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TheAlexandrium tamarense/catenella/fundyense complex is themajor causative agent responsible
for harmful algal blooms and paralytic shellfish poisoning around the world. However,
taxonomyof theA. tamarense complex is contentious and the evolutionary relationshipswithin
the complex are unclear. This study compared protein profiles of the A. tamarense complex
collected from different geographic regions using the two dimensional fluorescence difference
gel electrophoresis (2-D DIGE) approach, and identified species-specific peptides using
MALDI-TOF/TOF mass spectrometry. The results showed that three Alexandrium morphotypes
presented significantly different protein expression patterns with about 30–40% shared
proteins. However, ecotypes from different geographic regions within a species exhibited the
sameexpression patterns, although a fewproteinswere altered in abundance. Several proteins,
i.e. ribulose-1,5-bisphosphate carboxylase oxygenase form II, plastid protein NAP50, methio-
nine S-adenosyltransferase, and peridinin-chlorophyll a-binding protein, were identified and
presented different shift patterns in isoelectric point and/or molecular weight in the 2-D DIGE
gels, indicating that amino acid mutation and/or posttranslational modification of these
proteins had occurred. The species-specific peptide mass fingerprint and amino acid sequence
of ribulose-1,5-bisphosphate carboxylase oxygenase were characterized in the A. tamarense
complex, and amino acid substitution occurred among them. This study indicated that
evolutionary divergence had occurred at the proteomic level in the A. tamarense complex, and
that the species-specific peptides could be used as potential biomarkers to distinguish the three
morphotypes.

Biological significance
Scientific question: The Alexandrium tamarense/catenella/fundyense complex is the major
causative agent responsible for harmful algal blooms and paralytic shellfish poisoning
around the world. However, taxonomy of the A. tamarense complex is contentious and the
evolutionary relationships within the complex are unclear, which has seriously impeded
our understanding of Alexandrium-causing HABs and, consequently, the monitoring,
mitigation and prevention.
Technical significance: This study, for the first time, compared the global protein expression
patternsof eight ecotypes fromtheA. tamarense complexand identified species-specific peptides
using a quantitative proteomic approach combining 2-D DIGE and MALDI-TOF/TOF MS.
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Scientific significance: This study demonstrated that the evolutionary divergence had
occurred in the A. tamarense complex at the proteomic level, and the complex should be
classified into three species, i.e. A. tamarense, A. catenella, and A. fundyense. Moreover, the
species-specific peptide mass fingerprints could be used as potential biomarkers to
distinguish the three morphotypes.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Alexandrium is a dinoflagellate genus which is widely spread
around the world, and which not only causes harmful algal
blooms but also results in paralytic shellfish poisoning (PSP)
[1]. It is estimated that PSP toxins result in more than 2000
intoxication incidents per year on a global basis, with an
overall mortality rate of 15% [2]. In addition to human
intoxications, PSP has been implicated in the deaths of fish,
birds andmarinemammals [3]. Over the past few decades, the
blooms formed by Alexandrium species have been significantly
increasing in frequency, intensity and distribution, and this
has resulted in serious economic and public concern [4].

Traditionally, the Alexandrium tamarense species complex is
classified into three morphospecies, A. tamarense, Alexandrium
catenella and Alexandrium fundyense, based on differences in
the shape of their characteristic plates, the presence or
absence of a ventral pore between plates 1′ and 4′, and their
chain-forming ability [5]. However, these conventional mor-
phological features are somewhat inconsistent [6–8]. For
example, the ventral pore, the most reliable character to
separate A. tamarense from A. catenella, is also present in the
first apical plate of A. catenella from which it is supposed to be
absent [9]. So morphology is not a good indicator of evolu-
tionary relationships within the A. tamarense complex. Studies
show that members of the A. tamarense complex from the
same region cannot be separated from each other based on
18S rDNA or the D1/D2 region of 28S rDNA [10,11]. The
phylogenetic analysis of the LSU rDNA gene of Alexandrium
shows that the A. tamarense complex can be divided into
distinct geographic clades, such as North America (NA),
Temperate Asia (TA), West Europe (WE) and Mediterranean
(ME) clades, but it is not possible to differentiate between the
threemorphotypes [12,13]. A global biogeographic study of the
A. tamarense complex indicates that five phylogenetic groups
are more likely cryptic species, and geographically based
species names are no longer indicative of the range occupied
by members of each group [5]. Intragenomic SSU rDNA
polymorphism analysis suggests that the three original
Alexandrium morphospecies designations are invalid, and the
strains do not group based on geographic locations, although
some subclades are predominated by part of a morphotype
from a region [14]. Overall, no consensus has been reached
regarding the delineation of species within the A. tamarense
complex.

Proteomics is a valuable tool in the measurement of
natural variation within and between populations in evolu-
tionary ecology, which links the genotype to the phenotype
[15]. The 2D gel-based proteomic approach has been applied
to study natural variations among Arabidopsis ecotypes [16]
(Chevalier et al.) and marine mussels [17]. It has also been
applied to identify and distinguish marineMytilus species [18],
hake [19], fish [20] and shrimp [21]. Comparison of proteomic
reference maps of thecate (armored) and athecate (naked or
unarmored) dinoflagellate species reveals species-specific
protein profiles which could be used to distinguish closely
related species within the same family, and even the
geographically distinct isolates [22]. Recently, the peptide
mass fingerprint (PMF) technique has been used to classify
dinoflagellate species. Specific PMFs of ten dinoflagellate
species including Karenia, Alexandrium, Prorocentrum and
Scrippsiella are identified, and they can be used as potential
biomarkers for species discrimination [23]. Moreover, the
protein/peptide expression profiles from MALDI-TOF-MS are
evaluated for species identification of field samples, and
several species-specific peaks of Karenia digitata are identified
[24]. These studies indicate that the judicious application of
proteomics could identify a large suite of specific protein
targets related to the organisms of interest, e.g. Alexandrium,
and thus provide a protein phenotype. This snapshot of the
protein expression of Alexandrium could then serve as a
foundation on which to test specific assumptions and further
characterize the specific proteins using proteomic techniques.

In this study, we compared the protein profiles of
eight Alexandrium ecotypes, including four A. catenella, three
A. tamarense and one A. fundyense, which are phylogenetically
close, and analyzed the PMF and MS/MS spectrum of several
proteins presented in the three Alexandrium species using a
combination of the two-dimensional difference gel electro-
phoresis (2-D DIGE) method and the MALDI-TOF/TOF MS
approach. Species-specific protein expression patterns were
observed among members of the A. tamarense complex. The
peptide amino acid sequences of several abundant proteins
were deduced using de novo sequencing software and manual
interpretation [25]. A comparison of the peptide amino acid
sequences of ribulose-1,5-bisphosphate carboxylase oxygen-
ase (RuBisCO) form II in the threeAlexandrium species revealed
species-specific peptides. This study indicated that evolution-
ary divergence had occurred at the proteomic level in the A.
tamarense complex, and that the species-specific peptides
could be used as potential biomarkers to discriminate among
the three morphotypes.
2. Materials and methods

2.1. Organisms and culture conditions

Unialgal cultures of A. tamarense CI01, A. tamarense Polar,
A. catenella GX02 and A. catenella DH03 were provided by the
Collection Center of Marine Bacteria and Algae, Xiamen Univer-
sity, and A. tamarense CCAP1119-1, A. tamarense CCAP1119-20,
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A. tamarense CCAP1119-29 and A. tamarense CCAP1119-22 were
bought from the Culture Collection of Algae and Protozoa,
Scottish Association for Marine Science. Detailed information
on theA. tamarense complex is given in Table 1. The isolateswere
grown at 20 °C in K medium [26]. Illumination was provided
at a light intensity of approximately 100 μmol photons m−2 s−1

with fluorescent lamps under a 14:10 h light: dark photoperiod.
When the cells entered the exponential growth phase,

approximately 2 × 106 vegetative cells from each Alexandrium
ecotype were collected using centrifugation at 5000 ×g for
10 min at 2 °C. The pellets were subsequently transferred to
1.5 mL microcentrifuge tubes, rinsed twice with sterile sea-
water, and then stored at −80 °C for subsequent analysis.

2.2. DNA extraction and molecular characterization

DNA was extracted using the CTAB method [27]. Each cell
pellet was incubated in 0.4 mL DNA lysis buffer at 55 °C for at
least 12 h. 66 μL of 5 M NaCl and the 66 μL of preheated 10%
(w/v) CTAB was added after incubation. The mixture was
vortexed for 1 min and then incubated for 10 min at 56 °C.
About 600 μL of chloroform was added and the mixture was
centrifuged at 12,000 rpm for 10 min at room temperature.
The supernatant was transferred to a fresh 2 mL tube and
DNA binding buffer was added. Subsequently, the mixture
was purified using a DNA purification kit (Zymo, USA). With
the extracted DNA, a dinoflagellate specific primer set 18S
comF1 (5′-GCTTGTCTCAAAGATTAAGCCATGC-3′)-18S comR1
(5′-CACCTACGGAAACC TTGTT- ACGAC 3′) was used to
amplify the 18S rDNA using PCR (35 cycles of 15 s at 95 °C,
30 s at 56 °C and 45 s at 72 °C, followed by 5 min at 72 °C). The
PCR product was directly sequenced, and distance matrix and
phylogenetic analyses were performed for each of these
datasets using ClustalW following the protocol of Miranda et
al. [14].

2.3. Protein extraction and quantification

Proteinswere extractedusingTrizol following themanufacturer's
protocol but with a few modifications. Briefly, the pellets were
sonicated in 1 mLTrizol reagent on ice. After shaking for 15 s and
adding 200 μL chloroform, the cell lysatewas incubated for 5 min
at room temperature. The top colorless or pale-yellow layer was
removed after centrifuging at 12,000 ×g for 15 min at 4 °C. Next,
about 300 μL ethanol was added to resuspend the bottom layer
before centrifuging at 2000 ×g for 5 min at 4 °C, and then 2 mL
isopropanol was added to the supernatant. The mixture was
incubated for 1 h at −20 °C, and then, after centrifuging at
Table 1 – Origin of selected Alexandrium tamarense complex eco

No. Ecotype (based on morphology) Ecotype (based on mole

1 A. tamarense CI01 A. catenella CI01
2 A. tamarense Polar A. catenella Polar
3 A. catenella GX02 A. catenella GX02
4 A. catenella DH03 A. catenella DH03
5 A. tamarense CCAP1119-1 A. tamarense CCAP1
6 A. tamarense CCAP1119-20 A. tamarense CCAP1
7 A. tamarense CCAP1119-29 A. tamarense CCAP1
8 A. tamarense CCAP1119-22 A. fundyense CCAP11
14,000 ×g for 30 min at 4 °C, the pellet was washed with 95%
ethanol before air drying. The protein pellet was solubilized in
100 μL of lysis buffer containing 30 mM Tris, 7 M urea, 2 M
thiourea and 4% (w/v) CHAPS (pH 8.5, based on the DIGE
protocol). Protein quantification was performed using a 2D
Quant kit (GE Healthcare, USA).

2.4. 2-D DIGE analysis

The pH of each sample was adjusted to pH 8.5 with the
addition of labeling buffer (pH 9.5, based on the DIGE protocol)
if required. 50 μg of protein from each Alexandrium ecotype
was then labeled using CyDye DIGE Fluor minimal dye (GE
Healthcare, USA) following the manufacturer's instructions.
Samples were run in duplicate with a label switch in order to
avoid introducing label bias. A Cy2-labeled internal standard
for all gels was prepared from a mixture of all samples.
Reaction was carried out for 30 min and stopped by the
addition of an excess of 10 mM lysine. IPG strips (24 cm, pH
range 3-10 NL, BioRad) were rehydrated overnight and focused
for 100,000 Vhrs using an Ettan IPGphor III apparatus (GE
Healthcare) set at 20 °C. All strips were equilibrated for 15 min
with 1% DTT and proteins were subsequently alkylated for
15 min in 2.5% iodoacetamide. Both equilibrations were
dissolved in equilibration buffer containing 6 M urea, 2%
SDS, 50 mM Tris–HCl (pH 8.8), 30% glycerol, bromophenol blue
buffer. Then the equilibrated strips were carefully placed on
top of 12% acrylamide gels. The separation was performed at
10 °C in an EttanDalt system (GE Healthcare) at 1 w/gel for
30 min and then at 15 w/gel until the dye front reached the
bottom of the gel.

2.5. Image capture and analysis

Labeled proteins in each gel were visualized using a Typhoon
9400™ (GE Healthcare) Imager with excitation of gels at 488,
532 and 633 nm, and emission at 520, 590 and 680 nm. Gel
images were analyzed using the DeCyder™ 2D Differential
Analysis Software v6.5 (GE Healthcare). For each spot, the
protein volume from the fluorescence intensity for Cy2, Cy3
and Cy5 were determined and the Cy3/Cy2 and Cy5/Cy2 ratios
calculated. Values were then normalized based on the
assumption that the amount of protein per image was the
same. Comparison between the different experimental groups
and the control group was tested using Student's t-test. The
gel chosen for picking was fixed in a solution containing 40%
ethanol and 10% acetic acid for at least 2 h, and stained with
silver staining [28].
types.

cular study) Location Abbreviation

South China Sea, China ACCI01
South Polar Region ACP
South China Sea, China ACGX02
East China Sea ACDH03

119-1 Tamar Estuary, Cornwall, England CCAP-1
119-20 Loch Maddy, Scotland CCAP-20
119-29 Scalloway,Shetland, Scotland CCAP-29
19-22 Loch Ewe, west coast, Scotland CCAP-22
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2.6. Protein digestion and mass spectrometric analysis

In-gel tryptic digestion of silver-stained 2D proteins was
carried out with 5 ng/μL Promega Sequencing Grade Modified
Trypsin in 10 mM NH4HCO3 following the protocol of Wang et
al. [29].

Mass Spectrometric analysis was performed using an AB
SCIEX MALDI TOF–TOF™ 5800 Analyzer (AB SCIEX, Foster City,
CA) in reflection positive-ion mode as previously described by
Wang et al. [29]. For MSmode the 850–4000 m/z mass range was
usedwith 1000 laser shots per spectrum. The PMF peak detection
criteria used were a minimum S/N of 10, a local noise window
width mass/charge (m/z) of 250, and minimum full-width
half-maximum (bins) of 2.9. For MS/MS analysis, an energy of
1 KV was used for collision-induced dissociation, and 2000
acquisitions were accumulated for each MS/MS spectrum. The
peak detection criteria used were a minimum S/N of 3, a local
noise window width (m/z) of 200 and minimum full-width
half-maximum (bins) of 2.9. Database searching involved GPS
Explorer™ software (version 3.6, AB SCIEX) running a MASCOT
search algorithm (v2.2, Matrix Science, London, UK) for protein
identification.

2.7. De novo sequencing

De novo sequencing was conducted using DeNovo Explorer™
software (AB SCIEX) followed by manual confirmation of most
sequences. The de novo sequencing parameters were set as
Fig. 1 – Representative 2D-DIGE gel images of A. catenella. The pr
non-linearly covering a pH of 4-7) in the first dimension, and 12.5
using a Typhoon™ Imager. Pseudocolors were used for each DIG
CyDye labeled proteins of ACDH03 (red) and ACGX02 (green); B, s
proteins of ACP (blue) and ACCI01 (green).
follows: trypsin as protease; one maximum missed cleavage;
the error tolerance of a parent- and fragment-mass: 0.08 μg;
fixed modification: carbamidomethylation of cysteine and
variable modification: methionine oxidation. The de novo
deduced peptide sequences were submitted to MS-BLAST
following the methods of Wang et al. [25].

2.8. Immunoblotting analysis of RuBisCO

In order to validate the protein identification made using the
mass spectrometric data, and to prove that protein spots shift
was due to natural differences between Alexandrium strains
rather than the protein separation technique, western blotting
was performed using the RuBisCO II antibody (donated by
Prof. Senjie Lin from the University of Connecticut, USA). The
2DE gel was electrotransferred onto a PVDF membrane (0.45 μm;
Millipore) at a constant current of 100 mA overnight at 4 °C in a
transfer buffer (pH 8.3) containing 0.025 mM Tris–HCl, 0.192 mM
glycine, 20%methanol. After blotting, themembranewasblocked
with PBS containing 5% (w/v) non-fat dry milk powder at room
temperature for 2 h. After five washes in PBS buffer with 0.05%
(v/v) Tween20, the membrane was probed with anti-RuBisCO II
(1:5000). Then the blots were incubated with a secondary
antibody, horseradish peroxidase-goat anti-rat immunoglobu-
lin G (IgG) (H + L) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) (1:5000 dilutions) for 1 h at room temperature. The protein
spots then interacted with ECL solution (Beyotime, China) and
were exposed to imaging films (Kodak, USA) for detection.
oteins were separated using isoelectric focusing (IPG: 24 cm,
% SDS-PAGE gel in the second dimension. Gels were scanned
E Fluor dye. A, superimposed images from equal amounts of
uperimposed images from equal amounts of CyDye labeled
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3. Results

3.1. Molecular analysis of different ecotypes of
the A. tamarense complex

The original information concerning eight Alexandrium eco-
types from different geographic regions is shown in Table 1.
Three of themwere isolated from the South and East China Seas,
one from the South Polar region, and four from the English and
Scottish coasts. Among them, six ecotypeswereA. tamarense and
two were A. catenella based on their traditional morphological
features. However, further analysis of ITS1-5.8S-ITS2 and 18S of
eight ecotypes using ClustalW software indicated that the eight
ecotypes were divided into three groups: four ecotypes, ACCI01,
ACP, ACGX02 and ACDH03 belonged to A. catenella; three eco-
types CCAP-1, CCAP-20 and CCAP-29 belonged to A. tamarense,
and one ecotype CCAP-22 belonged to A. fundyense (Supplemen-
tary Fig. 1). The phylogenetic tree also showed that the eight
ecotypes were classified into three groups. These results
Fig. 2 – Representative 2D-DIGE gel images of A. tamarense. Pseud
images from equal amounts of CyDye labeled proteins of CCAP-1
B, superimposed images from equal amounts of CyDye labeled p
C, superimposed images from equal amounts of CyDye labeled p
suggested that the three morphospecies of the A. tamarense
complex did not conform to molecular phylogenetics or mor-
phological species definition.

3.2. Comparison of 2-D DIGE protein reference maps of the
A. tamarense complex

The representative 2-D DIGE maps, corresponding to the eight
Alexandrium ecotypes are shown in Figs. 1 to 3. The intra-species
comparisons of four A. catenella ecotypes and three A. tamarense
ecotypes are shown in Figs. 1 and 2, respectively, while the
inter-species comparison of different Alexandrium species are
shown in Fig. 3. After analysis using DeCyder software, the inter-
and intra-species matching results are shown in Tables 2 and 3.
An average of ca. 2000 spots for each ecotype was detected. For
intra-species comparison, the ecotypes within the same species
exhibited identical protein expression patterns and no exclusive
protein spots were found for each ecotype, but 5–10% of the
protein spots varied in abundance in each ecotype (Table 2). For
inter-species comparison, three Alexandrium species presented
ocolors were used for each DIGE Fluor dye. A, Superimposed
(blue) and CCAP-20 (green);
roteins of CCAP-20(green) and CCAP-29 (red).
roteins of CCAP-29 (red) and CCAP-1 (blue).

image of Fig.�2


Fig. 3 – Comparison of 2D-DIGE images among different Alexandrium species. (A)–(C): A. catenella and A. tamarense;
(D): A. tamarense and A. fundyense; (E)–(F): A. catenella and A. fundyense. A white rectangle shows the protein shifts in the maps.
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significantly different protein expression patterns: approxi-
mately 30–40% of protein spots were shared among A. catenella,
A. fundyense and A. tamarense 2-D DIGE gels. However, about
60–70% of protein spots differed in molecular weight (MW)
or/and isoelectric point (pI) among the different ecotypes
(Table 3).

Based on the above analysis, ACCI01, ACP, CCAP-1, CCAP-20,
CCAP-29 and CCAP-22 were selected for principal component

image of Fig.�3


Table 2 – Intra-species protein matching results among
different 2-D DIGE gels analyzed using Decyder software.

Species Unchanged
(protein number)

Decreased Increased

ACDH03 vs
ACGX02

88.0% (1753) 6.8% 5.2%

ACCI01 vs
ACP

89.1% (2140) 5.7% 5.1%

CCAP-29 vs
CCAP-20

79.9% (1893) 10.0% 10.1%

CCAP-29 vs
CCAP-1

80.9% (1915) 9.8% 9.3%

CCAP-20 vs
CCAP-1

82.7% (1958) 8.6% 8.7%

Note: Unchanged-protein spots with a fold change less than 1.5 in
abundance; decreased and increased-protein spots with a fold
change greater than 1.5 in abundance.
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analysis (PCA). PCA of the global protein spots showed that the
ecotypes from A. catenella or from A. tamarense were grouped
together (Fig. 4), while the three species,A. fundyense,A. catenella
andA. tamarensewere separated into three distinct groups. This
PCA result was consistent with the comparative results of
2D-DIGE maps among the A. tamarense complex ecotypes.

3.3. Expressions of representative proteins in
the A. tamarense complex

Several proteins, namely, RuBisCO, methionine
S-adenosyltransferase (MAT), nitrogen- associated protein 50
(NAP50) and peridinin chlorophyll a bindingprotein (PCBP)were
identified in A. catenella, A. tamarense and A. fundyense (Fig. 5).
However, they presented significantly different expression
patterns: RuBisCO, MAT and NAP50 shifted in pI, while PCBP
shifted in both pI and MW (Fig. 5 A1-A4). The western blotting
result further authenticated these variations betweenA. catenella
and A. tamarense. Four isoforms of RuBisCO were identified in
both Alexandrium species, but they presented different expres-
sion pattern and pI shift. CR1, CR2, CR3 and CR4were detected in
A. tamarense ecotypes, inclining to the acidic end,whileAR1, AR2,
AR3 and AR4 were detected in A. catenella ecotypes, inclining to
the alkaline end (Fig. 6). These results indicated that amino acid
mutation and/or posttranslational modification of these pro-
teins occurred in the A. tamarense complex.
Table 3 – Inter-species protein matching results among
different 2-D DIGE gels analyzed using Decyder software.

Species Matched
(protein number)

Unmatched

CCAP-20 vs ACP 42.1% (1021) 57.9%
ACCI01 vs CCAP-1 29.9% (578) 70.1%
ACP vs CCAP-1 34.8% (666) 65.3%
CCAP-22 vs ACCI01 37.2% (893) 62.8%
CCAP-22 vs ACP 34.7% (832) 65.3%
CCAP-29 vs CCAP-22 37.8% (847) 62.2%

Note: Matched-protein spots with identical MW and pI;
unmatched-protein spots differed in MW or/and pI.
3.4. Peptide mass fingerprints and amino acid sequences
of RuBisCO

Four RuBisCO isoforms were selected to interpret the varia-
tions in PMFs among the A. tamarense complex species. The
peptide maps obtained from the MALDI-TOF mass spectra are
shown in Supplementary Fig. 2. The PMF ofA. catenella possessed
a unique peak at 1666.7 Da, which was absent in the four other
RuBisCO isoforms from A. tamarense and A. fundyense. Instead,
A. tamarense and A. fundyense both presented a peak of 1530.8 Da
which was absent in A. catenella. The unique PMF peak of
A. fundyense was 2435.2 Da. The PMFs from A. tamarense and
A. fundyense possessed a peak of 1682.7 Da which was absent
in the spectra of the three isoforms (AR2, AR3 and AR4) and
presented a very low signal intensity in isoform AR1 of
A. catenella.

The peptide amino acid sequence candidates deduced from
MS/MS spectra using DeNovo Explorer™ software are shown in
Supplementary Figs. 3 and 4. Comparison of amino acid se-
quences between peptides at 1530.8 and 1588.8 Da, and 1666.7
and 1682.7 Da, indicated that amino acid substitution of RuBisCO
occurred in the A. tamarense complex. The difference of 58 Da
mass between 1530.8 and 1588.8 Da was justified using a single
aminoacid substitution in theRuBisCOsequence (Supplementary
Fig. 3), and neutral amino acid A (Alanine, 89 Da) in the peptide
(1530.8 Da)was substituted by acidic amino acid E (Glutamic acid,
147 Da) in the peptide (1588.8 Da) (Supplementary Fig. 3). Mean-
while, the difference of 16 Damass between 1666.7 and 1682.7 Da
indicated that neutral amino acid A (Alanine, 89 Da) in the
peptide (1666.7 Da) replaced uncharged polar residue S (Serine,
105 Da) in the peptide (1682.7 Da) (Supplementary Fig. 4). Further
comparison of amino acid sequences of RuBisCO, using reference
sequences in the NCBInr database, indicated that these two
positions were very mutable positions among the dinoflagellates
(Table 4). These results further demonstrated that evolutionary
divergence had occurred in the A. tamarense complex.
4. Discussion

4.1. Different Alexandrium species display contrasting
protein expression patterns

This study compared the global protein expression patterns of
eight ecotypes from the A. tamarense complex using the 2-D
DIGE approach, and found that the three Alexandrium species
presented significantly different protein expression patterns,
and more than 60% of protein spots shifted in either MW or pI,
or both, in the 2-DDIGE gels. The PCA results also demonstrated
that the eight Alexandrium ecotypes were classified into three
distinct groups even though these ecotypeswere collected from
different geographic regions. Comparison of four identified
proteins indicated that these proteins presented different
shifting patterns: RuBisCO, MAT and NAP50 shifted in pI while
PCBP shifted in both pI and MW, indicating that protein
mutation or/and posttranslational modification occurred in
the A. tamarense complex. However, the ecotypes of the same
species from different geographic regions presented the same
protein expression patterns: all protein spots were identical on
2-DDIGE gels and no exclusive protein spotswere found in each



Fig. 4 – Principal component analysis of the global protein spots of six Alexandrium ecotypes using DeCyder software.
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ecotype. These results suggested that evolutionary divergence
had occurred in the A. tamarense complex, and the difference in
protein expression was caused by species rather than geo-
graphical differences. A number of studies demonstrate signif-
icant variation in protein expression patterns within and
between species [30]. For example in a proteomic study of
natural variation between eight Arabidopsis ecotypes, only
one-quarter of protein spots is shared by all accessions [16].
When maritime pine plants from seven origins are compared,
less than 20% of the protein spots are observed simultaneously
in all patterns [31]. It is postulated that the proteome level is
close to the phenotypic level where natural selection is acting,
affecting more directly protein variation through balancing,
divergent or directional selection [30].

It should be pointed out that the abundance of several
proteins altered among different ecotypes of the same species.
For example, RuBisCO isoform AR1 changed 2.15 fold between
ecotypes ACP and ACCI01, but the fold change was less than
1.09 among four RuBisCO isoforms of ecotypes ACGX02 and
ACDH03. The same phenomenon was also observed in our
A. tamarense intra-species comparison. The abundant alter-
ations among different ecotypes might be caused by their
adaptive ability to ambient environments.A recent study shows
that two ecotypes of Littorina saxatilis with distinct shore
microhabitats (exposed/sheltered) differ by a considerable
percentage (16%) in the proteome analysis. In particular the
Fig. 5 – Comparison of four identified protein expression patterns
MALDI-TOF/TOFMS as the same isoforms of the protein in respecti
White arrows indicate the proteins from A. tamarense, and black a
enzyme arginine kinase, which is involved in the energetic
metabolism, is altered significantly in abundance between the
two ecotypes [32]. Proteomic differentiation between ecotypes is
largely insensitive to drastic environmental changes experi-
encedduring growth, suggesting amainly genetic determination
of the proteomic differentiation [33].

Overall, the substantial differences in the pattern of protein
expressions indicated that a rapid evolutionary divergence
occurred within the A. tamarense complex at the proteomic
level, and protein mutation and/or posttranslational modifica-
tion might have resulted in the pI and/or MW shifts in global
protein spots, which needs further investigations in future.

4.2. Species-specific peptides of RuBisCO as signatures for
species classification

Protein/PMF profiles generated by mass spectrometry have
been used for the identification and classification of various
organisms including dinoflagellates [23,24,34,35], and some
species-specific peptide sequences are also identified in fish
[20] and shrimp [21]. These studies suggest that the biomarker
peptides can be used for species authenticationpurposes. In our
study, the species-specific peptide mass-maps of four RuBisCO
isoformswere identified and characterized.Well-defined peaks
with a high S/N ratio were observed for ions corresponding to
twopeaks,m/z 1530.8 and 1588.8 Da inA. tamarense; whereas no
. Arrow-highlighted spots to be identified using
ve selected areas. A1, RuBisCO II; A2, NAP50; A3,MAT; A4, PCP.
rrows indicate proteins from A. catenella.
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Fig. 6 – Expressions of RuBisCO isoforms in A. tamarense and A. catenella revealed using western blotting analysis. 40 μg of soluble
proteins fromA. tamarense,A. catenellaormixtureof the twowere separatedusing2-DSDS-PAGE followedbywesternblotting. (a) and
(A). Themixture of equal amounts of CCAP-1 and ACCI01 proteins; (b) and (B) CCAP-1; (c) and (C) ACCI01. AR1, AR2, AR3 and AR4 are
four RuBisCO II isoforms in A. catenella, and CR1, CR2, CR3 and CR4 are four isoforms of RuBisCO II in A. tamarense.
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significant signal could be obtained for the peak at 1530.8 Da in
A. catenella. Interestingly, there was no significant signal of the
peak at 1666.7 Da in A. tamarense. The peak at 2435.20 Da was
unique for A. fundyense. Some variations in peptide intensities
were expected to occur in different analyses from the four
isoforms of RuBisCO within the same sample, e.g. the intensi-
ties of the peak at 1530.8 Da gradually decreased from CR1 to
CR4, and the intensities of the peak at 1588.8 Da increased
correspondingly in A. tamarense species.

De novo sequencing analysis indicated that the amino acid
sequence of peptide at 1530.8 Da was IYDIYFPPAYLR; at
1588.8 Da was IYDIYFPPEYLR; at 1666.7 Da was LFDGPACS
VIDMWR; and at 1682.7 Da was LFDGPSCSVIDMWR. It was
clear that the neutral amino acid A (Alanine, 89 Da) in the
peptide at 1530.8 Da was substituted by the acidic amino acid E
(Glutamic acid, 147 Da) of the peptide at 1588.8 Da; meanwhile,
neutral amino acid A (Alanine, 89 Da) in the peptide with
1666.7 Da replaced the uncharged polar residues S (Serine,
105 Da) of the peptide at 1682.7 Da (Supplementary Fig. 4). The
neutral amino acid alanine in the sequence “IYDIYFPPAYLR” of
RuBisCOwas substituted by acidic glutamic acid, so the peptide
at 1530.8 Dawas not detected in the four isoforms of RuBisCO in
A. catenella. Another substitution of amino acid position was
neutral amino acid replacing uncharged polar residues, but
which could not change the pI of the proteins.

The tentative sequence “IYDIYFPPA(E)YLRLFDGPS(A)CSVI
DMWR” yielded using DeNovo Explorer™ software andmanual
interpretation was submitted to MS-BLAST. This sequence was
similar to that of the peptide in Prorocentrumminimum, belonging
to RuBisCO form II. The amino acid pairs (A, S) which changed in
Alexandriumwerevariable positions inall thehomologous amino
acid sequences among different dinoflagellates species (Table 4).
These variable positions in the sequence of RuBisCO from any
dinoflagellate species present in the databases were specific to
each species. The present study concluded that an amino acid
substitution occurred in the ninth position of the peptide
“IYDIYFPPAYLR”, which produced a peptide mass shift from
m/z 1530.8 to 1588.8 Da in Alexandrium. Combining the substi-
tution in the sixth and eighth positions of the peptide
“LFDGPACSVIDMWR” might therefore be used as a criterion to
differentiate species belonging to dinoflagellates in relation to
the protein RuBisCO. For example, the changed criterional
positions “E.A.S” and “S.S.N” originating from A. catenella and
Heterocapsa triquetra (Table 4). For distinguishing A. tamarense
and A. fundyense, it was necessary for the peptide at 2435.20 Da
or 2463.20 Da to be involved in the study (Fig. 7). This inter-
specific variability could be used as a good biomarker for
dinoflagellate species identification. Identified species-specific
peptides can be used to prepare antibody-based, facilitative kits
for the sensitive detection of each of the dinoflagellates. It is not
necessary to obtain all the amino acid sequences of RuBisCO
and, as shown in this study, the identification and character-
ization of specific peptides is the first step toward designing
cheap and fast detection analyses of dinoflagellates.

Overall, the identification possibilities ofmass spectrometry
provide a fast and reliable method for the differentiation of the
species whichwere the subject of this study. As shown in Fig. 7,
a peptide at 1666.50 Da was specific for A. catenella, but was
absent from A. tamarense and A. fundyense; while on the other
hand, the peptide at 1530.80 Da was absent from A. catenella;
and a peptide at 2435.20 Da was specific for A. fundyense, but
was absent from A. tamarense. Thus, unequivocal species
differentiation is clearly possible.
5. Conclusions

In summary, 2-DDIGE combinedwithMSprovidedus apotential
useful approach to resolve the taxonomic ambiguities of closely
related algal species, regardless of its disadvantages, i.e. labor

image of Fig.�6


Species Partial Amino Acid Sequence

Symbiodinium sp. I Y D F Y L P P S F L R L Y D G P A V N V E D MW R

Gonyaulax polyedra I Y D I Y F P P S Y L R F F D G P A C S I L D MW R

Heterocapsa triquetra I Y D I Y F P P S Y L R L F D G P S C N I I D MW R

Prorocentrum minimum I Y D I Y F P P Q Y L R L F D G P S C C V I D MW R

Alexandrium tamarense* I Y D I Y F P P A Y L R L F D G P S C S V I D MW R

Alexandrium catenella* I Y D I Y F P P E Y L R L F D G P A C S V I D MW R

aAlexandrium species used in this study. Partial amino acid sequences of RuBisCO from six species with the highest sequence homology
including A. catenella and A. tamarense. Conserved amino acids in terms of chemical homology are in the black rectangles. Tentative sequences
deduced in this study using mass spectrometry analysis, and showing the changed position, are in the red rectangles.

Table 4 – Amino acid sequences of the RuBisCO fragment from different dinoflagellate species.
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intensive, time consumable. 2-D DIGE analysis revealed that
three Alexandrium species presented significantly different
protein expression patterns. However, no difference was found
in the protein expression pattern among the ecotypeswithin the
same species. Comparison of four proteins indicated that MW
and/or pI shifts occurred between species but notwithin species.
These results demonstrated that evolutionary divergence had
occurred in the A. tamarense complex at the proteomic level
and the complex might be classified into three species based on
their species-specific protein expression patterns. The species-
specific peptides of RuBisCO could be used for the systematic
discrimination of the different Alexandrium species, even among
different dinoflagellates. The deduced amino acid sequences of
Fig. 7 – Flow diagram for a systematic identification of three mor
fingerprinting. Specific peak masses from RuBisCO II are shown
denotes the absence of a particular peak.
RuBisCO fromdifferentAlexandrium species aswell as fromother
dinoflagellate species indicated that amino acid mutations had
occurred in the A. tamarense complex. Thus, the alignment of
substituted amino acids might be used to distribute the di-
noflagellates into different groups. This approach appears to
have the capacity to discriminate species and to generate a
classification directly based on the features of their major
proteins. Meanwhile, a challenge for the future is to investigate
the relative contributions of these factors to the expression
differences observed, and even to clarify which differences have
functional consequences.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2013.05.007.
phospecies of the A. tamarense complex using peptide mass
with a number (m/z). “Y” denotes the presence and “N”

http://dx.doi.org/10.1016/j.jprot.2013.05.007
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