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Edwardsiella tarda is an enteric opportunistic pathogen that causes a great loss in aquaculture. This species has
been described as a phenotypical homogeneous group; in contrast, serological studies and molecular typing re-
vealed a wide heterogeneity. In this work, a proteomic study of differential expression of a virulent isolate from
turbot cultured in the Norwest of Spain in comparisonwith an avirulent collection strainwas performed in order
to recognize proteins involved in virulence. One hundred and three proteins that presented different abundance
were successfully identified and classified into 11 functional categories according to their biological processes:
amino acid, carbohydrate and lipid metabolism, tricarboxylic cycle, stress response and protein fate, protein syn-
thesis, biogenesis of cellular components, cell rescue defence and virulence, cell membrane and transport, signal
transduction and purine and pyrimidine metabolism. Twenty three protein spots detected only in turbot isolate
were identified. It was shown that the same proteins appeared in different spots in the two isolates. Mass spectra
obtained by MALDITOF/TOF of some of these proteins and DNA sequencing explained the changes as a result of
different amino acid sequences. Several proteins relatedwith the virulence of E. tarda (FliC, ArnA or FeSODI)were
only detected in the turbot European isolate.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Edwardsiella tarda, a Gram-negative facultative aerobic pathogenbe-
longing to the Enterobacteriaceae family, is widely distributed in aquat-
ic environments and has a wide host range including fish, reptiles,
amphibians, and humans [1]. Edwardsiellosis is the name of the disease
caused by this pathogen, and is characterized by septicaemia,
haemorrhages, internal abscesses and skin lesion in various fish taxa [2].

In the last few years, repeated outbreaks of edwardsiellosis in turbot
(Scophthalmus maximus) have occurred in different geographical areas
of Europe being a serious problem in the culture of this fish species
[3,4] and causing enormous economic losses in aquaculture industry.
Moreover, this fish pathogen has been the causal agent of an episode
of mortality in sole (Solea senegalensis) reared in a marine farm in the
Northwester of Spain [5].

Numerous studies reported that E. tarda constitutes a biochemically
homogeneous taxonwith typical characteristics of an enteric bacterium
[3,6]. However, serological studies including LPS profiling and OMP pat-
terns [3,7] revealed the existence of intraspecific antigenic variability.
ogía y Parasitología, Facultad de
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On the other hand, the existence of intraspecific genetic diversity has
been also confirmed by the employment of methods such as Restriction
Fragment Length Polymorphism (RFLP) PCR of 16S rDNA [8], PCR
ribotyping of 16S–23S internal transcribed spacer (ITS) genes in rRNA
operons [9], repetitive sequence-based PCR (rep-PCR) and other PCR-
based genetic analyses [5]. It is reported that E. tarda invades epithelial
cells [10], is resistant to phagocytic killing and serum [11–13] and pro-
duces virulent enzymes, such as hemolysins [12,14] and chondroitinase
[14]. In addition, different quorum-sensing signal molecules have been
detected in virulent E. tarda strains [15,16]. However, the major viru-
lence factors remain unknown and their identification is crucial to un-
derstand E. tarda virulence.

E. tarda pathogenesis relies on its ability to regulate its proteome to
avoid host defences, and thus, the study of the E. tarda proteome is im-
portant for understanding mechanisms of pathogenesis and immune
evasion. In fact, Kumar et al. [17] and Srinivasa Rao et al. [13] identified
proteins that may contribute to E. tarda pathogenesis employing prote-
omic information and isolates from diseased snakehead (Ophiocephalus
punctatus).

One of the most useful techniques to study changes in proteomes
with different aims [18] is the two-dimensional difference gel electro-
phoresis (2D-DIGE) [19]. This technology is based on the labelling of a
mixture composed by up to three protein samples that can be labelled
with 3 different fluorescent dyes, Cy2, Cy3 and Cy5 in the same 2-DE
f Edwardsiella tarda strains with different degrees of virulence, J Prot
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gel. Including an internal standard (pool of all the samples studied), this
strategy enables the monitoring of differences in protein abundance
with statistical confidence [20].

In this study, we have compared the bacterial proteomes of the fish
virulent strain ACC35.1 isolated from turbot versus the fish avirulent
strain NCIMB2034 with the aim to identify changes in the abundance
of proteins involved in pathogenic mechanisms of E. tarda.

2. Materials and methods

2.1. Bacterial strains and growth condition

The virulent E. tarda isolate ACC35.1 obtained from diseased turbot,
(LD50 value was 1.6 × 101 cells/ml), and the avirulent strain isolated
from unknown fish NCIMB2034 were cultured on Tryptone Soya Agar
(TSA, Pronadisa,Madrid, Spain) or Tryptone Soya Broth (TSB, Pronadisa,
Madrid, Spain). Single colonies of each strainwere inoculated into 50ml
TSB at 30 °C for 24 h with shaking. Next, 100 ml of TSB was adjusted to
OD600 0.2 with previous culture, and were maintained at 30 °C with
shaking until obtaining OD600 0.8. After centrifugation at 4000 rpm for
20min at 4 °C, the pellets were used for protein extraction. This process
was repeated three more times to obtain four biological replicates.

2.2. Protein extraction

The bacterial pellets obtained were resuspended in ice-cold lysis
buffer (7 M urea, 2 M thiourea, 4% v/w CHAPS and 1 mM PMSF). Then,
the suspensions were sonicated and centrifuged at 13,000 rpm for
10 min at 4 °C. The supernatant was collected and aliquoted. Trichloro-
acetic acid (TCA) at a final concentration of 10% was added and the
suspensions were kept at 4 °C during 1 h to precipitate proteins. After
centrifugation at 13,000 rpm for 5min at 4 °C, the pellet was resuspend-
ed in cold acetone and stored overnight at−20 °C. The solutions were
centrifuged at 10,000 rpm for 5 min at 4 °C, and the pellets containing
proteins were resuspended in rehydration buffer (7 M urea, 2 M
thiourea, 4% v/w CHAPS and 30 mM Tris–HCl, pH 8.5). Protein concen-
tration was determined by the Bradford method. The protein extracts
were stored at −80 °C until used.

2.3. DIGE: experimental design, protein labelling and 2-DE

FourDIGE analytical gels, containing eight individual samples gener-
ated from four biological replicates, were carried out. Each sample was
fluorescent-labelled with a set of matched fluorescent dyes according
to the manufacturer's protocol for minimal labelling (GE Healthcare)
400 pmol of dye for each 50 μg of protein. The internal standard (IS)
pooled sample labelled with Cy2 was also present in each gel. Two rep-
licates of each sample were labelled with Cy3 and the other two with
Cy5 (Supplementary data 1).

All samples, including the IS, were diluted 1:1 with the loading buff-
er (7 M urea, 2 M thiourea, 4% v/w CHAPS, 200 mM v/w DTT and 4%
ampholytes according to the pH). For the first dimension (IEF), 150 μg
of labelled proteinwas resolved in 24 cmpH3–11nonlinear Immobiline
IPG-strips (GE Healthcare) rehydrated for 8 h with 350 μl 2D rehydra-
tion buffer (7 M urea, 2 M thiourea, 4% v/w CHAPS, 2% DeStreak and
2% IPGphor buffer 3–11). The samples were applied by cup loading.
Focusing was then carried out following conditions: 120 V, 1 h, step;
500 V, 2 h, step; 1000 V, 2 h, gradient; 6000 V, 6 h, gradient; 6000 V,
14 h, step (total focusing 110 KVhr). After focusing, strips were equili-
brated for 12 min in reducing buffer (100 mM Tris–HCl pH 8.0, 6 M
urea, 30% v/v glycerol, 2% v/w SDS and 2% v/w DTT) and followed by
5min in alkylating buffer (100mMTris–HCl pH 8.0, 6 M urea, 30% glyc-
erol, 2% SDS, 2.5% iodoacetamide and 0.002% bromophenol blue). The
stripswere transferred onto 12% SDS-polyacrylamide gels in fluorescent
glass plates. Electrophoresis was carried out at 20 °C, 1 W/gel for 23 h
using an Ettan-Daltsix unit.
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2.4. Image acquisition and DIGE data analysis

Gels were scanned directly using a Typhoon 9400 scanner (GE
Healthcare) with CyDye filters. For the Cy3, Cy5 and Cy2 image acquisi-
tions, the 532 nm/580 nm, 633 nm/670 nm and 488 nm/520 nm
excitation/emission wavelengths were used respectively, adjusting the
pixel size to 100 μm.

Image analysis, in this study, was performed usingDeCyder software
ImageQuant v5.1 (GE Healthcare). For spot detection, determination of
quantity, inter-gel matching and statistics, gel images were analysed
using DeCyder v6.5 software (GE Healthcare).

All pooled standard/sample gel image pairs were processed by the
DeCyder DIA (differential in-gel analysis) and BVA (Biological Variation
Analysis). The DIA module was used to assign spot boundaries and to
calculate parameters such as normalized spot volumes. Inter-gel vari-
ability was corrected by matching and normalization of the internal
standard spot maps in the BVA module. The image gel with the major
number of spots was used as master gel. To reduce false positives in
the p-value calculation, the false discovery rate (FDR) was applied
[21]. Protein spots with 2-fold as a threshold in the average ratio with
p-values less than 0.05 were considered differentially abundant with
statistical significance between different samples under comparison.

2.5. Protein identification by MALDI-TOF MS

Protein identification was done at the Proteomics Facility of
Universidad Complutense de Madrid-Parque Científico de Madrid,
Spain (UCM-PCM), a member of ProteoRed Network. The protein
spots of interest were excided from 2-DE gels stained with colloidal
Coomasie blue [22] and digested with trypsin according to Havlis et al.
[23]. Brieftly, spots were washed twice with double-distilled water,
dehydratedwith 75% acetonitrile (ACN) and dried in a Savant SpeedVac.
Samples were reduced with 10 mM DTT in 25 mM ammonium bicar-
bonate for 30 min at 56 °C and subsequently alkylated with 55 mM
iodoacetamide in 25 mM ammonium bicarbonate for 20 min in the
dark. Finally, samples were digested with 12.5 ng/mL sequencing
grade trypsin (Roche Molecular Biochemicals, IN, USA) in 25 mM am-
moniumbicarbonate (pH 8.5) overnight at 37 °C. After digestion, the su-
pernatants were collected and 1 ml was spotted onto a matrix assisted
laser desorption ionization (MALDI) target plate and allowed to air-
dry at room temperature. Then, 0.5 μl of a 3 mg/ml of α-cyano-4-
hydroxy-trans-cinnamic acid matrix in 0.1% TFA-50% ACN was added
to the dried peptide digest spots and again allowed to air-dry again.

MALDI-TOF MS analyses were performed in a MALDITOF/TOF mass
spectrometer 4700 Proteomics Analyzer (Per-Septives Biosystems, Fra-
mingham, MA). The instrument was operated in reflector positive ion
mode, with an accelerating voltage of 20,000 V. All mass spectra were
internally calibrated using autodigested trypsin peptides. MALDI-TOF
spectra with a signal-to noise 20 were collated and represented as a
list of monoisotopic molecular weights. Proteins for which peptide
mass fingerprints provided an ambiguous identification were subjected
to MS/MS sequencing analyses.

MALDI TOF/TOF fragmentation spectra with a signal-to noise 10
were collected by selecting the suitable precursor ions of each MALDI-
TOF peptide mass map. Fragmentation was carried out using the acqui-
sition method 1 kV ion reflector mode collision induced dissociation on
and precursor mass window ±10 Da.

Peptide mass fingerprints were analysed using MASCOT version
1.9 fromMatrix Science (http://www.matrixscience.com). The searches
for peptide mass finger prints and tandem MS spectra were performed
in the NCBI nr databases (http://www.ncbi.nlm.nih.gov/protein). The
MASCOT search parameters were: (1) species: all; (2) allowed number
of missed cleavages: 1; (3) fixed modification: carbamidomethyl
cysteine, (4) variable modifications: methionine oxidation; (5) peptide
tolerance: ±150 ppm; (6) MS/MS tolerance: ±0.3 Da and (7) charge:
+1.
f Edwardsiella tarda strains with different degrees of virulence, J Prot
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Only identified proteins with a score of CI% ≥85 were accepted and
the MASCOT criteria of being significant were p b 0.05. Reference data-
base used for the identification of functional protein was UniProt
(http://www.uniprot.org).

2.6. Stress response and motility assays

The response to stresswas performed byH2O2 survival following the
protocol described by Dan et al. [24] with some modifications. Briefly,
bacterial cells were grown in TSB during 7 h until an OD600 of 0.5,
then washed with PBS and resuspended in PBS to 108 CFU/ml. Ten mi-
croliters of suspension was inoculated in 1 ml of PBS with or without
4 mM H2O2. The tubes were incubated at 25 °C for 1 h. Aliquots of
400 μl were plated in TSA plates after dilution in TSB. These plates
were incubated at 25 °C for 32 h, and the CFUs were counted.

Mediummotility tubes [25] were inoculated by sting and incubated
at 30 °C for 24 h.Motility was assessed by examining turbiditymedium.

2.7. Evaluation of polymyxin B susceptibility

Polymyxin B concentrations ranging from 1.46mg/ml to 0.0014mg/ml
were tested by the broth microdilution (BMD) method. Bacterial
suspensions adjusted to 0.5 McFarland were grown in TSB at 25 °C during
16 h. The minimum inhibitory concentration (MIC) was defined as the
lowest concentration of polymyxin B at which no visible growth was
observed. Moreover, the cell density was measured at OD600 with a
spectrophotometer PerkinElmer Lambda 2 (Waltham, MA).
Fig. 1. Representative image 2-DE indi
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2.8. Sequencing of FeSOD gene

The presence of superoxide dismutase type I (SODI) and superoxide
dismutase type II (SODII) genes associated with the pathogenic
potential was evaluated. Total bacterial DNA was extracted from pure
bacterial cultures using the Insta-gene matrix (Bio-Rad, Madrid, Spain)
following the manufacturer's instructions. The DNA concentration was
spectrophotometrically quantified and adjusted to 100 ng/ml. The
primers used in the PCR reaction were SOD forward 5′-TCGCTGGAAG
AGATCGTGAAGAG-3′ and SOD reverse 5′-TGAACGCGGCAAATGAGC-3′.
PCR amplification was performed following this conditions: 94 °C for
2min, followed by 35 amplification cycles, each consisting of sequential
incubation at 94 °C (1min), 56 °C (1min) and72 °C (1min), followed by
a final incubation at 72 °C for 5 min. The PCR products were sequenced
by StabVida (Oeiras, Portugal).

3. Results

3.1. Comparative analysis of E. tarda virulent and avirulent strains

A comparison of proteomes between the virulent strain isolated from
diseased turbot (ACC35.1) and the avirulent isolate (NCIMB2034) was
carried out using 2D-DIGE technology. Four 2D-DIGE gels, one for each
replica, corresponding to Cy3-, Cy5- and pooled IS Cy2-labelled sample
images, were analysed using DeCyder software (v 6.5). DIAmodule anal-
ysis allowed the detection of an average of 1977 protein spots, in BVA
module, an average of standardized volume ratio and unpaired Student's
t test, were also calculated.
cating the spots identified by MS.

f Edwardsiella tarda strains with different degrees of virulence, J Prot
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Fig. 2. 2D-DIGE maps of E. tarda proteins. a) Proteins detected in only one strain and pro-
teins detected in both strainswith changes in their abundance. b)Different protein species
(with different mass and/or pI of the same protein detected in each strain.
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Following the statistical values with 2-fold as a threshold in the av-
erage ratio andwith p b 0.05, 373 spots of 2148were considered as pro-
tein spots with significant variation in abundance. For subsequent
analysis, 103 protein spots (Fig. 1) were successfully identified (Fig. 2
and Tables 1 and 2) by MS (MALDI-TOF or MALDI-TOF/TOF). The
MASCOT analysis determined 67 proteins represented by 102 protein
species (one uncharacterized). Forty nine of these protein species be-
long to the virulent strain, 40 protein species to the avirulent strain
and 12 protein species were detected in both, with variation in the ex-
pression (Fig. 2) However, it was observed that 23 proteins detected
only in one isolate have its equivalent in the other isolate, such as
spots 980 and 965 identified as phosphoglycerate kinase (Pgk), the
porphobilinogen synthase in spots 967 and 969 or the heat shock pro-
tein 60 (GroEl) in spots 592 and 2146 (Fig. 3); which means that
there are proteins that have the same name and function but the iden-
tification code, pI and/or mass are different (Fig. 2b and Table 2). These
changes can be explained by several post-translational modifications or
as a result of a difference in the amino acid sequence (Supplementary
data 2), being this last hypothesis demonstrated in the protein phos-
phoglycerate kinase (spots 980 and 965) (Fig. 4). Furthermore, most
of these protein spots, although they correspond to the same enzyme,
have been identified matching with two different protein sequences
(with different Uniprot codes for each of the spot) (table 2); being pos-
sible that they have different amino acids. Not all of the spotswere iden-
tified, so the absence of some proteins could be related to this or to the
low expression levels that made their detection difficult.

The proteomes of the two strains of E. tarda encoded proteins classi-
fied into 11 functional categories according to their biological processes:
amino acid, carbohydrate and lipid metabolism, tricarboxylic cycle,
stress response and protein fate, protein synthesis, biogenesis of cellular
components, cell rescue defence and virulence, cell membrane and
transport, signal transduction, purine and pyrimidine metabolism and
miscellaneous.

Most of the proteins from the avirulent collection strain are involved
in metabolic processes (amino acid and carbohydrate metabolism)
whilst in the virulent turbot isolate the proteins detected are implicated
in protein synthesis, and protein transport mechanism.

3.2. Validation of differential expression in phenotype

To confirm proteomic results, stress related proteins (heat shock
protein 90 and iron-cofactored superoxide dismutase type 1), antigenic
protein Et 46 (FliC) and bifunctional polymyxin resistance protein
(ArnA) related with polymyxin resistance detected only in the virulent
strainwere evaluated. PCR amplification, H2O2 sensitivity,motility anal-
ysis andMIC to polymyxin Bwere performed to confirm their relevance
in the virulent strain.

3.3. Stress response and motility

The HSP90, related to the survival under stress conditions as oxida-
tive stress and the infection process efficiency [24], was detected exclu-
sively in the virulent strain by proteomic analysis. The experiment
performed in the presence of 4 mM H2O2 showed an important differ-
ence related to this enzymebetweenour strains. The turbot virulent iso-
late ACC35.1 (280 UFCs) grew two logarithms more than the collection
strain NCIMB23034 (9 UFCs).

Regarding the detection of the antigenic protein Et 46, commonly
known as FliC in E. tarda [25], themotility assay showed differences be-
tween the two strains (Fig. 5), FliC being only detected in the virulent
strain.

3.4. Evaluation of polymyxin B susceptibility

The protein ArnA, involved in the polymyxin B resistance, was only
detected in the turbot isolate by proteomic analysis. The MIC of
Please cite this article as: N. Buján, et al., Comparative proteomic study o
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polymyxin B to ACC35.1 andNCIMB2034was evaluated by BMD, the re-
sistance to polymyxin B being higher in the virulent strain (Fig. 6).
Therefore, the MIC to ACC35.1 was 0.011 mg/ml and to NCIMB2034
was 2.85 × 10−3.
3.5. SODI gene amplification

Various authors correlate the SOD types with the virulence [26,27]
and our identifications concur with this hypothesis as shown in
Table 2. Fifty nucleotide pairs are the difference between SODI and
SODII sequences described by Yamada and Wakabayashi [26]. Taking
this into account, we sequenced this gene to demonstrate that the pro-
teomic differences between the two isolates are a consequence of the
differences in the amino acidic sequence (Fig. 7).
f Edwardsiella tarda strains with different degrees of virulence, J Prot
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Table 1
E. tarda identified protein spots that change their abundance between the virulent and the avirulent strains or are unique of one of them (ACC35.1 vs. NCIMB2034).

Gel N°.a UniProt
codeb

Protein
name

Protein description Av.
Ratioc

t-testc Mr
d pId Scored N° of

peptd
%
Covd

Metabolic process
Amino acid metabolism

736* D0ZDD2 PepD MIX Aminoacyl-histidine dipeptidase
K.GIHAERDAVGNILLR.K (41)
R.FLAGHADELGAR.V (106)
R.VTVDAAQSALLPLDAASQSR.F (107)

−2.63 0.0078 51.97 5.25 324 16/70 28

977 D4F689 CitE Cystathionine beta-lyase 10.42 1.3E−05 38.52 6.35 179 19/65 66
955* D0ZD86 NifS Cysteine desulfurase −8.66 5.5E−05 45.03 5.99 206 27/65 59
2134 D4F3E7 CysK Cysteine synthase A 26.72 4.3E−05 34.10 5.94 326 32/65 91
780* D0ZDS2 GadB2 Glutamate decarboxylase −10.15 5.5E−05 52.39 5.97 99 17/65 39
1185 M0QA14 GshB Glutathione synthase 7.01 0.00012 35.54 5.8 175 23/65 69
988 D4F722 SerC Phosphoserine transaminase 4.56 3.1E−05 40.47 5.44 145 18/65 44

Carbohydrate metabolism
971* D0ZAZ8 AckA Acetate kinase −4.58 5.2E−05 43.45 5.78 154 21/65 57
1053 D4F0B2 Adh Alcohol dehydrogenase NADP-dependent 3.31 6.7E−06 44.31 5.34 105 15/65 38
1054* D0Z9Z7 AdhFe Alcohol dehydrogenase iron-containing

R.FAEGLLQTLIEEGPR.A (76)
R.ALQEPENYGVR.A (66)
R.VWNIHSGSDEQR.I (65)

−2.18 0.0021 42.61 5.73 310 19/70 46

367 D4F726 PflB Formate acetyltransferase 7,59 0.00012 85.45 5.71 183 30/65 36
1023 D4F1S7 FbaA Fructose bisphosphate aldolase

K.IFDFVKPGVISGDDVQK.V (57)
K.LLPWLDGLLDAGEK.H (73)

25.19 4.8E−05 41.36 5.75 220 14/72 38

1076 F0LWK4 FbaA Fructose-bisphosphate aldolase (Vibrio furnisii)
M.SKIFDFVKPGVISGDDVQK.V (112)

7.48 0.00035 38.80 4.92 138 6/68 15

2136▲ D0ZEE4 FbaA Fructose-bisphosphate aldolase −11.9 5.5E−05 39.40 5.65 141 16/65 53
397 M0Q6L6 Pta Phospahte acetyltransferase 9.1 9.9 E−05 78.36 5.36 287 65/269 68
687* D0ZCA1 Pgm Phosphoglucomutase, alpha-

D-glucose phosphate-specific
−11.35 1.4E−05 59.27 5.88 202 26/65 43

630* D0ZG10 PckA Phosphoenolpyruvate carboxykinase −2.06 0.00094 59.37 5.55 110 15/65 29
1125 D4FAR3 PfkA Phosphofructokinase 5.06 0.0016 35.17 5.6 144 21/65 50
1228* D0Z7I1 ManX PTS system mannose-specific transporter subunit IIAB −10.84 3.9 E−05 35.03 5.4 118 23/152 66
644▼ D0Z8B8 PykF Pyruvate kinase 6.03 0.0001 50.90 5.62 156 21/65 52
649▲ D0Z8B8 PykF Pyruvate kinase −11.05 0.00015 50.90 5.62 210 26/65 56
1203- D0ZC16 TalB MIX Transaldolase −6.92 3.3E−06 35.04 5.61 266 25/65 70
2131▼ D4FAR2 TpiA Triose-phosphate isomerase 8.03 5.5E−05 26.10 5.36 112 13/65 52
2126* D0ZGV9 TpiA Triose-phosphate isomerase −10.88 5.6E−05 26.75 5.62 120 12/44 46
2148* D0ZGV9 TpiA MIX Triose phosphate isomerase −13.17 6.7E−06 26.75 5.62 156 17/65 58
1050 D4F8D4 GalT UTP-hexose-1-phosphate uridylyltransferase 2.58 1.4E−05 39.86 6.49 123 19/65 52

Lypid metabolism
1658▲ D0Z9F8 FabG2 3-oxoacyl-[acyl-carrier-protein] reductase −3.86 0.00032 25.73 6.63 90 13/65 51
1685 D4F6U3 FabG2 3-oxoacyl-[acyl-carrier-protein] reductase

R.GITVNVVAPGFIETDMTR.A (150)
R.SGILAEVPAGR.L (45)

19.75 4.8E−05 25.69 6.63 247 11/70 43

494* D0ZG82 ArnA Bifunctional polymyxin resistance protein ArnA −10.99 0.00071 74.29 5.62 223 25/45 45
Tricarboxylic acid cycles

1203- D4F097 CitE MIX Citrate (pro-3S)-lyase, beta subunit −6.92 3.3E−06 31.15 5.14 96 11/65 48
606* D0Z9H3 Fum Fe-S type, tartrate/fumarate subfamily hydro-lyase subunit beta −7.78 0.0026 60.09 6.44 232 26/65 54
909 D4F6P2 Icd Isocitrate dehydrogenase, R.ENAEDIYAGIEWK.A (44) 16.71 4.8E−05 42.49 5.35 123 14/70 34

Stress response and protein fate
493* D4F335 Hsp90 Heat shock protein 90 −4.42 0.0016 71.26 4.96 267 30/65 50
408 D4F0T4 Pnp Polyribonucleotide nucleotidyltransferase 24.34 2.1E−05 77.27 5.25 159 25/65 34

Protein synthesis
1455* D0ZCV1 RpsB 30S ribosomal protein S2 −29.31 1E−05 26.28 6.61 174 21/65 80
1471▼ D4F2F9 RpsB 30S ribosomal protein S2 9.96 0.00011 26.83 6.33 161 21/65 84
364* D0ZFW5 FusA Elongation factor G −37.36 5.5E−05 77.52 5.17 423 44/65 73
1206▼ D4F2G0 Tsf Elongation factor Ts 11.02 4.8E−05 30.78 5.35 203 26/65 65
746* D0ZF30 GltX Glutamate-tRNA ligase −9.19 0.00062 53.86 5.64 289 31/65 57
477* D0Z8K3 GlyS Glycine-tRNA ligase −5.01 0.00052 76.28 5.39 256 29/65 46
486▲ D0ZBZ4 ProS Proline-tRNA ligase −7.52 5.5E−05 63.39 5.17 237 27/65 51
499 D4F1C3 ProS Proline-tRNA ligase 13.28 5.5E−05 63.73 5.03 170 22/65 41
741* D0ZA17 SerS Serine-tRNA ligase −4.38 5.1E−05 48.96 5.4 182 25/65 51
535* D0ZB73 NusA Transcription elongation protein NusA −4.6 0.00051 54.85 4.57 133 19/65 34
628 D4F5Q0 TyrS Tyrosine-tRNA ligase

R.LVHGAEGLQAAQR.I (49)
R.LVHGAEGLQAAQR.I (25)

7.84 6E−05 15.82 5.06 103 6/69 34

Biogenesis of celular components
1415* D0ZH27 MinD Septum site-determining protein MinD

K.KTVVIDFDIGLR.N (16)
R.TENLFILPASQTR.D (77)
R.AENGDDPIKEHLLLTR.Y (44)

−10.9 3.3E−06 29.80 4.98 223 16/69 44

(continued on next page)
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Table 1 (continued)

Gel N°.a UniProt
codeb

Protein
name

Protein description Av.
Ratioc

t-testc Mr
d pId Scored N° of

peptd
%
Covd

Cell rescue, defence and virulence
880* Q3V737 Et46 Antigenic protein Et 46 −65.28 9.7E−06 43.77 5.2 142 17/65 49
1704▼ M0QAN3 AhpC Antioxidant, AhpC/TSA family 2.11 0.00035 22.41 5.12 160 18/65 81
1730▲ D0ZE70 AhpC Antioxidant, AhpC/TSA family −15.19 4E−05 22.41 5.12 159 17/65 78

Cell membrane and transport
382 D4F2G9 YaeT Outer membrane protein, Bam complex (YaeT) 4.68 0.00022 88.19 5.69 255 30/65 41
676▼ D4FAY6 AtpA F0F1-type ATP synthase subunit alpha 3.55 0.0035 55.36 5.43 142 21/65 38

Signal transduction
2148* D0Z9B8 PhoP MIX Regulation of transcription, DNA-dependent, winged helix family −13.17 6.7E−06 25.55 5.62 155 17/65 74

Purine and pyrimidine metabolism
583* D0ZHD1 GlnA Glutamine synthetase

K.GGYFPVPPVDSAQDIR.S (85)
−8.31 1.4E−05 51.87 5.15 135 16/70 30

1566* D0ZBF8 DeoD Purine nucleoside phosphorylase DeoD-type
K.HIAETFLQDVR.Q (91)
R.FKDNDFAAIADFDMVR.N (93)

−4.74 5.5E−05 26.39 5.4 252 14/67 48

1693* D0ZEX8 Upp Uracil phosphoribosyltransferase −17.98 3.4E−05 22.69 5.65 127 15/65 64
Others

1270▼ D4F9M4 ? Conserved hypothetical protein 59.03 5.1E−05 34.99 8.43 112 17/65 43

X* Protein only detected in ACC35.1. X Protein only detected in NCIMB2034. X▲▼ Common proteins, increase or decrease in ACC35.1 respectively. X- mix common protein.
a Spot's number in master gel.
b UniProt identification code.
c Average ratio and Student's t-test p-value were calculated using Decyder software v6.
d Experimental molecular mass, isoelectric point, protein score, matched/unmatched peptides and percentage of coverage derived from MASCOT result page.
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4. Discussion

Edwardsiellosis is one of the major diseases that produce economic
big losses in fish farming. Numerous studies discuss the implication of
different proteins in the virulence of E. tarda [28–30]. In fact, Sakai
et al. [31] identified various proteins related to virulence such as
GroEL, outermembrane protein A (OmpA) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). Considering that the presence/absence
or the increase/decrease in specific proteins could be related to the
pathogenic mechanisms, in this study, the DIGE methodology was
employed to compare the cell proteome of two strains of E. tarda with
different degrees of virulence. The aim was to observe abundance
changes in proteins that could be involved in the pathogenesis.

The results showed a high number of differentially abundant pro-
teins between the two strains, both in expression and in presence/
absence. However, their identification showed that many of these
were equivalent proteins with a mass and pI slightly different as the
protein dihydrolipoyl dehydrogenase (see Table 2, spots 730, 733,
739). Even though these proteins perform the same function, these
small changes result in the recognition of these proteins as different
protein spots, by DIGE analysis, precluding a correct comparison in the
levels of expression. The mass and pI changes might be due to post-
translational modifications or to differences in amino acid sequence.
This work described that some differences are caused by changes in
an amino acid sequence (Fig. 2) being nonsynonymous changes such
as phosphoglycerate kinase. A nonsynonymous variant can alter protein
structure or function, however these changes can be profitable or even
neutral if the changes do not affect the protein folding or the active
site. Previous works associating this different electrophoretic mobility
with the pathogenic potential, demonstrated that the proteins showing
shifts frommore acidic position are in less virulent strains [32,33]. In the
present study, the electrophoretic changes did not follow a fixed pat-
tern; the enzymes related to the virulent strain sometimes were more
basic and other times more acidic. In any case this is a very relevant re-
sult, because to our knowledge, this is the first time that the proteome
comparison of two bacterial strain renders too many different in pro-
teins species with possible differences in sequences.

The metabolic and translational processes encompass most of
the proteins identified which are related to the isolation of the proteins
in exponential phase. Carbohydrate metabolism was the top most
represented in our analysis (27.3%), followed by protein synthesis
(16.7%).
Please cite this article as: N. Buján, et al., Comparative proteomic study o
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An increase in glycolysis process is related to a higher virulence ac-
cordingly to various authors [34,35], which lead us to perform a detailed
study of this process. The enzyme phosphofructokinasewas detected in
NCIMB2034 isolate displacing the pathway to glycolysis. Next enzyme,
fructose bisphosphate aldolase appeared in 3 different spots in the
non pathogenic and in only one of these in the turbot virulent isolate;
this protein is related with conversion fructose-6P to glyceraldehyde-
3P in glycolysis and in the reverse reaction in gluconeogenesis. The
first step of the glycolysis pathway finishes with the creation of one
molecule of glyceraldehyde-3P (G3P) and onemolecule of dihydroxyac-
etone phosphate (DHA), the G3P continuous to the second step and the
DHA, is converted to G3P by the triose phosphate isomerase. This en-
zyme is present in the virulent strain as 3 different isoforms whilst
only one isoform was detected in NCIMB2034. This difference can pro-
duce acceleration in the step two of the glycolysis pathway and a higher
amount of pyruvate in virulent strain. The conversion between
glycerate 1-3P to/from G3P is regulated by phosphoglycerate kinase
that is present in the virulent isolate ACC35.1 in 3 different spots against
only one and in a different form in the non-pathogenic strain
NCIMB2034. In summary, the proteins related to glycolysis/gluconeo-
genesis pathway were more abundant in the virulent strain supporting
the hypothesis and explaining why ACC35.1 grows a little faster than
NCIMB2034 (data not shown).

The glyoxylate cycle is well documented in many organisms: ar-
chaea, bacteria, protists, plants, fungi and nematodes [36]. This cycle is
used by microorganisms in conditions of nutrient deficiency and plays
important roles in their long-term persistence and infection in hosts
[37–39]. However, in other microorganisms such as Brucella suis, the
glyoxylate cycle has been shown to be unnecessary for virulence [40],
being capable to use intracellular resistance strategy for colonization
in hosts infection. In this work, the proteins belonging to this cycle
were not detected in the E. tarda strains analysed. These results are in
agreement with complete genome studies where it was not possible
to detect genes related to this cycle [41] suggesting that themechanism
used by E. tarda to start the colonization can be similar to the one used
by B. suis.

The Gram-negative envelope is composed of OMP and inner mem-
brane proteins. There are two important groups in OMP: lipoproteins,
present in the periplasm but anchored by a lipid moiety to the mem-
brane, and β-barrel proteins, integral membrane proteins. The lipidme-
tabolism is more represented in the strain NCIMB2034, with two spots
identified as acyl carrier protein involved in lipid transport and
f Edwardsiella tarda strains with different degrees of virulence, J Prot
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Table 2
Identified protein spots detected in both E. tarda strains as different protein species (different in molecular mass or pI) (ACC35.1 vs. NCIMB2034).

Gel N°.a UniProt
codeb

Protein
name

Protein description Av.
Ratioc

t-testc Mr
d pId Scored N° of

peptd
%
Covd

Metabolic process
Amino acid metabolism

862* D0ZD92 GlyA Glycine hydroxymethyltransferase −10.75 0.0009 45.53 6.4 125 19/65 42
867 D4F966 GlyA Glycine hydroxymethyltransferase 20.82 5.9E−05 45.55 6.36 188 26/65 43
805* D0ZDI3 TnaA Tryptophan 2,3-dioxygenase −5.08 0.00046 53.30 5.88 194 24/65 45
808 D4F902 TnaA Tryptophan 2,3-dioxygenase 2.15 0.0031 53.28 5.84 90 13/65 28

Carbohydrate metabolism
1070* D0Z956 RfaD ADP-glyceromanno-heptose-6-epimerase −5.66 0.00013 35.03 5.12 110 20/65 50
1095 D4F9R1 RfaD ADP-glyceromanno-heptose-6-epimerase 3.91 0.00068 35.15 4.92 143 16/65 38
730 D4F283 LpdA Dihydrolipoyl dehydrogenase

R.CADLGLETVIVER.Y (30)
K.ALAEHGIVFGEPK.T (49)

5.59 0.00017 50.93 5.91 131 12/68 22

733 D4F283 LpdA Dihydrolipoyl dehydrogenase 10.1 8.1E−05 50.93 5.91 274 30/65 64
739* E0T9L0 LpdA Dihydrolipoyl dehydrogenase −18.73 7.6E−06 51.04 5.72 312 31/65 57
641* D0Z9W1 Pgi Glucose-6-phosphate isomerase

R.DWFLQAAGDER.H (60)
R.ILPELEDAQPVR.S (57)

−7.87 0.00015 61.57 6.03 285 25/69 40

923 D4F076 Pgi Glucose-6-phosphate isomerase 2.25 5.3E−05 61.56 5.74 163 22/65 38
736* C5BAU6 Pgk MIX Phosphoglycerate kinase

R.LAKDYLDGVDVAQGELVVLENVR.F (75)
K.KLPAVVMLEER.A (5)

−2.63 0.0078 41.07 5.45 156 14/70 34

965 D4F1S8 Pgk Phosphoglycerate kinase
K.DYLDGVDVAQGELVVLENVR.F (16)
K.KLLTTCDIPVPTDVR.V (82)
K.LLTTCDIPVPTDVR.V (62)
K.KLPAVVMLEER.A (90)

32.51 3.9E−05 41.70 5.27 502 20/70 42

975* C5BAU6 Pgk Phosphoglycerate kinase −6.39 0.0006 41.07 5.45 112 14/65 45
980* D0ZEE5 Pgk Phosphoglycerate kinase −87.09 3.9E−05 41.08 5.33 154 20/65 47
651* D0ZH99 Gpm Phosphoglycerate mutase

K.GEFHADNAIDGLQAAYAR.G (58)
R.GENDEFVKPTVIR.A (87)
R.AFVNADFDGFAR.R (56)

−22.28 0.0001 56.29 5.2 274 16/71 25

698 D4FAS5 Gpm Phosphoglycerate mutase 10.23 3.3E−06 56.26 5.08 97 16/65 30
639* D0ZH12 Pkm Pyruvate kinase −23.06 1.2E−05 51.85 6.3 107 18/37 37
660 D4F4C7 Pkm Pyruvate kinase

R.LNFSHGSAEDHQLR.A (38)
R.HVAILGDLQGPK.I (92)
R.CGEDLNYAR.R (33)
R.GDLGVEIGDPELVGIQK.A (82)

3.85 0.00031 52.88 6.15 294 16/69 23

Stress response and protein fate
383 D4F5U5 Prc Carboxy-terminal protease 13.97 5.6E−05 76.23 6.61 147 22/65 35
380* D0Z7S7 Prc Carboxy-terminal protease −14.59 0.00014 71.24 6.72 212 28/65 43
592 D4F0J3 GroEL Chaperonin GroEL (HSP60 family) 4.59 5.6E−05 57.45 4.84 250 28/65 52
2146* D0ZAK2 GroEL Chaperonin GroEL (HSP60 family) −5.75 4.8E−05 57.51 4.82 316 32/65 67
341 D4F1D3 ClpB Heat shock protein of ClpB family 4.53 9.5E−06 95.48 5.46 266 34/65 41
346* D0ZDN3 ClpB Heat shock protein of ClpB family −4.07 0.0017 95.50 5.44 303 37/65 44
1655* D0ZBF8 DeoD Stringent starvation protein A −13.5 0.0003 24.52 5.34 166 21/65 65
1662 M0QCE8 DeoD Stringent starvation protein A 14.61 3.1E−05 24.52 5.34 170 19/65 68

Protein synthesis
1182 C5BHB7 Tsf Elongation factor Ts 2.53 0.00012 30.69 5.44 87 14/65 32
1198* D0ZCV2 Tsf Elongation factor Ts −31.54 3.3E−06 30.69 5.44 198 24/65 70
570* D0ZGZ1 ArgS Arginine-tRNA ligase −9.85 5.5E−05 63.54 5.49 190 26/65 36
588 D4F498 ArgS Arginine-tRNA ligase 3.95 0.0017 63.80 5.37 152 21/65 34
553 D4F1N9 LysS Lysine-tRNA ligase 5.2 0.00069 48.20 5.14 186 22/65 50
596* D0ZDX8 LysS Lysine-tRNA ligase −7.23 4E−05 57.97 5.22 279 31/65 62

Cell rescue. defence and virulence
1804 Q0PD83 SodBII Iron-cofactored superoxide dismutase

M.SFELPALPYAK.N (95)
K.GSEFEGKSLEEIIK.T (29)

6.86 0.00023 17.93 5.38 152 6/69 35

1813* Q0PD76 SodBI Iron-cofactored superoxide dismutase
R.GALADAINAAFGSFAAFKDALTK.S (63)
K.SAVGNFGSGWTWLVK.K (117)

−7.91 4E−05 17.90 5.55 260 10/71 77

Cell membrane and transport
545 D4F1B5 YjjK ABC transporter, ATP-binding protein YjiK 2.48 0.00038 61.45 5.34 160 21/65 40
559* D0ZBY7 YjjK ABC transporter, ATP-binding protein YjiK −2.82 4.4E−05 62.13 5.32 267 29/65 49
1556* D0Z7G2 GlnH Amino acid ABC transporter substrate-binding protein −27.95 3.2E−05 27.56 8.94 183 18/65 69
1638 D4F4P8 GlnH Amino acid ABC transporter substrate-binding protein 36.06 5.6E−05 27.68 8.94 179 17/65 63
609 D4FAY6 AtpA F0F1-type ATP synthase subunit alpha 8.5 0.00045 55.30 5.59 117 19/65 29
690* D0ZHG9 AtpA F0F1-type ATP synthase subunit alpha −43.72 5.3E−05 55.30 5.59 312 33/65 59
1015* Q8GF10 Omp Outer membrane protein −12.43 0.00033 47.28 5.27 88 12/65 29
1094 D4F5B2 Omp Outer membrane protein

K.FGNYGSIDYGR.N (90)
35.57 0.00034 41.42 4.65 96 3/71 4

1085* D0ZFS8 OmpA Outer membrane protein A −5.11 0.00045 38.03 7.66 168 20/65 50
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Table 2 (continued)

Gel N°.a UniProt
codeb

Protein
name

Protein description Av.
Ratioc

t-testc Mr
d pId Scored N° of

peptd
%
Covd

1109 D4FAY6 OmpA Outer membrane protein A 61.65 0.0004 38.74 8.9 180 21/65 43
1009 M4TKJ8 OmpF2 Outer membrane porin F protein

K.FADYGSLDYGR.N (59)
42.85 0.0001 39.92 5.03 72 4/68 11

1115* D0ZFQ0 OmpF2 Outer membrane porin F protein
K.FTSDKSDDGDHTYAR.F (55)
K.FADYGSLDYGR.N (87)

−33.69 7.6E−06 40.05 5.03 197 11/69 22

1123* D0ZFQ1 OmpF2 Outer membrane porin F protein −98.54 9.7E−06 40.05 5.03 125 14/65 47
Others

967 D4F9Y9 HemB Porphobilinogen synthase
K.SLYAEEAYNADGLVQR.A (74)
R.VAQWLHDAEMNR.- (39)

4.15 6.7E−05 32.54 4.85 193 17/69 40

969* D0Z9R1 HemB Porphobilinogen synthase
M.SYAFPGAFPGR.R (75)
K.SLYAEEAYSSDGLVQR.A (129)
K.YASCYYGPFR.D (20)
R.VAQWLHDAEMTR.- (40)
R.VAQWLHDAEMTR.- (23)

−8.04 3.8E−05 37.60 5.37 372 21/71 51

X* Protein only detected in ACC35.1. X Protein only detected in NCIMB2034.
a Spot's number in master gel.
b UniProt identification code.
c Average ratio and Student's t-test p-value were calculated using Decyder software v6.
d Experimental molecular mass, isoelectric point, protein score, matched/unmatched peptides and percentage of coverage derived from MASCOT result page.

8 N. Buján et al. / Journal of Proteomics xxx (2015) xxx–xxx
synthesis (spots1658 and 1685, table 1). Bam complex, only detected in
avirulent strain, has an important role in the transport of lipopolysac-
charides and phospholipids to the outer membrane [42]. He et al. [43]
performed a phenotypic study comparing various isolates of E. tarda,
and found that the strain NCIMB2034 showed large differences in bio-
film formation. The higher abundance of proteins belonging to lipidme-
tabolism and the higher presence of various OMPs is strongly related to
biofilm formation [44]. In addition, the avirulent strain forms aggregates
that precipitate in liquid medium (data not show) suggesting more ca-
pacity to develop biofilm. The presence of biofilm is usually related to a
virulence mechanism [45], however its presence is not always involved
in it, as it is shown in this work and other [46].

Porins are the most abundant OMPs in the outer membrane of the
turbot isolate ACC35.1. The high number of porins in the outer
Fig. 3. Sectors showing differences inmass and/or pHbetween the different protein species of th
gel.
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membrane increases the specific permeability and the resistance to
toxic substances like antibiotic [47]. This suggests that the virulent
strain presents a more efficient and developed transport mechanism
which helps in the virulence and resistance to antibiotics.

The species E. tarda produces hydrogen sulphide from sulphite. In
this work, both strains were capable to produce H2S and gas, but only
proteins related to this pathway were found in the avirulent strain
(cystathione beta-lyase and cysteine synthase A). However, the absence
of this protein in the virulent strain could be explained by two reasons:
its expression is very low and this is why it is not possible to detect or
the analysis of a higher number of spots is necessary.

In addition, the virulent strain (ACC35.1) presents other proteins as-
sociated with virulence. The protein ArnA is a bifunctional protein in-
volved in the polymyxin resistance (and other cationic antimicrobial
e same protein in each of the strains. ColumnA and C, DIGE gel; column B andD, Coomasie
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Fig. 4.Mass spectra obtained byMALDI-TOF/TOF of differential peptides between spots 965 and 980 (phosphoglycerate kinase, Pgk) corresponding to E. tardaNCIMB2034 a) and ACC35.1
b) protein extracts, respectively.

9N. Buján et al. / Journal of Proteomics xxx (2015) xxx–xxx
peptides) and themodification of lipid A [48]. This enzymewas only de-
tected in the virulent turbot strain and polymyxin resistance experi-
ment supports the idea that in this isolate its presence or level of
expression is a differential character. Moreover, lipid A is considered a
Fig. 5.Growth of ACC35.1 andNCIMB2034 strains inmotilitymedium. Highmotility is ob-
served in ACC35.1 isolate with regard to the NCIMB2034 strain.
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virulence factor and part of an endotoxin typical of enterobacteria [49]
suggesting that this protein could be an important factor in the viru-
lence process and will be a good candidate for mutant assays.

Heat shock protein 90 is a eukaryotic protein and the homologous in
bacterial species is the heat shock protein G (HspG). The mutation in
htpG causes slowdown in growth, reduction in the mortality rate and
in the survival to high temperatures [24]. Moreover, htpGmutant creat-
ed byDang et al. [24] significantly reduced the ability to survive and rep-
licate in macrophages. Changes in this process suggest that HptG is
essential for efficient bacterial infection. In this work, the HspG was de-
tected by proteomic analysis only in the turbot isolate and a major sur-
vival for this strain under oxidative stress condition was demonstrated.
However, the lack of detection of Hsp90 in NCIMB2034 couldmean that
this protein is low expressed.

E. tarda is an enteric bacteria described as mobile with some excep-
tions. In this case, the study performed at 30 °C demonstrated that the
motility in the virulent isolate is higher than in the avirulent strain
(not mobile at b25 °C). FilC is a flagellar filament structural protein as-
sociated with virulent strains [50], and in our work it was only detected
in ACC35.1. The absence of fliC produces a decrease in the motility abil-
ity, a decrease in biofilm formation and also defects in flagellum
Fig. 6.Growth profiles of ACC35.1 andNCIMB2034 at different concentrations of polymyx-
in B.
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Fig. 7. Amino acid sequence alignments of SOD gene from different E. tarda strains. ACC35.1 corresponding to SODI and NCIMB2034 to SODII. Grey shading indicates differences between
base pairs. Sequence alignment was performed with MEGA5 (http://www.megasoftware.net/).
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formation [25]. The effector proteins type III secretion system (T3SS)
and type VI secretion system (T6SS) of E. tarda decrease or disappear
when the fliC is deleted [25] and these secretion systems were used by
bacterial pathogens to excrete virulence factors into host cell [51]. The
complete absence of this protein in NCIMB2034 cannot be proved,
maybe the protein is present but the secondary structure is different de-
creasing the motility [52].

Yamada andWakabayashi [53] using isozyme electrophoresis of the
enzyme iron-cofactored superoxide dismutase (FeSOD) were able to
show differences between two FeSOD types, FeSOD type 1 (SODI), asso-
ciated with virulent strains and FeSOD type 2 (SODII), associated with
avirulent strains. SOD protects cells from oxidative stress-induced dam-
age, converting superoxide radical O2

− into molecular oxygen and hy-
drogen peroxide. For this process, SOD is known to be a virulence
factor in bacterial pathogens [35]. SOD is classified according to the as-
sociated metal ion; in this case the SOD identified is iron-cofactored
SOD (FeSOD). The sequencing of this gene showed differences between
pathogenic (FeSODI) and innocuous (FeSODII) strains, and these chang-
es are in most cases non-synonyms [26]. FeSODI inhibits macrophage
activation and inflammatory response in E. tarda [27] and these results
establish a clear role for FeSODI as a virulence factor. The results obtain-
ed in this work corroborate this previous study published by Yamada
andWakabayashi [53], FeSODIwas detected in the turbot virulent strain
and FeSODII in the avirulent strain.

In conclusion, this work shows that 2D-DIGE is an important tool for
identifying proteins involved in the pathogenesis of E. tarda. Compari-
son of proteomes between the turbot virulent isolate ACC35.1 and the
non-pathogenic strain NCIMB2034 enlightened that proteins FliC,
FeSODI, ArnA and Hsp90 related to virulence were only detected in
the strain ACC35.1 isolated from disease turbot.
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