and each blank underwent 3 injection 163 

replicates. All injections were performed in a random order on the premise that each injection of the 164 

blanks was performed every four extract injections. At the end of analytical sequence for each 165 

ionization mode, additional injection of each extract followed by the DDA mode was performed.  166 

 167 

Untargeted and Pseudotargeted Metabolomics Analysis for Shrimp Species Authentication. 168 

Samples for the instrument analysis were prepared from individual shrimps in 4 sample sets using 169 

monophasic extraction. Firstly, a total of 150 samples (in sample set 1-2) were analyzed using the 170 

untargeted metabolomic method based on full scan mode in two batches, each batch corresponding 171 

to a sample set. Secondly, 134 samples (in sample set 3-4) were analyzed using the pseudotargeted 172 

metabolomic method based on PRM mode in two batches, each batch corresponding to a sample 173 

set. In total, 6 analytical sequence were generated, each analytical sequence corresponding to the 174 

analysis of one sample set in an ionization mode. For each sample set, a quality control (QC) sample 175 

was additionally prepared by pooling equal extract from each individual shrimp. In each analytical 176 

sequence, the QC sample and blanks were injected regularly, and individual samples were injected 177 

at random. At the end of each analytical sequence of sample set 1-2, 3 additional injections of QC 178 

sample followed by the DDA mode, were performed.  179 

 180 



8 
 

Data Processing. For untargeted metabolomics, data pre-processing was carried out using 181 

Compound Discoverer 3.1 (Thermo-Fisher Scientific). The workflow in this software, including 182 

peak extraction, peak alignment, background subtraction, and so on, was shown in Figure S3. Some 183 

corresponding settings was as follows: mass tolerance of 5 ppm, maximum shift of 1 min using the 184 

adaptive curve alignment model, intensity tolerance of 30% for the isotope search, signal-to-noise 185 

threshold of 10, minimum peak intensity of 10000, minimum of 5 scans per peak, maximum 186 

sample/blank ratio of 3. For pseudotargeted metabolomics, data pre-processing was performed with 187 

TraceFinder 3.1 (Thermo Fisher Scientific). The peaks of MS/MS were extracted at a mass tolerance 188 

of 10 ppm, and the sum of the areas of two product ions was used to measure each potential marker. 189 

Univariate statistical analysis and multivariate modeling are performed in R. One-way ANOVA 190 

(analysis of variance) was conducted using the basic R package, and the PLS-DA (partial least-191 

squares-discriminant analysis) models were developed using the ropls R package.19 In all PLS-DA 192 

models, an internal 10-fold cross‐validation was carried out. Some figures were also built in R, 193 

including compound distribution using R package ggplot2, and Venn diagrams using R package 194 

VennDiagram. Base peak ion chromatograms were rebuilt using the Origin software. Additionally, 195 

MetFrag,20 which combines compound database searching and fragmentation prediction, was used 196 

for identification of maker compounds by comparison of parent ions and fragment ions with 197 

databases PubChem. Furthermore, the identification of maker compounds was confirmed using 198 

some reference standards.  199 

 200 

 RESULTS AND DISCUSSION 201 

Metabolite Coverage of the Untargeted Metabolomics. The compounds were distinguished  202 

from the feature using the Compound Discoverer software. The numbers of compounds acquired in 203 

ESI + and ESI - for the different extracts and the successive filtration steps were presented in Table 204 

S3. The largest number of detected compounds was found in the Monop extract. In positive 205 

ionization mode, the number of detected compounds in Monop reached 1270, 79.1% and 24.1% 206 

larger than that in BipA and BipO, respectively. In negative ionization mode, the number of detected 207 

compounds in Monop reached 1540, 34.4% and 34.6% larger than that in BipA and BipO, 208 

respectively. The results suggested that Monop-based metabolomic fingerprinting exceled BipA-209 
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based and BipO-based metabolomic fingerprinting in terms of the number of compounds, i.e. the 210 

depth of coverage. Monop was split into BipA and BipO as part of the phase separation procedure 211 

(Figure S1), and Monop was found to containmore metabolites. Thus, it is suggested that the 212 

Monop-based metabolomic fingerprinting could detect a larger number of metabolites.  213 

BipA mainly showed MS information in the early eluting stage, while BipO mainly exhibited MS 214 

information in the late eluting stage (Figure 1A-B, Figure S4A-B). This pattern was in agreement 215 

with the findings of Broeckling et al.16 In biphasic extraction, multiple solvents (including MTBE, 216 

methanol, and water) across a broad range of polarity were employed, so that both polar metabolites 217 

and nonpolar metabolites could be extracted. Biphasic extraction21-22 generates two separate phases, 218 

and nonpolar compounds are extracted into the organic phase, while polar compounds are 219 

partitioned into the aqueous phase. It could be inferred that polar metabolites were primarily eluted 220 

in the early stage, and that nonpolar metabolites were primarily eluted in the late stage. Monop 221 

displayed MS information throughout the whole chromatographic retention time (Figure 1A-B, 222 

Figure S4A-B), demonstrating early eluting polar metabolites and late eluting nonpolar metabolites 223 

detected. This was also supported by the Venn diagrams (Figure 1C-D). In positive ionization mode, 224 

59.2% of the detected compounds in BipA and 82.7% of the detected compounds in BipO were also 225 

found in Monop. In negative ionization mode, 56.6% of the detected compounds in BipA and 77.3% 226 

of the detected compounds in BipO were also found in Monop. It followed that Monop-based 227 

metabolomic fingerprinting detected both polar metabolites and nonpolar metabolites. These results 228 

indicate that Monop-based metabolomic fingerprinting improvedon the breadth of coverage, 229 

simultaneously covering polar metabolites and nonpolar metabolites.  230 

The food authentication studies ultimately aim to develop analytical methods with reliable 231 

markers as targets to predict the authenticity of unknown samples. Usually the markers are unknown, 232 

and the task of top priority is to search for reliable markers. Comprehensive coverage will 233 

consequently enhance marker detection probability,11 which plays an important role in food 234 

authentication researches. In this sense, our monophasic extraction-based untargeted metabolomics 235 

approach satisfied this requirement.  236 

 237 

Sample Throughput of the Untargeted Metabolomics. Both extraction methods followed the 238 
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same process before the diluted monophasic extract was obtained. The difference between biphasic 239 

extraction and monophasic extraction consisted primarily in whether a phase separation step was 240 

carried out or not. Biphasic extraction generated two extracts (BipO and BipA), and the collection 241 

of the two phases is a delicate, tedious, and time-consuming work. In contrast, the monophasic 242 

extraction omitted the step of phase separation, and the only extract (Monop) could be directly 243 

obtained, which hence saved a lot of time. Compared with BipA-based or BipO-based metabolomic 244 

fingerprinting, Monop-based metabolomic fingerprinting increased sample throughput, which 245 

benefited from the decrease in sample preparation time especially in large-scale-samples studies.  246 

If multiple analytical platforms, such as multiple ionization techniques, multiple analytical 247 

instruments, and among others, are adopted, 11, 22-23 the coverage will be considerably improved in 248 

terms of depth and breadth.and at the same time, the sample throughput will be reduced considerably. 249 

In fact, such throughput-shrunk strategies are sometimes not feasible because of the large financial 250 

and time investments required, especially in large-scale-sample studies. On the contrary, the 251 

monophasic extraction leads to an improved depth and breadth coverage with reduced operating 252 

cost and increased throughput, which serves the need of a large scale sample analysis in untargeted 253 

metabolomics. The proposed monophasic extraction could be considered as an excellent alternative 254 

for comprehensive untargeted metabolomics analysis of shrimp tissue, especially when limited 255 

financial and time budgets are concerned.  256 

 257 

Biomarker Discovery by the Untargeted Metabolomics. Subtle, but visible, differences could 258 

be found in base peak chromatograms (BPCs) for Litopenaeus vanmamei, Penaeus japonicus Bate 259 

and Penaeus monodon Fabricius samples (Figure 2A-B). Data pre-processing (including peak 260 

extraction, peak alignment, etc.) was executed for both sample sets together in order to obtain a raw 261 

data matrix, deriving 18,413 compounds in positive ionization mode and 18,140 compounds in 262 

negative ionization mode. After eliminating those were not presented in blanks and did not 263 

possessed a prediction for formula, i.e., 12,381 compounds in positive ionization mode and 13,019 264 

compounds in negative ionization mode, remained in consideration. By default, a compound was 265 

kept in consideration if complied with the following criteria in both of the two sample sets: (1) 266 

detection rate ≥ 80% in each sample group, (2) CV ≤ 30% in the QC samples. Those parameters had 267 
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been used in a similar way in the literature 24-25 . These criteria ensured that the selected metabolites 268 

were presented in all sample groups and were provided with relatively reproducible quantification 269 

by the instrument analysis, and 79 metabolites in positive ionization and 56 metabolites in negative 270 

ionization mode were selected.  271 

With the missing values filled using the average of the corresponding sample group in the 272 

corresponding sample set, univariate statistical test (one-way ANOVA) and multivariate modeling 273 

(PLS-DA) were conducted to discover potential markers. Only metabolites with high discrimination 274 

characteristics were accepted, and improvement in the separation of sample groups was achieved 275 

by retaining these highly discriminative metabolites.26-27 For the potential markers, the following 276 

criteria were met in both of the two sample sets: (1) P ≤ 0.01 in one-way ANOVA, (2) VIP (variables 277 

importance on projection) ≥ 1 in PLS-DA analysis. Thanks to this variable reduction, 26 potential 278 

markers were obtained in positive ionization mode and 14 potential markers were obtained in 279 

negative ionization mode.  280 

The potential markers were also used to construct PLS-DA models, one sample set as training set 281 

and the other as testing set. The statistical performances of 8 models in total based on the variables 282 

(metabolites) before and after variable reduction are summarized in Figure 2C. In positive 283 

ionization mode, the variable reduction was of significance. Before variable reduction, the PLS-DA 284 

models were not fit-for-purpose, due to the relatively low R2X of 0.345 and 0.388 (<0.5). Generally 285 

speaking, the R2 and Q2 values lower than 0.5 indicates an unacceptable model.28-29 Besides, the 286 

closer to 1 the values are, the better the model. After variable reduction, the PLS-DA models 287 

improved significantly. In negative ionization mode, all model metrics’ (R2X, R2Y, and Q2Y) were 288 

very good. In prediction, the PLS-DA models produced improved or comparable accuracies after 289 

variable reduction. Overall, the models based on the potential markers obtained in negative 290 

ionization mode were not as satisfactory as the models based on the potential markers obtained in 291 

positive ionization mode. Hence, only the 26 potential markers (coded as from M1 to M26) obtained 292 

in positive ionization mode (Table 1) were used to subsequently establish the pseudotargeted 293 

metabolomics method.  294 

 295 

Biomarker Validation by the Pseudotargeted Metabolomics. Among the 26 potential markers, 296 



12 
 

M8 could not be associated with adequate product ions for a satisfying peak shape, whereas M11 297 

had no chromatographic peak. The fact that those markers could be monitored in PRM mode 298 

confirmed the remaining 24 potential marker as real compounds rather than just features. In order 299 

to test whether there were false-positive markers in the list, the following criteria were used in 300 

sample set 3: (1) detection rate ≥ 80% in each sample group, (2) CV ≤ 30% in the QC samples, (3) 301 

P ≤ 0.01 in one-way ANOVA. Implementing these criteria, 3 markers (i.e. M2, M12, M14) needed 302 

to be discarded. The remained 21 markers were present in all samples, unequivocally detected by 303 

the instrumental method, and showed significant differences among the three groups of samples. 304 

This procedure confirmed the 21 markers’ stability and reliability (Table 1). Out of 21 markers, 9 305 

were characterized as “key markers” (VIP values > 1). 306 

Untargeted metabolomics aims to detect as many compounds as possible with no prior knowledge, 307 

30 which has been found to be a powerful tool for biomarker discovery and mechanism research. 308 

However, limited data points are acquired for any analyte because all analytes are monitored at the 309 

same eluting time, 31 leading to relatively unsatisfactory quantification capability. Therefore, the 310 

potential markers screened by the untargeted metabolomics approach needs to be further validated 311 

by some approaches capable of more reliable quantification. Targeted metabolomics approach and 312 

pseudotargeted metabolomics approach are available for more reliable quantification because 313 

limited analytes are monitored at the same eluting time. Generally, targeted approach requires 314 

standards,32 and it is rather difficult to establish in case where the standards are not available. Hence, 315 

the pseudotargeted metabolomics approach was used to validate the screened markers.  316 

Unlike conventional pseudotargeted approach which is executed on a triple quadrupole (QQQ) 317 

mass spectrometer in multiple reaction monitoring (MRM) mode,32 the pseudotargeted approach 318 

used in this work was performed on a quadrupole-orbitrap (Q-orbitrap) mass spectrometer in PRM 319 

mode which presents several advantages. To our knowledge, it was the first time that the PRM-320 

based pseudotargeted metabolomics approach was used in the discriminative metabolomic studies 321 

concerning food authenticity, aiming to find differences between sample populations.33-34 On one 322 

hand, the PRM-based pseudotargeted approach does not require troublesome transformation of 323 

MRM transitions from Q-orbitrap to QQQ and additional mass spectrometer (QQQ), compared with 324 

the MRM-based pseudotargeted approach. On the other hand, the metabolome is generally quite 325 
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complex, which contains a large and unknown number of metabolites with diverse physicochemical 326 

properties, and these metabolites’ concentrations span across a dynamic range.35 The interference is 327 

a serious concern for quantification of analytes in complex samples. The PRM-based pseudotargeted 328 

approach showed better resistance to interference, compared with the MRM-based pseudotargeted 329 

approach36. Therefore, the PRM-based pseudotargeted approach is easier to establish, and more 330 

suitable for the validation of markers in complex samples.  331 

 332 

Biomarker Application by the Pseudotargeted Metabolomics. According to the more reliable 333 

quantification results, the 21 confirmed markers and the 9 key markers were used to develop PLS-334 

DA models based on sample set 3 (training set, n=74), respectively, with the missing value filling 335 

obviated. The developed PLS-DA models were used to predict the authenticity of external samples 336 

in sample set 4 (testing set, n=60), and each species occupied 20 samples in sample set 4. The two 337 

models exhibited good statistical performance (Figure 3), each with high metrics (R2X, R2Y, 338 

Q2Y >0.5), and prediction accuracy (100%). These results highlight the validity of the developed 339 

models. It has to be noted that the training set (sample set 3) and the testing set (sample set 4) were 340 

collected in completely different batches and not mixed at any stage. . Furthermore, the developed 341 

model attained similarly desirable results with the use of a lower number of variables. On the 342 

premise that the model is valid and with good predictability, it is more advisable to establish an 343 

analytical method exclusively monitoring less markers (metabolites) in the future.  344 

The average coefficient of variation (CV ) of the QC exercise in the untargeted metabolomics 345 

study was 19.32%, much higher than that (6.23%) in the pseudotargeted metabolomics study (Table 346 

1). The result indicated that the pseudotargeted approach provided much more reproducible 347 

quantification results. Compared with the untargeted metabolomics approach, the pseudotargeted 348 

approach could be relatively easily implemented in other laboratories while still achieving desirable 349 

predictive abilities. This work demonstrated clearly for the first time that the pseudotargeted 350 

approach could be used in the predictive metabolomics studies concerning food authenticity to 351 

predict the authenticity of unknown samples,33-34 and it might be a great progress in the journey to 352 

achieve food authentication in routine analysis.  353 

 354 
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Identification of Marker Compounds. The parent ions and their respective high-resolution 355 

MS/MS full spectra obtained by the PRM mode were used for qualitative identification by means 356 

of MetFrag.20 Furthermore, the identification of each compound had been checked manually in 357 

terms of exact mass and isotope pattern. Of the 21 confirmed markers (including 9 key markers), 358 

there are 1 halogenated hydrocarbon, 4 amino acids, 1 phosphatidylserine, 1 phosphatidylglycerol, 359 

2 phosphatidylcholines, 6 phosphatidylethanolamines, 3 alkaloids, 2 esters, 1 amide (Table 2). 360 

Many markers were tentatively identified as phospholipids. M20 (identified as phosphatidylserine) 361 

produced characteristic fragment ions [phosphoserine + H]+ (m/z 186.072), and [(M + H) - 362 

phosphoserine]+ (m/z 613.526). For phosphatidylcholines, the characteristic [phosphocholine + H]+ 363 

(m/z 184.072), [choline]+ (m/z 104.107), and [trimethylamine + H]+ (m/z 60.081) ions were found. 364 

The M5 (identified as choline glycerophosphate) that had similar structure also showed the same 365 

characteristic ions. Phosphatidylethanolamines exhibited [(M + H) - phosphoethanolamine]+ (e.g. 366 

m/z 311.258 in the case of M9) and [propyl phosphoethanolamine + H]+ (m/z 184.072) or 367 

[phosphoethanolamine + H]+ (m/z 142.026). It also has demonstrated that there is potential for a 368 

phospholipids profile, consisting of various phospholipids, to be used for shrimp species 369 

authentication. In addition, the identities of 2 metabolites, i.e. proline and choline glycerophosphate, 370 

were additionally confirmed using available reference standards by comparison of retention time, 371 

accurate mass, and fragment spectra (Figure 4). The retention time and parent ion’s accurate mass 372 

of same analyte both showed faint difference between standard and QC sample, and the fragment 373 

spectra were almost identical. 374 

 375 

In conclusion, this proposed untargeted metabolomics and pseudotargeted metabolomics 376 

combination approach was an ideal method for shrimp species authentication. The monophasic 377 

extraction-based untargeted metabolomics approach enabled comprehensive-coverage analysis of a 378 

large number of shrimp tissue samples in a high-throughput way, which played a critical role in 379 

screening out differential markers with the help of powerful data processing tools. The 380 

pseudotargeted metabolomics approach was capable of more reliable and accurate quantification, 381 

which helped confirm the screened markers’ reliability and stability. Furthermore, according to the 382 

accurate quantification of the confirmed markers and the key makers, PLS-DA models were 383 
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developed yielding a correct prediction of 100% for external testing samples, despite the fact that 384 

this method is not suitable for rapid analysis. Additionally, this untargeted and pseudotargeted 385 

metabolomics combination approach could be applied to other shrimp authentication issues 386 

concerning biological identity, geographical origin, production method, etc., and the untargeted 387 

metabolomics and pseudotargeted metabolomics combination strategy could be suitable for other 388 

food’s authentication research.  389 

 390 

 ABBREVIATIONS USED 391 

Monop, the extract from the monophasic extraction; BipO, the organic phase from the biphasic 392 

extraction; BipA, the aqueous phase from the biphasic extraction; MTBE, tert-butyl methyl ether; 393 

BEH, ethylene-bridged hybrid; BHT, butylhydroxytoluene; QC, quality control; CV, coefficient of 394 

variance; PLS-DA, partial least-squares-discriminant analysis; ANOVA, analysis of variance; VIP, 395 

variables importance on projection; HCD, high collision dissociation; MRM, multiple reaction 396 

monitoring; PRM, parallel reaction monitoring; DDA, data-dependent acquisition; UHPLC-Q-397 

orbitrap, ultra-high performance liquid chromatography-quadrupole-orbitrap; QQQ, triple 398 

quadrupole 399 
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sets (Table S1), PRM table (Table S2), description of acquired compounds in the untargeted 412 

metabolomics for comparison of monophasic extraction and biphasic extraction (Table S3), 413 

description of selected compounds in the untargeted metabolomics for shrimp species authentication 414 

(Table S4).  415 

 416 

 REFERENCES 417 

1. L. Hu, H. Zhang, X. Zhang, T. Zhang, Y. Chang, X. Zhao, J. Xu, Y. Xue, Z. Li, Y. Wang, C. Xue, 418 

Identification of Peptide Biomarkers for Discrimination of Shrimp Species through SWATH-MS-419 

Based Proteomics and Chemometrics, Journal of Agricultural and Food Chemistry, 66 (2018) 420 

10567-10574. 421 

2. W. Checkley, M.P. Deza, J. Klawitter, K.M. Romero, J. Klawitter, S.L. Pollard, R.A. Wise, U. 422 

Christians, N.N. Hansel, Identifying biomarkers for asthma diagnosis using targeted metabolomics 423 

approaches, Respir Med, 121 (2016) 59-66. 424 

3. R. Gonzalez-Dominguez, A. Sayago, A. Fernandez-Recamales, Metabolomics in Alzheimer's 425 

disease: The need of complementary analytical platforms for the identification of biomarkers to 426 

unravel the underlying pathology, J Chromatogr B Analyt Technol Biomed Life Sci, 1071 (2017) 427 

75-92. 428 

4. Z. Liao, S. Zhang, W. Liu, B. Zou, L. Lin, M. Chen, D. Liu, M. Wang, L. Li, Y. Cai, Q. Liao, Z. 429 

Xie, LC-MS-based metabolomics analysis of Berberine treatment in ulcerative colitis rats, J 430 

Chromatogr B Analyt Technol Biomed Life Sci, 1133 (2019) 121848. 431 

5. H.M. Zhang, S.L. Li, H. Zhang, Y. Wang, Z.L. Zhao, S.L. Chen, H.X. Xu, Holistic quality 432 

evaluation of commercial white and red ginseng using a UPLC-QTOF-MS/MS-based metabolomics 433 

approach, J Pharm Biomed Anal, 62 (2012) 258-273. 434 

6. W. Jia, X. Dong, L. Shi, X. Chu, Discrimination of Milk from Different Animal Species by a 435 

Foodomics Approach Based on High-Resolution Mass Spectrometry, J Agric Food Chem, 68 (2020) 436 

6638-6645. 437 

7. D.E. Hoyos Ossa, R. Gil-Solsona, G.A. Penuela, J.V. Sancho, F.J. Hernandez, Assessment of 438 

protected designation of origin for Colombian coffees based on HRMS-based metabolomics, Food 439 



17 
 

Chem, 250 (2018) 89-97. 440 

8. E. Cubero-Leon, O. De Rudder, A. Maquet, Metabolomics for organic food authentication: 441 

Results from a long-term field study in carrots, Food Chem, 239 (2018) 760-770. 442 

9. L. Xu, Z. Xu, S. Kelly, X. Liao, Integrating untargeted metabolomics and targeted analysis for 443 

not from concentrate and from concentrate orange juices discrimination and authentication, Food 444 

Chem, 329 (2020) 127130. 445 

10. M. Guijarro-Diez, L. Nozal, M.L. Marina, A.L. Crego, Metabolomic fingerprinting of saffron 446 

by LC/MS: novel authenticity markers, Anal Bioanal Chem, 407 (2015) 7197-7213. 447 

11. P.A. Vorkas, G. Isaac, M.A. Anwar, A.H. Davies, E.J. Want, J.K. Nicholson, E. Holmes, 448 

Untargeted UPLC-MS analysis pipeline to expand tissue metabolome coverage: application to 449 

cardiovascular disease, Anal Chem, 87 (2015) 4184-4193. 450 

12. F.J. Naser, N.G. Mahieu, L. Wang, J.L. Spalding, S.L. Johnson, G.J. Patti, Two complementary 451 

reversed-phase separations for comprehensive coverage of the semipolar and nonpolar metabolome, 452 

Anal Bioanal Chem, 410 (2018) 1287-1297. 453 

13. J. Sostare, R. Di Guida, J. Kirwan, K. Chalal, E. Palmer, W.B. Dunn, M.R. Viant, Comparison 454 

of modified Matyash method to conventional solvent systems for polar metabolite and lipid 455 

extractions, Anal Chim Acta, 1037 (2018) 301-315. 456 

14. T. Cajka, O. Fiehn, Toward Merging Untargeted and Targeted Methods in Mass Spectrometry-457 

Based Metabolomics and Lipidomics, Analytical Chemistry, 88 (2016) 524-545. 458 

15. J.T. Zhou, C.L. Liu, D.D. Si, B. Jia, L.J. Zhong, Y.X. Yin, Workflow development for targeted 459 

lipidomic quantification using parallel reaction monitoring on a quadrupole-time of flight mass 460 

spectrometry, Analytica Chimica Acta, 972 (2017) 62-72. 461 

16. C.D. Broeckling, J.E. Prenni, Stacked Injections of Biphasic Extractions for Improved 462 

Metabolomic Coverage and Sample Throughput, Anal Chem, 90 (2018) 1147-1153. 463 

17. S. Chen, M. Hoene, J. Li, Y. Li, X. Zhao, H.U. Haring, E.D. Schleicher, C. Weigert, G. Xu, R. 464 

Lehmann, Simultaneous extraction of metabolome and lipidome with methyl tert-butyl ether from 465 

a single small tissue sample for ultra-high performance liquid chromatography/mass spectrometry, 466 

J Chromatogr A, 1298 (2013) 9-16. 467 

18. L. Van Meulebroek, E. De Paepe, V. Vercruysse, B. Pomian, S. Bos, B. Lapauw, L. Vanhaecke, 468 



18 
 

Holistic Lipidomics of the Human Gut Phenotype Using Validated Ultra-High-Performance Liquid 469 

Chromatography Coupled to Hybrid Orbitrap Mass Spectrometry, Anal Chem, 89 (2017) 12502-470 

12510. 471 

19. E.A. Thevenot, A. Roux, Y. Xu, E. Ezan, C. Junot, Analysis of the Human Adult Urinary 472 

Metabolome Variations with Age, Body Mass Index, and Gender by Implementing a Comprehensive 473 

Workflow for Univariate and OPLS Statistical Analyses, J Proteome Res, 14 (2015) 3322-3335. 474 

20. C. Ruttkies, E.L. Schymanski, S. Wolf, J. Hollender, S. Neumann, MetFrag relaunched: 475 

incorporating strategies beyond in silico fragmentation, J Cheminformatics, 8 (2016). 476 

21. P. Masson, A.C. Alves, T.M.D. Ebbels, J.K. Nicholson, E.J. Want, Optimization and Evaluation 477 

of Metabolite Extraction Protocols for Untargeted Metabolic Analysis of Liver Samples by UPLC-478 

MS, Analytical Chemistry, 82 (2010) 7779-7786. 479 

22. E.J. Want, P. Masson, F. Michopoulos, I.D. Wilson, G. Theodoridis, R.S. Plumb, J. Shockcor, N. 480 

Loftus, E. Holmes, J.K. Nicholson, Global metabolic analysis of animal and human tissues via 481 

UPLC-MS, Nat Protoc, 8 (2013) 17-32. 482 

23. Y. Yang, C. Cruickshank, M. Armstrong, S. Mahaffey, R. Reisdorph, N. Reisdorph, New sample 483 

preparation approach for mass spectrometry-based analysis of plasma results in improved coverage 484 

of metabolome, J Chromatogr A, 1300 (2013) 217-226. 485 

24. L. Xu, Z. Xu, S. Kelly, X. Liao, Integrating untargeted metabolomics and targeted analysis for 486 

not from concentrate and from concentrate orange juices discrimination and authentication, Food 487 

Chem, 329 (2020) 127130. 488 

25. D. Cavanna, D. Catellani, C. Dall'Asta, M. Suman, Egg product freshness evaluation: A 489 

metabolomic approach, J Mass Spectrom, 53 (2018) 849-861. 490 

26. C. Claassen, J. Kuballa, S. Rohn, Metabolomics-Based Approach for the Discrimination of 491 

Potato Varieties ( Solanum tuberosum) using UPLC-IMS-QToF, J Agric Food Chem, 67 (2019) 492 

5700-5709. 493 

27. S. Klockmann, E. Reiner, R. Bachmann, T. Hackl, M. Fischer, Food Fingerprinting: 494 

Metabolomic Approaches for Geographical Origin Discrimination of Hazelnuts (Corylus avellana) 495 

by UPLC-QTOF-MS, J Agric Food Chem, 64 (2016) 9253-9262. 496 

28. H. Blasco, J. Blaszczynski, J.C. Billaut, L. Nadal-Desbarats, P.F. Pradat, D. Devos, C. Moreau, 497 



19 
 

C.R. Andres, P. Emond, P. Corcia, R. Slowinski, Comparative analysis of targeted metabolomics: 498 

Dominance-based rough set approach versus orthogonal partial least square-discriminant analysis, 499 

J Biomed Inform, 53 (2015) 291-299. 500 

29. K. Navratilova, V. Hrbek, F. Kratky, K. Hurkova, M. Tomaniova, J. Pulkrabova, J. Hajslova, 501 

Green tea: Authentication of geographic origin based on UHPLC-HRMS fingerprints, Journal of 502 

Food Composition and Analysis, 78 (2019) 121-128. 503 

30. J. Pezzatti, J. Boccard, S. Codesido, Y. Gagnebin, A. Joshi, D. Picard, V. Gonzalez-Ruiz, S. 504 

Rudaz, Implementation of liquid chromatography-high resolution mass spectrometry methods for 505 

untargeted metabolomic analyses of biological samples: A tutorial, Anal Chim Acta, 1105 (2020) 506 

28-44. 507 

31. J. Zhang, X.F. Wu, J.Q. Qu, L. Zhang, Y.T. Zhang, X.H. Qu, Z.H. Huang, W. Xu, Comprehensive 508 

Comparison on the Chemical Profile of Guang Chen Pi at Different Ripeness Stages Using 509 

Untargeted and Pseudotargeted Metabolomics, Journal of Agricultural and Food Chemistry, 68 510 

(2020) 8483-8495. 511 

32. F.J. Zheng, X.J. Zhao, Z.D. Zeng, L.C. Wang, W.J. Lv, Q.Q. Wang, G.W. Xu, Development of a 512 

plasma pseudotargeted metabolomics method based on ultra-high-performance liquid 513 

chromatography-mass spectrometry, Nature Protocols, 15 (2020) 2519-2537. 514 

33. L. Righetti, J. Rubert, G. Galaverna, K. Hurkova, C. Dall'Asta, J. Hajslova, M. Stranska-515 

Zachariasova, A novel approach based on untargeted lipidomics reveals differences in the lipid 516 

pattern among durum and common wheat, Food Chem, 240 (2018) 775-783. 517 

34. J.M. Cevallos-Cevallos, J.I. Reyes-De-Corcuera, E. Etxeberria, M.D. Danyluk, G.E. Rodrick, 518 

Metabolomic analysis in food science: a review, Trends Food Sci Tech, 20 (2009) 557-566. 519 

35. K. Ortmayr, T.J. Causon, S. Hann, G. Koellensperger, Increasing selectivity and coverage in LC-520 

MS based metabolome analysis, Trac-Trend Anal Chem, 82 (2016) 358-366. 521 

36. A.C. Peterson, J.D. Russell, D.J. Bailey, M.S. Westphall, J.J. Coon, Parallel Reaction Monitoring 522 

for High Resolution and High Mass Accuracy Quantitative, Targeted Proteomics, Mol Cell 523 

Proteomics, 11 (2012) 1475-1488. 524 

  525 



20 
 

Figure captions 526 

Figure 1. UHPLC-HRMS detected compounds of the three shrimp extracts. (A) Distribution of 527 

detected compounds in positive ionization mode; (B) Distribution of detected compounds in 528 

negative ionization mode; (C) Venn diagram of detected compounds in positive ionization mode; 529 

(D) Venn diagram of detected compounds in negative ionization mode. BipA: aqueous phase from 530 

biphasic extraction, BipO: organic phase from biphasic extraction, Monop: monophasic extract from 531 

monophasic extraction. 532 

 533 

Figure 2. Base peak ion chromatograms for Litopenaeus vanmamei (Lv), Penaeus japonicus Bate 534 

(Pj), and Penaeus monodon Fabricius (Pm) (A) in positive ionization mode, and (B) in negative 535 

ionization mode. (C) Statistical parameters for PLS-DA models before and after variable reduction 536 

in untargeted metabolomics analysis.  537 

 538 

Figure 3. PLS-DA scores plots of sample set 3 using (A) 21 confirmed markers, and (B) 9 key 539 

markers. Lv: Litopenaeus vanmamei, Pj: Penaeus japonicus Bate, Pm: Penaeus monodon Fabricius. 540 

 541 

Figure 4. MS/MS full spectra of (A) L-(-)-proline for standard, (B) choline glycerophosphate for 542 

standard, (C) L-(-)-proline for QC sample, and (D) choline glycerophosphate for QC sample.  543 

  544 
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 545 

Figure 1. UHPLC-HRMS detected compounds of the three shrimp extracts. (A) Distribution of 546 
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detected compounds in positive ionization mode; (B) Distribution of detected compounds in 547 

negative ionization mode; (C) Venn diagram of detected compounds in positive ionization mode; 548 

(D) Venn diagram of detected compounds in negative ionization mode. BipA: aqueous phase from 549 

biphasic extraction, BipO: organic phase from biphasic extraction, Monop: monophasic extract from 550 

monophasic extraction.   551 
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 552 

 553 

Figure 2. Base peak ion chromatograms for Litopenaeus vanmamei (Lv), Penaeus japonicus Bate 554 

(Pj), and Penaeus monodon Fabricius (Pm) (A) in positive ionization mode, and (B) in negative 555 

ionization mode. (C) Statistical parameters for PLS-DA models before and after variable reduction 556 

in untargeted metabolomics analysis.  557 

  558 
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 559 
Figure 3. PLS-DA scores plots of sample set 3 using (A) 21 confirmed markers, and (B) 9 key 560 

markers. Lv: Litopenaeus vanmamei, Pj: Penaeus japonicus Bate, Pm: Penaeus monodon Fabricius.  561 

  562 
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 563 

Figure 4. MS/MS full spectra of (A) L-(-)-proline for standard, (B) choline glycerophosphate for 564 

standard, (C) L-(-)-proline for QC sample, and (D) choline glycerophosphate for QC sample.  565 

 566 
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Table 1. Markers screened by the untargeted metabolomics approach and confirmed by the pseudotargeted metabolomics approach.  567 

ID 

Untargeted metabolomics: Sample set 1 Untargeted metabolomics: Sample set 2 Pseudotargeted metabolomics: Sample set 3 

Detection rate/% QCs 

CV/% 

P-value 

(ANOVA) 

VIP 

(PLS-DA) 

Detection rate/% QCs  

CV/% 

P-value 

(ANOVA) 

VIP 

(PLS-DA) 

Detection rate/% QCs  

CV/% 

P-value 

(ANOVA) 

VIP 

(PLS-DA) Lv Pj Pm Lv Pj Pm Lv Pj Pm 

M1 a 90.0 100.0 100.0 25.60 6.23E-08 1.22 86.7 96.7 93.3 16.04 4.28E-07 1.14 100.0 100.0 100.0 11.52 2.12E-11 -- 

M2 100.0 95.0 100.0 21.12 1.58E-07 1.54 100.0 93.3 100.0 23.62 8.93E-07 1.23 -- -- -- -- -- -- 

M3 a 100.0 100.0 100.0 10.33 1.51E-15 1.49 100.0 100.0 100.0 17.43 3.13E-12 1.38 100.0 100.0 100.0 8.96 1.63E-15 -- 

M4 a 100.0 100.0 100.0 11.18 4.83E-05 1.40 100.0 100.0 93.3 20.24 3.19E-05 1.11 100.0 100.0 100.0 2.27 2.60E-05 -- 

M5 a 95.0 100.0 100.0 9.58  5.35E-05 1.18 96.7 100.0 100.0 12.44 1.84E-06 1.18 100.0 100.0 100.0 4.28 1.89E-05 -- 

M6 a, b 100.0 100.0 100.0 5.69 2.94E-16 1.56 100.0 100.0 96.7 22.21 1.50E-13 1.41 100.0 100.0 100.0 7.35 1.42E-27 1.17 

M7 a, b 100.0 95.0 85.0 15.10 2.83E-16 1.49 100.0 100.0 100.0 13.35 4.97E-11 1.26 100.0 100.0 100.0 11.98 1.25E-19 1.01 

M8 95.0 100.0 100.0 25.61 4.49E-05 1.33 96.7 100.0 100.0 21.24 2.65E-08 1.48 -- -- -- -- -- -- 

M9 a 95.0 100.0 100.0 23.35 5.97E-19 1.54 93.3 93.3 96.7 26.79 5.94E-31 1.71 100.0 100.0 100.0 6.94 1.71E-04 -- 

M10 a, b 100.0 100.0 100.0 16.29 2.27E-07 1.72 100.0 100.0 100.0 22.05 1.23E-19 2.13 100.0 100.0 100.0 23.11 2.09E-09 1.32 

M11 100.0 95.0 100.0 20.48 2.86E-20 1.60 100.0 83.3 100.0 28.33 3.90E-23 1.60 -- -- -- -- -- -- 

M12 100.0 95.0 100.0 23.62 2.68E-06 1.59 100.0 93.3 93.3 18.94 1.93E-07 1.40 -- -- -- -- -- -- 

M13 a 95.0 95.0 100.0 27.08 4.92E-07 1.54 90.0 83.3 100.0 22.94 9.52E-16 1.74 100.0 100.0 100.0 4.57 5.24E-05 -- 
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M14 100.0 100.0 100.0 22.46 1.35E-03 1.21 100.0 83.3 93.3 26.49 3.19E-08 1.42 -- -- -- -- -- -- 

M15 a, b 100.0 100.0 95.0 27.06 1.97E-14 1.72 96.7 100.0 100.0 26.08 6.33E-24 1.69 100.0 100.0 100.0 4.27 1.75E-15 1.01 

M16 a, b 95.0 100.0 100.0 18.16 5.92E-03 1.09 86.7 86.7 90.0 24.92 3.44E-10 1.60 100.0 100.0 100.0 5.79 1.84E-15 1.29 

M17 a, b 100.0 100.0 100.0 20.45 1.08E-18 1.58 100.0 86.7 96.7 16.06 7.37E-34 1.75 100.0 100.0 100.0 6.08 9.35E-36 1.08 

M18 a 100.0 100.0 100.0 17.23 2.34E-05 1.17 100.0 100.0 100.0 17.18 3.09E-09 1.33 100.0 100.0 100.0 4.17 8.68E-08 -- 

M19 a 90.0 95.0 90.0 15.49 3.99E-05 1.19 93.3 96.7 86.7 17.51 1.59E-07 1.16 100.0 100.0 100.0 3.89 1.30E-06 -- 

M20 a, b 95.0 100.0 95.0 23.86 1.29E-09 1.80 100.0 90.0 96.7 19.35 2.15E-10 1.48 100.0 100.0 100.0 2.24 8.62E-16 1.07 

M21 a, b 95.0 100.0 100.0 18.73 7.12E-18 1.72 86.7 100.0 86.7 20.49 3.26E-24 1.80 100.0 100.0 100.0 2.5 2.57E-33 1.12 

M22 a 90.0 100.0 100.0 23.01 5.66E-04 1.22 86.7 100.0 100.0 21.61 2.68E-05 1.12 100.0 100.0 100.0 4.18 1.26E-04 -- 

M23 a, b 95.0 95.0 100.0 12.48 8.06E-28 1.66 96.7 86.7 100.0 17.40 9.90E-32 1.71 100.0 100.0 100.0 6.76 7.16E-37 1.09 

M24 a 90.0 100.0 100.0 8.41 3.14E-10 1.31 93.3 100.0 100.0 12.72 6.82E-13 1.36 100.0 100.0 100.0 4.84 4.39E-18 -- 

M25 a 100.0 100.0 100.0 18.40 3.86E-07 1.17 83.3 100.0 100.0 17.33 1.45E-08 1.19 100.0 100.0 100.0 1.85 1.08E-09 -- 

M26 a 100.0 100.0 100.0 17.87 2.90E-04 1.09 100.0 100.0 100.0 23.42 4.91E-06 1.07 100.0 100.0 100.0 3.28 1.05E-07 -- 

M1-M26: Markers screened by the untargeted metabolomics approach. 568 

a Markers confirmed by the pseudotargeted metabolomic approach. 569 

b Key markers among the confirmed markers.  570 
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Lv: Litopenaeus vanmamei; Pj: Penaeus japonicus Bate; Pm: Penaeus monodon Fabricius.   571 
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Table 2. Identification of Confirmed Marker Compounds.  572 

ID RT  

[min] 

Parent  

Ion 

Adduct MS/MS Fragment Ions  Formula Compound Identification PubChem  

ID 

Halogenated hydrocarbon 

M1 a 1.784 272.914 [M+H]+ 112.894, 114.892, 122.924, 130.691, 

136.940, etc.  

C5BrF7 1-bromo-2,3,3,4,4,5,5-heptafluorocyclopentene 87342729 

Amino acid 

M3 a 1.853 170.092 [M+H]+ 124.086, 125.070, 126.102, 152.081, 

153.065, etc.  

C7H11N3O2 alpha-methyl-dl-histidine 4396761 

M4 a 1.869 198.123 [M+H]+ 60.081, 68.049, 95.060, 146.116, 

154.134, etc.  

C9H15N3O2 4-[(5-methyl-1H-imidazol-4-yl)methylamino]butanoic acid 62742295 

M7 a, b 2.006 116.070 [M+H]+ 57.637, 68.049, 70.065, 94.474, 98.060.  C5H9NO2 L-(-)-Proline* 145742 

M13 a 14.803 372.293 [M+H]+ 111.117, 116.053, 123.116, 268.301, 

326.289, etc.  

C21H41NO2S (2R)-2-[[(E)-octadec-9-enyl]amino]-3-sulfanylpropanoic acid 88226531 

Phosphatidylserine (PS) 

M20 a, b 17.705 798.528 [M+H]+ 

 

186.076, 325.274, 343.266, 381.301, 

407.254, 613.526, etc.  

C43H76NO10P (2S)-2-amino-3-[[(2R)-2-heptadecanoyloxy-3-[(5Z,8Z,11Z,14Z)-icosa-

5,8,11,14-tetraenoyl]oxypropoxy]-hydroxyphosphoryl]oxypropanoic acid 

52925737 
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Phosphatidylglycerol (PG) 

M5 a 1.889 258.11 [M+H]+ 

 

60.080, 86.096, 104.107, 124.998, 

184.072, etc.  

C8H20NO6P Choline glycerophosphate* 657272 

Phosphatidylcholine (PC) 

M19 a 17.137 664.527 [M+H]+ 60.081, 86.096, 104.107, 125.000, 

184.072, etc.  

C36H74NO7P PC(O-16:0/12:0) 52923730 

M21 a, b 17.884 762.600 [M+H]+ 60.081, 86.096, 104.107, 125.000, 

168.078, 184.072, etc.  

C42H84NO8P [(2S)-2-hexadecanoyloxy-3-hydroxy-4-oxohenicosyl] 2-

(trimethylazaniumyl)ethyl phosphate 

118356638 

Phosphatidylethanolamine (PE) 

M9 a 13.126 452.277 [M+H]+ 84.610, 168.078, 184.072, 311.258, 

376.634. etc. 

C21H42NO7P LysoPE(0:0/16:1(9Z)) 53480923 

M15 a, b 16.285 633.496 [M+H]+ 142.026, 184.072, 474.461, 492.477, 

573.452. etc.  

C34H69N2O6P PE-Cer(d16:1/16:0) 70699002 

M23 a, b 18.328 716.522 [M+H]+ 184.072, 313.273, 373.293, 454.291, 

575.501, etc.  

C39H74NO8P PE(17:0/17:2(9Z,12Z)) 52924247 

M24 a 18.387 810.506 [M+H]+ 184.072, 267.211, 285.223, 385.273, 

669.483, etc.  

C47H72NO8P PE(22:6w3/20:5w3) 52924856 
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M25 a 18.928 836.522 [M+H]+ 184.074, 385.274, 508.284, 526.293, 

695.506, etc.  

C49H74NO8P [3-[2-aminoethoxy(hydroxy)phosphoryl]oxy-2-

[(4Z,7E,10E,13E,16E,18E)-docosa-4,7,10,13,16,18-hexaenoyl]oxypropyl] 

(4E,7Z,10E,13E,16E,18E)-docosa-4,7,10,13,16,18-hexaenoate 

11593091 

M26 a 19.55 704.558 [M+H]+ 184.072, 448.320, 466.332, 563.541, 

686.546, etc.  

C39H78NO7P PE(18:0/P-16:0) 53479614 

Alkaloid 

M6 a, b 1.925 104.106 [M+H]+ 58.065, 59.072, 60.081, 86.096, 88.074, 

etc.  

C5H13NO Anhydrocholine 170746 

M16 a, b 16.561 699.541 [M+H]+ 86.096, 91.729, 146.981, 516.480, 

640.472, etc.  

C42H66N8O alpha-Hydroxy[N,N'',N''''-[nitrilotris(trimethylene)]-N',N''',N'''''-

[nitrilotris(trimethylene)]tris(1,3-benzenedimethanamine)] 

101727162 

M22 a 17.893 784.491 [M+H]+ 67.0543, 83.085, 97.064, 359.259, 

643.466, etc.  

C37H69N9O5S2 5-[(3aS,4S,6aR)-2-oxo-1,3,3a,4,6,6a-hexahydrothieno[3,4-d]imidazol-4-

yl]-2-[2-[1-[2-[5-[(3aS,4S,6aR)-2-oxo-1,3,3a,4,6,6a-hexahydrothieno[3,4-

d]imidazol-4-yl]pentanoyl]-2-(5-aminopentyl)hydrazinyl]hexyl]-2-

hexylhydrazinyl]pentanoic acid 

88030116 

Esters 

M10 a, b 13.231 359.257 [M+H]+ 123.080, 129.054, 131.085, 133.101, 

135.116, etc.  

C23H34O3 methyl 4-hydroxydocosa-5,7,10,13,16,19-hexaenoate 91041219 
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M17 a, b 16.858 621.487 [M+H]+ 263.237, 267.211, 319.264, 335.257, 

337.275, etc.  

C41H64O4 2-[(6E,9E,12E)-octadeca-6,9,12-trienoyl]oxypropyl (5E,8E,11E,14E,17E)-

icosa-5,8,11,14,17-pentaenoate 

88351877 

Amide 

M18 a 16.894 512.503 [M+H]+ 111.117, 228.233, 267.269, 284.293, 

494.494, etc.  

C32H65NO3 N,32-dihydroxydotriacontanamide 87686075 

a Markers confirmed by the pseudotargeted metabolomic approach. 573 

b Key markers among the confirmed markers.  574 

*Identity confirmed with standards. 575 

 576 



33 
 

 577 

Graphic for table of contents 578 

 579 


	Integration of Untargeted and Pseudotargeted Metabolomics for Shrimp Species Authentication using UHPLC-Q-Orbitrap

