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A proteomic approach aimed at species identification and taxonomic analysis of shrimp species of

commercial interest is presented. Six different species belonging to the order Decapoda were

considered. Preliminary, two-dimensional gel electrophoresis (2-DE) analysis of the sarcoplasmic

proteome revealed interspecific variability in the isoelectric point (pI) of arginine kinase. For this

reason, arginine kinase spot was selected as a potential molecular marker and subjected to tryptic

digestion followed by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) peptide

mass fingerprinting (PMF) analysis. Arginine kinase PMF allowed the differentiation of the six

species studied. Four samples of commercial origin obtained in local markets were analyzed to

validate the methodology. The PMF cluster analysis also provided information about the phyloge-

netic relationships in these species. The application of this methodology may be of interest for the

differentiation and taxonomic analysis of shrimp species complementing DNA-based phylogenetic

studies.
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1. INTRODUCTION

Crustaceans belonging to the order Decapoda are of notable
commercial interest. This order includes the superfamily Penaeoi-
dea,which is themost important economic resource in theworld’s
crustacean fishery and aquafarming industry (1,2). Identification
of marine species is an issue of capital relevance for the seafood
industry because of global commercial requirements concerning
labeling and traceability (3, 4), not only for the prevention of
commercial fraud but also for the assessment of safety risks
derived from the inadvertent introduction of any food ingredient
that might be harmful to human health (5). Anatomical char-
acters are particularly difficult to use for shrimp species differ-
entiation because of their phenotypic similarities and because of
the fact that in their processing the external carapace is often
removed. Therefore, fast and reliable analytical tools are neces-
sary for distinguishing between these closely related species.

Methods for species identification are currently based onDNA
or protein analysis. Mitochondrial DNA (mtDNA) has been
extensively used in PCR-based studies for fish species identifica-
tion (6). Among the mtDNA targets, the 16S rRNA gene and
the cytochrome oxidase I gene have been reported to serve as
good interspecific markers in some crustacean species, although
most of these studies were focused on population structures,

phylogeography, and phylogenetic relationships (7-11), and not
on species identification. More recently, several PCR-RFLP-
based methods for the detection of crustacean (12) and penaeid
shrimps (13) DNAhave been proposed. Protein-basedmethodol-
ogies have also been used for authentication purposes. Recently,
proteomic tools have been applied to the identification of species
in seafood products (14, 15), but little effort has been made to
elucidate differences among closely related seafood species using
mass spectrometry (MS) (16-18), and only electrophoretic and
immunological assays have been reported to date for the detec-
tion and differentiation of decapod crustaceans (19-21). Proteo-
mics is concerned with identifying and determining the structure,
expression, localization, interactions, and cellular roles of pro-
teins. Though great advances have been made in this field in the
past decade, there are but only a few papers dealing specifically
with taxonomic studies and proteomics (22). Thus, with the
emergence of molecular and bioinformatics analyses of whole
genomes, selection at the molecular level is measured almost
exclusively by analysis of DNA sequence variation. However,
proteins are responsible for the phenotype, and selection acts on
the structures that proteins build; therefore, analyses based on
protein sequences have capital relevance and complement DNA-
based methods (23).

Matrix-assisted laser desorption/ionization-time-of-flight
(MALDI-TOF) is one of the MS systems most extensively
applied to proteomic studies. This technology, though limited
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due to the need for relatively pure samples, is highly advantageous
due to its relatively low cost, simplicity, and sensitivity. MALDI-
TOF MS methodologies have been used in the protein profile
fingerprint-based studies for species differentiation and phyloge-
netic relationships of microorganisms belonging to different
genera and species (24-26). Moreover, the term phyloproteomics
was introduced for the development and application of proteo-
mics methodology to phylogenetic and evolutionary studies (24).
The other main application of MALDI-TOF MS is peptide
mass fingerprinting (PMF), for the identification of proteins by
comparing the obtained spectra with a database (27). One of the
advantages over protein profiling is that PMF, because of
previous tryptic digestion, allows the identificationof both protein
and peptides, directly by database searching of the PMF spectra,
and may be followed by peptide MS/MS fragmentation if results
are conclusive enough. On the contrary, protein profiling does not
identify any of the constituent proteins but simply provides their
masses. In addition, peptide mass values can be assigned with
higher precision because of the peak isotopic resolution possible
for the low range (<5000 Da) of mass spectra in common
MALDI-TOF equipment. PMF has revealed itself to be a useful
technique to differentiate among related marine species (16-18).

The objective of this work was to study the suitability of a
proteomic approach, combining 2-DE and PMF, to discriminate
among closely related shrimp species of commercial relevance.
Four different samples of commercial specimens were obtained in
local markets to validate the methodology. On the basis of the
cluster analysis of the MALDI-TOF PMF spectra obtained,
dendrograms were generated, which were validated with those
obtained using DNA-based methods.

2. MATERIALS AND METHODS

2.1. Shrimp Species and Populations Considered. Specimens
analyzed are shown inTable 1. Theywere collected using extractive fishing
practices or from aquaculture facilities in different continents worldwide.
We tested PMF’s ability to differentiate among closely related species by
considering six species from the order Decapoda, four of them from the
Penaeidae family, Penaeus monodon, Litopenaeus vannamei, Fennerope-
naeus indicus, and Farfantepenaeus notialis, one from the Solenoceridae
family, Pleoticus muelleri, and one from the Pandalidae family, Pandalus
borealis. Shrimp, whole animals, were frozen on board and shipped to our
laboratory for analyses. Special care was taken in keeping their morpho-
logical characteristics in good shape. Whole frozen shrimps from com-
mercial sources purchased in retail markets in Spain were also considered
(Table 1). At least three individuals of each species were analyzed.

Specimens were classified in their respective taxons according to their
anatomical external features with the help of a marine biologist from the
Marine Sciences Institute (Mediterranean Centre for Marine and Envir-
onmental Research, Higher Council for Scientific Research, CMIMA-
CSIC, Barcelona, Spain) with expertise in penaeid shrimp taxonomy.

2.2. Extraction of Sarcoplasmic Proteins. Extraction of the
sarcoplasmic proteins was performed by homogenizing 1 g of raw white
muscle from each individual in two volumes of Milli-Q water, using an
Ultra-Turrax blender for 3 � 15 s with interruptions of 45 s to avoid
warming the samples. The extracts were then centrifuged at 30000g for
15 min at 4 �C (J25 centrifuge; Beckman, Palo Alto, CA), and the
supernatants were maintained at -80 �C until electrophoretic analysis.
Protein concentration in the extracts was determined by the bicinchoninic
acid (BCA) method (Sigma Chemical Co., USA).

2.3. 2-DE. Three gels were run per individual, and at least three
individuals of each species were analyzed. First dimension native
isoelectric focusing (IEF) was performed at 10 �C in a Multiphor II
electrophoresis unit (Amersham Biosciences, Sweden) as described else-
where (17). Briefly, protein extracts (4 mg/mL, 100-120 μg of protein)
were loaded on IEF precast polyacrylamide gels (Ampholine PAGplate
pH 4.0-6.5; GE Healthcare, Uppsala, Sweden) in duplicate using sample
applicator paper and run under 1500 V, 50 mA, 30 W conditions, until
4000 V 3h was reached. To avoid overlapping of proteins, strips with a
narrow pH range (pH 4.0-6.5) were chosen. IEF strips corresponding to
individual lanes were cut after the run was completed and kept at-80 �C
until second dimension electrophoresis analysis was performed.

Equilibration of pH 4-6.5 IEF gel strips was carried out at room
temperature as described previously (28). Briefly, the strips were placed for
10 min in sample buffer containing 0.75% DTT and then for another
10 min in sample buffer containing 4.5% iodoacetamide.

Preparative second dimension electrophoresis for MS analysis was
performed at 15 �C in the Multiphor II electrophoresis unit (Amersham
Biosciences, Sweden), using vertical SDS-PAGE (7.5%T and 3%C) gels
with Tris-tricine buffer. Running conditions were 100 V, 40 mA per gel,
and 150 W. Gels were stained with Coomassie brilliant blue (CBB)
(GE Healthcare), which is more compatible with sample preparation for
MS analysis, according to themanufacturer’s instructions. Three gels were
run per individual to ensure reproducibility andwere analyzed bymeans of
PDQuest 2-D Analysis Software, version 7.1.0 (Bio-Rad Laboratories,
Hercules, CA).

2.4. Mass Fingerprinting of Tryptic Peptides. 2.4.1. In-Gel
Digestion.Onemajor spot from the sarcoplasmic proteome, present in all
gels, was selected as a potential molecular marker because its pI exhibited
interspecific variability. This spot was excised from each gel and subjected
to in-gel digestion with trypsin (Roche Diagnostics GmbH, Mannheim,
Germany), performed overnight at 37 �C as described elsewhere (29).
The final digestion solution was dried under vacuum and resuspended in
0.1% TFA.

Table 1. Penaeid Shrimp Populations Considered in This Study

scientific namea commercial name originb codec accession number

Penaeus monodon giant tiger prawn IWP (Commercial) MPN-A EF589684

Penaeus monodon giant tiger prawn IWP (Malaysia) MPN-B/C EF589682/EF589685

MPN-D EF589683

Penaeus monodon giant tiger prawn WI (Mozambique) MPN-E/F FJ744153/FJ744154

Litopenaeus vannamei Pacific white shrimp EP (Costa Rica) PNV-A/B/C EF589702/EF589703/-
Fenneropenaeus indicus Indian white prawn WI (Mozambique) PNI-A/B EF589688/EF589689

PNI-C/D EF589690/EF589687

PNI-E EF589686

Farfantepenaeus notialis Southern pink shrimp EA (Senegal) SOP-1/2A EF589698/EF589697

SOP-2C EF589696

Pleoticus muelleri Argentine red shrimp SWA (Argentina) LAA-1/2A EF589718/EF589717

LAA-2B/D/E EF589716/-/-
Pleoticus muelleri Argentine red shrimp SWA (Commercial) LAA-F/G -/-
Pandalus borealis Northern shrimp NA (Greenland) PRA-A/B/C EU548069/EU548070/-
Pandalus borealis Northern shrimp NA (Commercial) PRA-D -

a The taxonomic classification proposed by Pérez-Farfante and Kensley (2) was adopted. bOrigin abbreviations: IWP, Indo-West Pacific ocean; WI, Western Indian ocean; EP,
Eastern Pacific ocean; WCP, Western Central Pacific ocean; EA, Eastern Atlantic ocean; SWA, Southern West Atlantic ocean; NA, Northern Atlantic ocean. c The three initial
letters correspond to the FAO codes. Different letters and numbers after the FAO code indicate different individuals.
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2.4.2. PMF. A 1 μL aliquot of the final sample solution was
manually deposited onto a stainless steel MALDI probe and allowed to
dry at room temperature. Then, matrix solution (0.8 μL of saturated
CHCA in 50% aqueous ACN and 0.1% TFA) was added and again
allowed to dry at room temperature.

Mass spectrawere obtainedusing aVoyagerDESTRMALDI-TOFmass
spectrometer (Applied Biosystems, Foster City, CA) operating in the
reflector, delay extraction, and positive-ion mode. Laser intensity was set
just above the ion generation threshold. The values for the MS parameters
were as follows: low mass gate, m/z 500 Da; delay time, 350 ns; accelerating
voltage, 20,000 V; and grid voltage, 68.5%. Mass spectra were acquired by
accumulating 150 laser shots in them/z range from850 to 3500.External close
calibration with Calibration Mixture 2 of the Sequazyme Peptide Mass
Standards Kit (Applied Biosystems) was used. Mass spectra were baseline
corrected, and data lists containing monoisotopic m/z values were extracted
from mass spectral data with the specific software of the instrument (Data
Explorer, version 4.0.0.0). Signals within the 920 to 3000 m/z range, with
relative intensities greater than 5%, were included in the lists. Mass lists were
used for protein and peptide identification using MASCOT Peptide Mass
Fingerprint. The experimental data were compared with calculated peptide
mass, by applying appropriate cleavage rules to the entries in a sequence
database, and the peptides and proteins wich best match the data were
probability-based scored (27). Search parameters were as follows: NCBInr
database; all entries; allowing up to 2 missed cleavages; peptide tolerance,
100 ppm (ppm); and monoisotopic and protonated mass (MH+) values.

2.4.3. MS/MS Analysis. In order to confirm identification,
several peaks obtained by MALDI-TOF were subjected to MS/MS
analysis, using an IT mass spectrometer model LCQ Deca XP Plus
(Thermo-Finnigan, San Jose, CA), and the sequences inferred were
searched against the NCBInr protein sequences database using the basic
local alignment search tool (BLAST) (http://www.ncbi.nlm.nih.gov).

2.5. PMF Cluster Analysis. Peptide mass fingerprints of all the
specimenswere comparedby cluster analysis. Eachpeak list was integrated
in a present (1) and absent (0) peak matrix. If the mass difference between
peaks mi in peak list i and mj in peak list j was less than 200 ppm, then the
two mass peaks were assumed to be the same, allowing this error in exact
measurement of individual peak masses. A distance matrix was generated
by the Windist software (fromWinboot package, freely available at www.
irri.org), using the Ochiai similarity coefficient (30). The distance coeffi-
cient di,j between peak lists i and j is computed by subtracting the similarity
coefficient Si,j from 1 (eq 1).

di, j ¼ 1-Si, j ð1Þ

The similarity measure Si,j between peak lists i and j is defined as follows
in eq 2:

Sij ¼ aij
ffiffiffiffiffiffiffiffi

ninj
p ð2Þ

where ni and nj are the total number of peaks identified in the individual
peak lists, and ai,j is the number of peaks in common between peak lists
i and j. The value of di,j is limited to the domain 0e di,je 1.When the peak
lists i and j are indistinguishable, di,j=0;when the peak lists are completely
dissimilar, di,j = 1.

The matrix of peak list-peak list distances was represented as a
dendrogram with the MEGA software (31) using the neighbor-joining
method (32), with 1000 bootstrap replicates. This involved resampling the
sites by the random replacement of the columns of the data table, to obtain
1000 distance matrices, which were represented in a consensus tree (33).

2.6. DNA Analysis. DNA was extracted from 250 mg of muscle of
each shrimp specimen by means of a commercial kit (DNeasy Tissue kit,
QIAGEN,Darmstadt,Germany). PCRamplificationwas carried out on a
MyCycler thermal cycler (BioRad Laboratories, Hercules, CA, USA), as
previously described (13). The primers used for the amplification and
sequencing of the 16S rRNA-tRNAVal genes were 50-AATATGGC-
TGTTTTTAAGCCTAATTCA-30 and 50-CGTTGAGAAGTTCGTTG-
TGCA-30. Sequencing was performed in both directions. Prior to sequen-
cing, the PCR products were purified bymeans of the ExoSAP-IT kit (GE
Healthcare). Direct sequencing was performed with BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems). The same primers used
for PCRwere also employed for the sequencing of both strands of the PCR
products. Sequencing reactions were analyzed in an automatic sequencing
system (ABI 3730XL DNAAnalyzer, Applied Biosystems) provided with
the POP-7 system. All nucleotide sequences were aligned using ClustalX
1.8 (34) and then manually adjusted. Forward and reverse strands were
combined and sequences checked for errors. Phylogenetic analysis was
conducted in MEGA 4.0 (31). Phylogenetic relationships were estimated
using neighbor-joining analysis (32). Boot-strapping (1000 replicates) was
performed to assess the confidence level at each branch.

3. RESULTS AND DISCUSSION

3.1. Selected Spot Identification. Protein profiles observed
after 2-DE analysis revealed some differences among species
(Figure 1). One major spot, corresponding to a protein with a
relative molecular mass (Mr) or 40 kDa was present in all gels.
For this protein, pI variations among species were observed,

Figure 1. 2-DE patterns representative of the six Penaeoidea species tested. Three gels were run per individual. One hundred to 120 μg of protein were
resolved first on a pI range of 4.0-6.5 and separated on a 7.5% polyacrylamide gel. (A) P. monodon; (B) L. vannamei; (C) F. indicus; (D) F. notialis; (E) P.
muelleri; (F) P. borealis. The protein spots selected for MALDI-TOF analysis are highlighted.



5668 J. Agric. Food Chem., Vol. 57, No. 13, 2009 Ortea et al.

indicating the potential presence of aminoacid substitutions in its
sequence. Table S-1 in Supporting Information reports the mean
pI ((RSD) for the spot under study, calculated for each species
by means of PDQuest 2-D Analysis Software. For this reason,
this spot was selected for MS analysis, digested in situ with
trypsin, and the produced peptides analyzed by MALDI-TOF-
MS. Complete peak lists obtained from all of the specimens
analyzed are shown in Table S-2 in the Supporting Information.
MASCOT database search was used for the identification of this
spot and the protein assigned as Arginine Kinase (accession nos.
115492980, 1708615, 25453078, 25453073 or 585342) or as the
allergen Pen m2 (accession no. 27463265), described before as
arginine kinase (35). MASCOT scores were between 95 and 303,
substantially above the significance level, and the sequence
coverage between 31 and 62%. Identified peptide sequences are
compiled in Table S-3 in Supporting Information. Although
arginine kinase unambiguous matches were returned from data-
base searches, not all of the peaks within the PMF could be
identified, with the remaining unidentified peaks arising from
post-translationally modified peptides, incorrect cleavage,
adducts, and so forth. In addition, crustaceans are poorly
characterized at the genome and proteome levels; therefore, the
protein under study may be highly homologous to the protein
found in the database, but, as there is no complete identity,
unmatched peptides will exist (although still allowing the PMF
identification of closely related species such as those on which we
are focused). Arginine kinase was also confirmed by MS/MS
analysis. Figure 2 shows several of the MS/MS spectra corre-
sponding to arginine kinase peptides found in all of the specimens
belonging to the Penaeidae and Solenoceridae families (Figure 2a
and b) (sequences FLQAANAC#R and GTRGEHTEAEGG-
IYDISNK) or to all specimens belonging to the Pandalidae
family (Figure 2c) (sequence LVDDHFLFVSGDR).

3.2. MALDI-TOF MS PMF. To assess the ability of the
MALDI-TOF MS PMF spectra to differentiate shrimp families
and species, different species from the Penaeidae family
(P. monodon, L. vannamei, F. indicus and F. notialis), the Soleno-
ceridae family (P. muelleri), and the Pandalidae family
(P. borealis) were analyzed. Representative spectra from each of
the species analyzed in this study are shown in Figure 3. While
there were differences among the spectra, some of the peaks
detected were common to all specimens belonging to one ormore
species, suggesting that species-specific peptides were present and
that these may be considered for species identification. Thus,
a peak atm/z 1077.6was present only inP.monodon; peaks atm/z
1531.8, 1761.9, 2271.0, and 2287.2 were only present in
L. vannamei; and a peak at m/z 1719.9 was present only in
F. notialis. Family-specific peptides were detected when compar-
ing the spectra from the specimens of each family. Thus, peaks at
m/z 1008.5, 1657.8, and 2599.2 were specific to the Penaeidae
family, while peaks at m/z 994.5, 1263.7, 1286.7, 1532.8, 1718.8,
1790.0, and 2644.2 were specific to the Solenoceridae family.
PMF results of arginine kinase from P. borealis were completely
different, with several specific peaks atm/z 1196.5, 1634.7, 1690.8,
1757.8, 1766.8, 1812.8, 1828.8, 2126.0, and 2350.0.

3.3. Cluster Analysis of Argine Kinase PMF. To asses quanti-
tatively if arginine kinase PMF could be used to distinguish
among different families and species, a neighbor-joining cluster
analysis of all the spectra was performed, and a dendrogram was
derived to represent the results graphically. The presence or
absence of a peak was considered as a taxonomical characteristic
with two states: peak presence (1) or peak absence (0) (Table S-4
in Supporting Information). The number of considered peaks in
the spectra ranged from 17 to 48 (average was 30 peaks). The
matrix of peak presence/absence was constructed with a total of

147 possible peaks. Accordingly, Table 2 shows the genetic
distance among specimens. Figure 4A illustrates the neighbor-
joining tree obtained from arginine kinase PMF cluster analysis.
The numerical similarity between two specimens or two clusters is
the similarity value of the point at which the two branches
diverge.

Given the general lack of information on protein expression in
shrimp, the possibility of intraspecific variation due to amino acid
substitutions and/or post-translationalmodifications (PTMs) has
been considered.However, the presence or absence of a particular
peak due to PTMs is insignificant compared to number of peak
mass differences caused by interspecific aminoacidic substitu-
tions, although it might be necessary to test a larger number of
specimens from each of the species to detect the presence of
intraspecific differences, due to PTMs or sequence variations.
Nevertheless, in the analytical conditions used in this work, the
interspecific peptide variation is greater than the intraspecific
variation, as indicated by the distances from cluster to cluster
(Figure 4 A), and good enough for unambiguous species identi-
fication.

The dendrogram revealed some relevant results. First of all,
this methodology allowed the classification of all specimens
considered in six clusters, each of them corresponding to each

Figure 2. Ion-trap MS/MS spectrum of several arginine kinase peptides
obtained after trypsin digestion of the spot selected in 2-DE gels. (a)
FLQAANAC#R; (b) GTRGEHTEAEGGIYDISNK, which are present in the
selected spot of all P. monodon, L. vannamei, F. indicus, F. notialis, and P.
muelleri analyzed; and (c) LVDDHFLFVSGDR, which is present in the
selected spot of all P. borealis analyzed. C#: carboxamidomethilated
cysteine.
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species. The first cluster corresponded to P. monodon specimens,
with similarity values of ∼0.85 but a bootstrap value of 52
(Figure 4 A). All three F. notialis specimens were tightly
clustered, exhibiting similarity values of ∼0.9 and a bootstrap
support of 82. Another cluster was formed by L. vannamei
specimens, with a similarity value over ∼0.85 and bootstrap
values over 90. All five F. indicus specimens were clustered with
similarity values over 0.8, although the bootstrap value was
below 50. The fifth cluster was formed by P. muelleri speci-
mens, with similarity values over 0.8 and the highest bootstrap
value of 100. Finally, the sixth cluster included P. borealis
specimens with high similarity and a bootstrap value of 100.
The first five clusters could be strongly grouped (indicated by
the highest bootstrap support, 100) into two bigger clusters
with similarity values of ∼0.7, one corresponding to the
Penaeidae family (bootstrap value of 91) and the other corre-
sponding to the Solenoceridae family (bootstrap value of 100)
(Figure 4A). These clustering results showed the reproducibil-
ity of PMF spectra formeasurements of different individuals of
a particular species. Commercial samples were also effectively
identified after measuring their level of similarity against the
rest of the specimens.

Topology resulting from the PMF cluster analysis (Figure 4A)
was highly concordant with a dendrogram derived from an ana-
lysis of 16S rRNA-tRNAVal mithocondrial genes (Figure 4B) and
with previously described taxonomical levels in penaeid shrimp
determined by independent validated methods (8-11, 13). Re-
markably, a detailed comparisonwith such previous phylogenetic
trees, constructed on the basis of mtDNA data, revealed only
slight differences. This result highlights the accuracy of the
information provided by the arginine kinase PMF method
described in this work, as compared to the genetic studies
based on either 16S rRNA or cytochrome oxidase I mitochon-
drial genes.

The efficiency of the arginine kinase PMF methodology to
differentiate between the three families and the six shrimp

species and its usefulness in the identification of four commer-
cial samples has been demonstrated. At first sight, the proteo-
mic approach described in this work seems to be as time-
consuming and complicated as the usual genetic analyses, such
as RFLP, which usually takes two days. However, once we
know the pI and the Mw of the protein of interest and thus its
position in the 2-DE gels, we can obtain the PMF spectra,
avoiding the more complicated steps of this proteomic
approach such as identification and sequencing of the spot.
Proteomic techniques may be automated, producing fast,
reproducible, and sensitive results and allowing high-through-
put analysis of foodstuffs. In addition, this methodology can
be applied to species that are poorly characterized at the
genomic and proteomic levels in the databases, avoiding the
disadvantages of DNA sequencing. Sarcoplasmic proteins are
usually more heat-stable than other myofibrillar proteins;
thus, the selection of this fraction of proteins seems to be an
asset to the applicability of this proteomic approach on
products treated at high temperatures. However, heated sam-
ples were not included in this study. For this purpose, further
studies have to be made.

A great advantage of the proteomic approach is that it is the
first step toward designing easy and cheap detection analyses:
the identification of specific peptides, as done by this work, can
be used to identify not only taxons but also proteins of interest.
These diagnostic peptides can be used in fast, cheap, and easy-
to-use kits based on antibodies against the specific peptides.
The selection of arginine kinase is particularly interesting
because in addition to discriminating species, it is also an
allergen (35), and therefore, an analysis targeting this protein
would have a double application: in species identification, if
the peptide selected discriminates at the species level, and in
food safety, if the peptide selected discriminates for common
peptides for several relevant species. This may permit the
detection of the allergen in certain products and help the

Figure 3. Arginine kinase PMF for representative individuals from 6 different shrimp species. (A) P. monodon; (B) L. vannamei; (C) F. indicus; (D) F. notialis;
(E) P. muelleri; (F) P. borealis. Family specific peptides (•) and species-specific peptides (*) are highlighted.
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manufacturer to identify, in real-time, the existence of a
contamination in a production line.

The use of a mathematical approach for the comparison of
PMF spectra, instead of performing the visual spectral evaluation
used in other species differentiation studies (16, 17), eliminates
subjectivity bias providing a quantitative measure of how well
two spectra match. The phylogenetic relationships derived from
the PMF cluster analysis also provided information for the
grouping of species belonging to the order Decapoda. To our
knowledge, the results reported here represent the first applica-
tion of a MALDI-TOF MS PMF method to infer taxonomic
relationships in any type of organism and are consistent with the
phylogenies established with mtDNA data. This study opens the
way tomore in depth studies with a wider range of shrimp species
and provides the basis for further investigations on phyloproteo-
mics. Since proteins constitute the biological machinery, and
selection acts on the structures formed by them, analyses based on

protein sequences should be considered as a complementary tool
to mtDNA-based methods.

ABBREVIATIONS USED

ACN, acetonitrile; BCA, bicinchoninic acid; BLAST, basic
local alignment search tool; CBB, Coomassie brilliant blue;
CHCA, R-cyano-4-hydroxycinnamic acid; Da, Dalton (molecu-
lar mass); 2-DE, two-dimensional gel electrophoresis; DTT,
dithiothreitol; IEF, isoelectric focusing; MALDI-TOF, matrix-
assisted laser desorption/ionization-time-of-flight; Mr, relative
molecular mass; MS, mass spectrometry; MS/MS, tandem mass
spectrometry; m/z, mass-to-charge ratio; PCR, polymerase
chain reaction; pI, isoelectric point; PMF, peptide mass finger-
printing; ppm, parts per million; PTM, post-translational mod-
ifications; RFLP, restriction fragment length polymorphism;
RSD, relative standard deviation; SDS-PAGE, sodium dodecyl

Table 2. Distance Matrix between the Arginine Kinase PMF Peak Lists of All Different Specimensa, Calculated by Means of the Ochiai Similarity Coefficient

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1

2 0.277

3 0.158 0.221

4 0.444 0.176 0.332

5 0.958 0.956 0.958 0.956

6 0.957 0.955 0.957 0.955 0.186

7 0.955 0.952 0.955 0.952 0.212 0.235

8 0.960 0.958 0.960 0.958 0.269 0.224 0.249

9 0.963 0.961 0.963 0.961 0.289 0.217 0.268 0.153

10 0.961 0.958 0.961 0.958 0.280 0.268 0.294 0.373 0.332

11 1.000 1.000 1.000 1.000 0.487 0.449 0.449 0.456 0.367 0.545

12 1.000 1.000 1.000 1.000 0.484 0.475 0.376 0.477 0.455 0.545 0.310

13 1.000 1.000 1.000 1.000 0.499 0.437 0.434 0.472 0.368 0.480 0.188 0.337

14 0.956 0.953 0.956 0.953 0.543 0.500 0.509 0.363 0.407 0.505 0.579 0.626 0.583

15 0.947 0.944 0.947 0.944 0.497 0.446 0.370 0.401 0.405 0.489 0.606 0.473 0.570 0.294

16 0.947 0.944 0.947 0.944 0.372 0.318 0.235 0.281 0.330 0.449 0.498 0.432 0.470 0.382

17 0.953 0.950 0.953 0.950 0.441 0.356 0.359 0.360 0.338 0.510 0.490 0.350 0.440 0.450

18 0.955 0.952 0.955 0.952 0.427 0.308 0.308 0.317 0.268 0.495 0.449 0.445 0.406 0.434

19 1.000 1.000 1.000 1.000 0.452 0.350 0.412 0.362 0.243 0.428 0.401 0.470 0.399 0.487

20 1.000 1.000 1.000 1.000 0.430 0.359 0.387 0.342 0.200 0.464 0.332 0.419 0.312 0.494

21 1.000 1.000 1.000 1.000 0.408 0.337 0.364 0.322 0.263 0.444 0.417 0.426 0.415 0.438

22 1.000 1.000 1.000 1.000 0.704 0.639 0.682 0.548 0.500 0.666 0.569 0.685 0.579 0.500

23 1.000 1.000 1.000 1.000 0.567 0.559 0.606 0.587 0.585 0.624 0.658 0.677 0.631 0.649

24 1.000 1.000 1.000 1.000 0.673 0.585 0.620 0.533 0.492 0.591 0.581 0.657 0.570 0.512

25 1.000 1.000 1.000 1.000 0.629 0.536 0.571 0.511 0.468 0.625 0.537 0.641 0.549 0.579

26 1.000 1.000 1.000 1.000 0.627 0.586 0.636 0.580 0.608 0.713 0.652 0.639 0.625 0.714

27 1.000 1.000 1.000 1.000 0.755 0.626 0.693 0.689 0.637 0.732 0.686 0.684 0.677 0.613

28 1.000 1.000 1.000 1.000 0.707 0.574 0.640 0.641 0.628 0.725 0.678 0.635 0.669 0.691

15 16 17 18 19 20 21 22 23 24 25 26 27 28

15

16 0.211

17 0.298 0.204

18 0.325 0.190 0.119

19 0.465 0.426 0.422 0.346

20 0.472 0.397 0.362 0.291 0.151

21 0.405 0.367 0.371 0.332 0.243 0.227

22 0.591 0.591 0.603 0.586 0.513 0.467 0.526

23 0.623 0.581 0.590 0.535 0.574 0.580 0.556 0.437

24 0.555 0.624 0.574 0.591 0.503 0.510 0.444 0.250 0.347

25 0.606 0.534 0.554 0.479 0.479 0.435 0.443 0.291 0.259 0.185

26 0.702 0.574 0.545 0.490 0.629 0.542 0.608 0.488 0.186 0.446 0.304

27 0.590 0.641 0.544 0.518 0.627 0.596 0.637 0.456 0.428 0.400 0.371 0.377

28 0.632 0.632 0.579 0.550 0.618 0.585 0.628 0.479 0.372 0.384 0.319 0.318 0.179

aCodes: 1, PRA A; 2, PRA C; 3, PRA B; 4, PRA D; 5, MPN B; 6, MPN D; 7, MPN C; 8, MPN E; 9, MPN F; 10, MPN A; 11, PNV A; 12, PNV B; 13, PNV C; 14,
PNI E; 15, PNI D; 16, PNI C; 17, PNI B; 18, PNI A; 19, SOP 1, 20, SOP 2A; 21, SOP 2C; 22, LAA 2B; 23, LAA 2A; 24, LAA 1; 25, LAA D; 26, LAA E; 27, LAA F; 28,
LAA G.
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sulfate-polyacrylamide gel electrophoresis; TFA, trifluoroacetic
acid; Tris, tris(hydroxymethyl)aminomethane.
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