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Abalone withering syndrome is a serious chronic disease. Ultrastructure and pathological changes were studied
using transmission electron microscopy. Myofibers appeared hollow, and the number of inner intact myofibrils
was reduced greatly. The morphology of mitochondria in cells appeared abnormal. Crystal lattice-like inclusions
in pathological muscle cells were observed. The hepatopancreas was damaged severely; it was full of empty ves-
icles and devoid of any recognizable cellular structures. The activities of 3 enzymes, acid phosphatase (ACP), al-
kaline phosphatase (AKP), and total superoxide dismutase (T-SOD), in hemolymph of healthy and diseased
abalone showed little differences. ACP activity in the pedal mucus of healthy and diseased abalone was not sig-
nificantly different. However, in diseased abalone pedal mucus, activities of AKP and T-SOD were significantly
lower than in the control group. In pedal mucus of healthy and diseased abalone, the differential (SDS-PAGE)
bands were identified as actin and hemocyanin. Protein identification was accomplished with mass spec-
trometry. A total of 16 2-DE gel spots were identified; 5 gel spots showed upregulation and 11 gel spots
showed downregulation in diseased abalone. Proteins involved in energy production and storage, includ-
ing fructose-1, 6-bisphosphate aldolase, arginine kinase, and triosephosphate isomerase, showed diverse
expression patterns in diseased abalone. For stress-responsive proteins, expression of Cu/Zn-superoxide
dismutase showed downregulation. For contraction and regulation proteins of muscle, actin showed
significant downregulation.
Statement of relevance: Abalone withering syndrome (WS) is a serious chronic disease. However, there is
limited information on the physiological performance of infected abalones. The present study was to as-
sess the alterations of Haliotis diversicolor caused by WS using transmission electron microscopy as well
as assess the immune enzyme activity of hemolymph and mucus, and muscle, mucus proteins changes
by 2-DE and SDS-PAGE.

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

Abalone (Haliotis spp.) is a marine gastropod that is distributed
worldwide along coastal waters in tropical and temperate areas and is
an economically important seafood (Li and Yan, 2010). The small abalo-
ne, Haliotis diversicolor, is a commercially important species cultured
along the coast of southern China (Cai and Wang, 2008). China, with
more than 50,000 tons per annum (Di et al., 2013), is the most impor-
tant abalone-producing country in the world. Since 1999, the yields of
cultured abalone in China have been severely affected by continual
outbreaks of a fatal epidemic disease caused by abalone withering syn-
drome.Withering syndrome is a serious chronic disease that affects var-
ious abalone species in both natural and farmed populations. It was first
observed in the 1980s in the Channel Islands southwest of California,
h Sciences, Xiamen University,
where it caused a 99% decline in the population of the black abalone
(Haliotis cracherodii). Since then, it has been detected in pink (Haliotis
corrugata), flat (Haliotis walallensis), white (Haliotis sorenseni), red
(Haliotis rufescens), green (Haliotis fulgens), Taiwanese (H. diversicolor
supertexta) abalones, as well as inHaliotis tuberculata andHaliotis discus
hannai (Wetchateng et al., 2010; Crosson et al., 2014).

Withering syndrome is caused by infection with the intracellular
rickettsial bacterium Candidatus Xenohaliotis californiensis (a Rickettsia-
like organism) (Rosenblum et al., 2008; Crosson et al., 2014; Friedman
et al., 2014). Withering syndrome occurs along the eastern Pacific mar-
gin of North America in California, USA, and Baja California, Mexico, and
abalones in Chile, China, Taiwan, Iceland, Ireland, Israel, Spain, Thailand
and Japan have been also infected (Crosson et al., 2014).

Gross signs of the disease include pedal atrophy, a mottled digestive
gland, anorexia, weakness, and lethargy (Gardner et al., 1995; Friedman
et al., 2000, 2002; Balseiro et al., 2006). Moribund abalones have less
elasticity and melanization of the mantle and muscle with recessive
feeding, and most fall from the reef and die (Zhuang et al., 2010; Jiang
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et al., 2012). Withering syndrome is manifested by morphological
changes in the digestive gland, which yields a loss of functionality. The
distribution, impacts, current diagnostic methods, and new findings
about abalone withering syndrome have been reviewed (Crosson
et al., 2014). It is important to determine the effects of withering syn-
drome on the physiological performance of abalone. However, there is
no such information available (González et al., 2012).

Functional proteomics have become a powerful tool for the identifi-
cation of sample proteins differentially responding to microorganisms
or special stimuli. Use in marine invertebrates is limited and few
Fig. 1. (A): Healthy small abalone (Haliotis diversicolor). (B): Withering syndrome in a small a
bar = 1 μm. (D–K): Pathological changes in the foot of abalone (H. diversicolor) with amyotr
cell components disappeared. (E): Like-inclusions appeared in the nucleus. (F, G): Myofibe
(arrow). (H): Karyoplasm gathered at the edge of the nucleus in the foot cells (arrow). (I): M
bodies appeared (arrow). (J): The structure of foot cells appeared myelin-like (arrow). (K): Tu
(arrow). L–N: Pathological changes of the hepatopancreas in abalone (H. diversicolor)with amyo
mitochondria greatly decreased. (N): The cells were full of empty vesicles and devoid of any re
proteomic analysis studies have been conducted in H. diversicolor with
withering syndrome. The epidermal mucus is considered an important
component of innate immunity. In addition, acid phosphatase (ACP)
and alkaline phosphatase (AKP) are important for innate immune
defense in small abalone (Wang et al., 2004). Superoxide dismutase
(SOD) is an important antioxidant.

This article examines the effects of withering syndrome on the phys-
iological performance of abalone. Alterations ofH. diversicolor caused by
withering syndrome were studied using transmission electron micros-
copy (TEM), enzyme activities, and 2-dimensional gel electrophoresis.
balone (H. diversicolor). (C): Electron microscopy of an abalone with a healthy pedal, the
ophia, the bar = 1 μm. (D): Foot tissue cells were devoid of intracellular organelles and
rs appeared hollow, and the number of inner intact myofibrils was obviously reduced
orphology of mitochondria in muscle cells was abnormal and crystal lattice-like inclusion
bular structures proliferated in the foot cells, and the foot cells were full of empty vesicles
trophia, the bar=1 μm. (L): The hepatopancreas in a healthy abalone. (M): The number of
cognizable cellular structures.
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Samples from the mucus, muscle, and hemolymph of healthy and in-
fected abalone were investigated.

2. Materials and methods

2.1. Sample collection

Eighteen diseased small abalones (shell length of 3.95 ± 0.19 cm,
about 9 months after fertilization) with withering syndrome and 18
healthy abalones were collected separately from abalone farms
(Dongshan Haitian Aquaculture Co., Ltd., Fujian Province, China). Each
abalonewas assessed as either a healthy abalonewith a foot and viscera
that filled the entire shell volume or a diseased abalone with severe at-
rophy of the foot muscle (Fig. 1A, B).

2.2. TEM sample preparation

Tissues of control and diseased small abalone were fixed with 2.5%
glutaraldehyde in PBS for 3 h at 4 °C, pH 7.4, and were then fixed in
1%osmium tetraoxide at room temperature for 2 h. After eliminating re-
maining glutaraldehyde and osmium tetraoxide, the dehydration pro-
cess was conducted with, 50, 70, 80, 95, and 100% ethanol. The fixed
sampleswere embeddedwith Epon and theywere then cut into smaller
samples with an ultramicrotome (Leica Ultracut). Ultrathin sections
were cut at 80-nm thickness and post-stained with 2% uranyl acetate
and 1% lead citrate for examination under TEM. The sections were
photographed with a JEM-2100EX transmission electron microscope.

2.3. Assessment of immune parameters in abalone

2.3.1. Collection of pedal mucus and hemolymph
Mucus: Sterile glass slideswere used to collectmucus from the pedal

surface of abalone. The abalones were put on clean glass slides (about 3
abalone per slide) and allowed to crawl for 1 h. Then, the animals
were removed, and, after addition of a small volume of sterile PBS, the
pedal mucus was carefully scraped from the glass slides. To obtain a
pure mucus fraction, the samples were centrifuged (14,000 ×g,
15 min, 4 °C) and filter-sterilized (0.45 μm membrane). The samples
of mucus proteins were aliquoted and stored at−80 °C.

One milliliter hemolymph samples were collected using a capillary
tube to withdraw fluid from a central incision in the pedal muscle. The
sampleswere transferred into a 1.5mL centrifuge tube and immediately
centrifuged at 2000 ×g for 10 min (4 °C) to remove the hemocytes. The
supernatant was frozen at−80 °C until used.

2.3.2. Assessment of enzymatic activities
Assays of enzymatic activities were performed using a standard

assay kit from the Nanjing Jiancheng Bioengineering Institute (Nanjing,
China) and following the manufacturer's instructions. Enzymatic activi-
ties were determined spectrophotometrically (BIO-RAD 680). Protein
concentration was determined using the Coomassie Brilliant Blue (G-
250) method described by Bradford, with bovine serum albumin as a
standard. Enzyme activities were expressed as units per milligram of
protein (U/mg protein).

Total SOD (T-SOD) activity was assayed using the xanthine–xan-
thine oxidasemethod. The assaywas conducted in a 96-wellmicroplate,
where hemolymph or mucus was added to xanthine–xanthine oxidase
reagent and incubated for 40 min at 37 °C. SDS was then added to stop
the reaction, and absorbance at 550 nm was determined. One unit of
SOD was defined as the amount of SOD inhibiting the rate of reaction
by 50% per mL of hemolymph or mucus.

ACP and AKP activity were determined spectrophotometrically at
520 nm using disodium phenyl phosphate as a substrate. Hemolymph
or mucus was added to the reactive substrate and incubated at 37 °C
for 30min for ACP and 15 min for AKP. One unit of activity was defined
as the amount of enzyme required to transform 1 mg of phenol in the
reactive substrate (disodium phenyl phosphate) at 37 °C, and activity
was expressed as U/mg protein.

2.3.3 Statistical analysis
All statistical analyses were performed with SPSS program version

17.0 (SPSS, Chicago, IL, USA). An independent sample T-test was con-
ducted to explore whether enzymatic activities in healthy and diseased
abalone groups were significantly different. A probability (p) value of
less than 0.05 was considered significant.

2.4. Analysis of pedal mucus of healthy and diseased abalone with SDS-
PAGE electrophoresis

Sampleswere separatedwith SDS-PAGE on a BIO-RAD electrophore-
sis unit. Discontinuous electrophoresiswas conductedwith a 12.5% run-
ning gel and a 4% stacking gel. A sample of 30 μg and molecular weight
standards was loaded in each of several wells on the gel. All of the sam-
ples were then mixed in a 1:1.5 ratio with the sample buffer (4.6% SDS,
10% β-mercaptoethanol, 20% glycerol, 1.5% Tris, 1% bromophenol blue)
and heated to 60 °C for 15 min. They were then cooled. Then, 20 μL ali-
quots were used for SDS-PAGE. SDS-PAGE was carried out at a constant
current of 10 mA per gel for 3 h, followed by 15 mA per gel until the
tracking dye (bromophenol blue) had migrated to the bottom of the
gel. The gel was stained using Coomassie brilliant blue (CBB).

2.5. Two-dimensional gel electrophoresis (2-DE) and analysis

2.5.1. Abalone pedal muscle protein extraction
Twenty mg of muscle powder was suspended in 1 mL of TRIzol.

Abalone pedal muscle protein extraction was performed as previously
described (Di et al., 2013, 2015). The dry pellet was resuspended
using isoelectric focusing (IEF) re-dissolving buffer (7 M urea, 2 M
thiourea, 40 mM Tris, 4% [w/v] CHAPS). Protein quantification in the
urea-containing protein samples was measured according to the meth-
od of the Protein 2-D Quant kit (GE Healthcare, USA). The samples ob-
tained from 18 diseased abalones or 18 healthy abalones were divided
into 3 subgroups, each containing 6 abalone muscles to yield 120 μg
protein per subgroup, which was stored at −70 °C.

2.5.2. 2-DE
The protein sample was mixed with a rehydration buffer [8 M urea,

2% (w/v) CHAPS, 20 mMDTT, 0.5% (v/v) IPG buffer (pH 4–7), and 0.01%
(w/v) bromophenol blue] before being loaded onto IPG stripswith a lin-
ear pH gradient of 4–7 (Amersham Pharmacia Biotech, Piscataway,
USA) in a horizontal electrophoresis apparatus (Bio-Rad). The sample
was subjected to isoelectric focusing in the following manner: 13 h at
50 V (active rehydration), 100 V for 2 h, 200 V for 2 h, 500 V for 1 h,
1000 V for 2 h, 4000 V for 2 h, and 50,000 Vh at 8000 V.

Subsequently, immobilized pH gradient strips were gently soaked
for 17 min in equilibration solution containing 6 M urea, 2% SDS,
50 mM Tris–Cl (pH 8.8), 30% glycerol, and 1% DTT, followed by equili-
bration for 17 min in equilibration solution containing 6 M urea, 2%
SDS, 50 mM Tris–Cl (pH 8.8), 30% glycerol, and 2.5% iodoacetamide.
Two-dimensional SDS-PAGE gels were carried out on 12.5% polyacryl-
amide gels (20 cm × 20 cm × 1.5 mm) in a PROTEAN xi cell (Bio-Rad)
at 12.5 mA/gel for 30 min and then 25 mA/gel for ~6 h. The 2-DE gels
were visualized using silver nitrate, while preparative gels were stained
using CBB. The 2-D gels were scanned using an Image Scanner
(Amersham Biosciences, UTA-1100), and spot intensity differences
were analyzed using the PDQuest 8.0 software package (Bio-Rad).

Differentially expressed proteinswere identified as having a spot in-
tensity difference of at least 1.5-fold between diseased abalones and
healthy abalones. For qualitative analysis, spot intensities with at a
least a 10-fold change were considered present/absent.



Fig. 2. Comparison of enzyme activities inmucus and haemolymph. Note: *Indicates a sig-
nificant difference in the same tissue between the control and diseased abalone groups
(p b 0.05). **Indicates a highly significant difference in the same tissue between the
control and diseased abalone groups (p b 0.01). Data are presented as mean ± S.D.
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2.6. In-gel protein digestion

For identification, stained gel pieces and sections of SDS-PAGE were
excised. The excised stained gel pieces and SDS-PAGE sections were
washed with 200 μL of Milli-Q H2O 3 times for 6 min each. The spots
were shaken in 200 μL of 25 mM NH4HCO3 solution for 20 min,
dehydrated with 200 μL acetonitrile (ACN) for 12 min and then air-
dried at room temperature. The proteins were reduced with 10 mM
DTT for 30 min at 56 °C and alkylated with 55 mM iodoacetamide
(IAA). All gel pieces were incubated with 12.5 ng/μL trypsin in 10 mM
NH4HCO3 overnight at 37 °C.

2.7. Protein identification by mass spectrometry (MS) and database search

The proteins were identified using MALDI-TOF/TOF with a 5800
Proteomics Analyzer (Applied Biosystems). For MALDI-TOF/TOF, after
digestion, peptides were extracted from the gel pieces using 5 μL of
50% (v/v) ACN and 0.1% (v/v) trifluoroacetic acid (TFA). The peptide
solution was transferred to the target plate. Next, 0.8 μL of the peptide
solution was mixed with 0.4 μL of matrix solution (2 μg/μL α-cyano-4-
hydroxycinnamic acid) in 50% (v/v) ACN and 0.1% (v/v) TFA. The target
well was covered and allowed to air dry. Themajor peaks obtained from
MALDI-TOF were selected for further tandem mass spectrometry (MS/
MS) analyses. Spectra were submitted for database comparison with
theMASCOT search engine. TheMASCOT search of theMSdatawas per-
formed against the non-redundant National Centre for Biotechnology
Information (NCBI, USA) database using the following search parame-
ters: enzyme (trypsin), up to one missed cleavage, fixed modification,
carbamidomethylation (C) and variable modification, oxidation (M),
monoisotopic mass values, protein mass unrestricted, peptide mass
tolerance ±200 ppm, and fragment mass tolerance ±1 Da.

2.8. De novo sequencing

First, DeNovo Explorer software (AB SCIEX) was used for de novo se-
quencing. Each MS/MS spectrum produced 10 peptide sequences and
each peptide sequence received a score. In order to minimize random-
ness, only those peptides with a score higher than 95 were considered
in this study (Wang et al., 2011).

Second, some proteins were not identified using DeNovo Explorer
software. Then, de novo peptide sequences were used for homology
searches using MS-BLAST. MS-BLAST searches were conducted via the
Washington University server (http://genetics.bwh.harvard.edu/
msblast/). The search results were considered significant if the resulting
scores were higher than the threshold score. However, only high-
scoring segment pairs (HSSPs) with a score of 62 or above were consid-
ered (Wang et al., 2011).

3. Results

3.1. Ultrastructural pathological changes

Compared with healthy abalones (see Fig. 1A), abalones with with-
ering syndrome were characterized by atrophied pedal musculature,
mantle retraction, epipodial discoloration, and diminished responsive-
ness to tactile stimuli, ultimately preventing the animal from feeding
effectively and causing malabsorption of food, weakness, lethargy, con-
striction of body mass, and finally death (see Fig. 1B).

Electron micrographs of ultrathin sections of healthy muscle tissue
revealed tightly arranged and regular structures (see Fig. 1C). Compared
with normal tissue, ultrastructure of diseasedmuscle cells showed obvi-
ous and typical pathological changes (see Fig. 1D–K).Musclefiberswere
disorderly arranged and fiber arrangement became loose, and some
muscle fibers showed focal necrosis; myofibers appeared hollow, and
the number of inner intact myofibrils was obviously reduced (see
Fig. 1D, F, G). There were different inclusions in the nucleus of some
damaged cells (see Fig. 1E). The nucleoplasm gathered at the edge of
the nucleus in diseased abalone muscle cells, and the electron density
of nucleoplasm at the edge of the nucleus was particularly high (see
Fig. 1H), indicating irreparable injury of the nucleus and cell death. A
common form ofmitochondrial damage and the result of mitochondrial
membrane damage is the formation ofmyelin-like layered structures. In
addition, pathological inclusions could be observed in themitochondrial
matrix or cristae. Themorphology of mitochondria in diseased cells was
abnormal, and crystal lattice-like inclusions in pathological muscle cells
could be observed (see Fig. 1I). Cell membranes appeared as spiral or
concentric layered structures when cell membranes had serious injury,
forming typical myelin-like structures (see Fig. 1J). Tubular structures
increased greatly (see Fig. 1K). These results showed that the muscle
tissue was highly damaged.

The hepatopancreases were damaged the most: they were filled
with empty vesicles and devoid of any recognizable cellular structures
(see Fig. 1L–N). The number of mitochondria had greatly decreased
(Fig. 1M).
3.2. AKP, ACP, and SOD activity

Overall, enzyme activities of ACP, AKP and T-SOD in the hemolymph
of healthy and diseased abalone showed little differences (p N 0.05) (see
Fig. 2A). Although there were no significant differences between all 3
enzyme activities in the hemolymph of diseased abalone compared
with healthy abalone, there was a measureable decrease in AKP activity
and a slight increase in T-SOD and ACP within diseased abalone.
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ACP activities in the pedal mucus of healthy and diseased abalone
were not significantly different. However, in the diseased abalone
pedal mucus, activities of AKP and T-SOD were significantly lower
compared with the control group (p b 0.05 and p b 0.01, respectively)
(see Fig. 2 B). There was a striking difference between the levels of T-
SOD activity in healthy abalone (~50 U/mg) compared with diseased
animals (b30 U/mg) (p b 0.01).
3.3. Identification of differentially expressed protein sections by SDS-PAGE

Fig. 3 shows the body surface mucus accessions of diseased and
normal abalone on the SDS-PAGE electrophoretogram. In the normal
abalone, section A and section B were not detected easily; however, in
diseased abalone, bands A and B were detected.

Fig. 4 shows the results of protein identification with the MALDI-
TOF–TOF spectrum of the trypsinized product from the SDS-PAGE sec-
tion (Fig. 4). In the MS/MS spectrum, the 10 parent ions were selected
for further MS/MS analysis, and the MS/MS spectrum confirmed the
responding amino acid sequence by analyzing b- and y-ions derived
from the peptide ion. Table 1 shows the MS/MS identification result of
section A and section B. Section A was identified as the protein actin,
and section B was identified as the protein hemocyanin.
3.4. Identification of differentially expressed protein spots via 2-DE

A total of 16 protein spots were identified using 2-DE gels (see
Fig. 5). Differentially expressed proteins were determined and
matched to functions or processes using the Gene Ontology database
(http://www.uniprot.org/) (Table 2). Most of the differentially
expressed proteins were involved in muscle contraction and protein
regulation of muscle, energy production and storage, and response
to stress.

Contraction and regulation proteins of muscle included actin
and troponin I. Actin showed significant downregulation in dis-
eased abalone (spots 7, 8, 10, 13, 15, and 16). Some protein spots
were involved in energy production and storage, including fructose-1,
6-bisphosphate aldolase, arginine kinase, and triosephosphate isomer-
ase, with diverse expression patterns in diseased abalone. For stress-
responsive proteins, the expression of Cu/Zn-superoxide dismutase
(protein spot 6) showed downregulation in diseased abalone.
Fig. 3. SDS-PAGE of healthy and diseased abalone pedal surface mucus. Lanes and acces-
sions: The left M lane was used as the molecular weight standard; lanes 1 to 4 represent
the pedal mucus of healthy abalone; lanes 5 to 8, pedal mucus of diseased abalone. Sec-
tionsA, Bwere significant difference sections. The gelwas stainedwith Coomassie brilliant
blue.
4. Discussion

4.1. Ultrastructure pathological changes

Withering syndrome has been associated with temperature, food
availability, parasites, and/or bacteria (Gardner et al., 1995; Friedman
et al., 1997). Abalone used in the present study had different external
symptoms, including atrophied pedal musculature, mantle retraction,
epipodial discolorations, and diminished responsiveness to stimuli.

Histopathology is an essential component of investigating disease
outbreaks (Hooper et al., 2014). In the present study, electronmicrosco-
py of ultrathin sections of healthy muscle tissue revealed tightly ar-
ranged and regular structures (see Fig. 1C). Ultrastructure of diseased
muscle myofibers appeared hollow and the number of inner intact
myofibrils was obviously reduced (see Fig. 1D, F). Microscopically, the
myofibers of the footmuscle atrophy and are replaced by connective tis-
sue, presumably due to starvation-induced catabolism (Gardner et al.,
1995). Withering syndrome-affected abalones consume less food than
healthy abalones (Moore et al., 2001).

The area occupied by digestive/absorptive cells in the digestive
gland diminishes, while that occupied by transport duct tissue increases
(Gardner et al., 1995; Moore et al., 2001). The degeneration of gastroin-
testinal tissue in the form of atrophy of tubules increases the amount of
connective tissue and inflammation (González et al., 2012). In the pres-
ent study, the hepatopancreas was damaged most severely; they were
full of empty vesicles and devoid of any recognizable cellular structures
(see Fig. 1L–N). The number of mitochondria had greatly decreased
(Fig. 1M). These morphological changes lead to a loss of functionality
of the digestive system, resulting in the animal entering a lethargic
state that causes it to catabolize its energy reserves and eventually the
structural proteins of its pedal muscles, which are then replaced by
connective tissue (Gardner et al., 1995; Braid et al., 2005). These results
suggest that infected animals suffer from physical damage to the mus-
culature, and as the infection persists,metabolic homeostasis is compro-
mised, leading to malnourishment and oxidative stress.

The appearance of a novel actin band in the SDS-PAGE gel (Fig. 3)
may suggest that actin is degraded or the architecture of the muscle is
dismantled due to the disease. The downregulation of actin-associated
proteins in the 2-D gels (Fig. 5) may indicate a lack of repair to the dis-
eased tissues or the host is unable to copewith the severity of the infec-
tion. Considering that the hepatopancreas was damaged, it is entirely
expected that metabolic processes would be altered severely. A reduc-
tion in the number of functioning mitochondria is a clear indication of
depleted adenosine triphosphate (ATP) stores and/or reduced capacity
to generate ATP.

4.2. AKP, ACP, and SOD activity

At present, little information is available regarding the associated ef-
fects on the physiological activity of abalones with withering syndrome
(Kismohandaka et al., 1993; Rosenblum et al., 2005). ACP and AKP are
involved in a variety of metabolic processes such as detoxification, me-
tabolism, and the biosynthesis of macromolecules for various essential
functions (Rahman and Siddiqui, 2004). ACP and AKP are both impor-
tant lysosomal enzymes in marine invertebrates (Liang et al., 2014).
Both enzymes play a part in non-specific immunity, participating in
degradation of foreign proteins, carbohydrates, and lipids or in phago-
cytosis (Hu et al., 2015). Interference with either of these 2 enzymes
can lead to biochemical impairment of cellular functions and tissue le-
sions (Enan et al., 1982). Hemolymph ACP and AKP activities in small
abalones were induced by injection with Vibrio parahaemolyticus
(Wang et al., 2004). They can be used as biomarkers for a number of
diseases (Samman et al., 1996).

ACP can be altered by the presence of xenobiotics (Rajalakshmi and
Mohandas, 2005). ACP plays a role in the killing and digesting of patho-
gens in immune responses (Cheng and Dougherty, 1989). Research has

http://www.uniprot.org


Fig. 4. Identification of actin and hemocyanin proteins with MALDI-TOF–TOF spectrometry of the trypsinized product from SDS-PAGE sections.
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shown that serum ACP activity of snails (Biomphalaria glabrata) will in-
crease significantly in response to pathogen infection (Cheng and
Dougherty, 1989). AKP is a phosphomonoesterase that detoxifies con-
taminants during normal living conditions (Zhang et al., 2004). In this
study, the activities of 2 enzymes (ACP and AKP) were not significantly
different between healthy and diseased abalone hemolymph (Fig. 2A).
The enzyme activities of ACP in themucus of healthy and diseased aba-
lone showed few differences (p N 0.05); there was a slight increase in
ACP in diseased abalone (Fig. 2B). AKP activity declined significantly in
the mucus of diseased abalones (Fig. 2B). A decrease in AKP activity
but an increase in ACP activity suggested different biochemical regula-
tion mechanisms for ACP and AKP. Together, these results suggest that
hydrolases function primarily in the mucus and hemolymph of healthy
abalone.

Superoxide dismutase (SOD) is the primary enzyme for defense
against ROS-mediated toxicity (Matozzo et al., 2004). SOD catalyzes
the dismutation of the superoxide anion to molecular oxygen, and
Table 1
Protein identification with MASCOT database searches.

Section Protein Species

A Actin Camelus dromedarius
B Hemocyanin Haliotis tuberculata
hydrogen peroxide functions as an important component of the antiox-
idant defense system of the host organism, forming the first line of
defense against ROS in the antioxidant pathways (Yang et al., 2010).
SOD plays an important role in scavenging free radicals, particularly in
defense against oxidization and phagocytosis resulting from stress and
cell damage (Yin et al., 2014). In this study, T-SOD enzyme activity in
diseased abalonemucuswas significantly lower than in healthy abalone
(p b 0.01). This may indicate that the ability to defend against ROS-
mediated toxicity was decreased. In the present study, the hepatopan-
creas was damaged most severely, with the number of mitochondria
greatly decreased (Fig. 1). The mitochondria are the most important
sites of ROS production, mitochondria were damaged, this could lead
to excess ROS being produced and causes oxidative damage. This was
consistent with the reduction of T-SOD enzyme activity in diseased ab-
alone mucus.

Both AKP and T-SOD are involved in detoxification. Reductions in
both of these enzymes will have a negative impact on the host. T-SOD
Accession no Protein score Protein score CI%

gi|60389477 635 100
gi|12053765 97 99.762



Fig. 5. 2-D gel images of silver-stained proteins (120 μg each load). The spot numbering
scheme was based on that described in Table 1. Images of 2-DE from (A) healthy abalone
pedal muscle proteins and (B) diseased abalone pedal muscle proteins.
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activity was decreased substantially in the mucus of diseased abalone
(Fig. 2B) and this was reflected in the downregulation of the enzyme
characterized by 2-DE analysis.

4.3. SDS-PAGE bands revealed differences between the pedal surface mucus
of normal and diseased abalones

Section A was identified as the protein actin. This suggested that the
diseased abalonemuscle was damaged; actin was dissolved and flowed
out with the surface mucus. Mucus is the first line of defense in mol-
luscs, and the adsorbability of abalone pedals appeared weakened and
mucus secretion was reduced in abalones with withering syndrome.

Section B was identified as the protein hemocyanin. The diverse im-
mune functions of hemocyanins in invertebrates have been reviewed
recently (Coates and Nairn, 2014). Hemocyanins from both arthropods
and molluscs possess antimicrobial and antiviral properties, and are
linked to cell death during infection (Coates et al., 2013). The appearance
of a hemocyanin fragment (~17 kDa, Fig 3) in diseased abalone suggests
a role in immune defense. Abalone hemocyanin displays phenoloxidase
activity in response to viral infection (Zhu et al., 2014) and can generate
antibacterial fragments in response to sepsis (Zhuang et al., 2015). Fur-
thermore, a number of studies have described increases in hemocyanin
mRNA transcript abundance under physiological stress conditions
(Zeng et al., 2013). The distinct role of hemocyanin duringwithering syn-
drome requires further investigation.
4.4. Identification of differentially expressed protein spots via 2-DE

Contraction and regulation proteins in muscle include actin and
troponin I. Thin filaments consist primarily of actin. Troponin, to-
gether with the protein tropomyosin, is believed to be the regulatory
system for muscle contraction. Six protein spots were identified as
actin. The expression level of actin can be related to the rearrange-
ment of both intrachain disulfide bonds (López et al., 2001). Actin
showed significant downregulation in diseased abalone. Actin is a
ubiquitous eukaryotic structural protein related to the cytoskeleton
and muscle. Downregulated actin may be related to atrophied
pedal musculature of diseased abalone and degradation during in-
fection. Protein spot 12 was identified as troponin I and showed up-
regulation in diseased abalone. The regulation of muscle contraction
in diseased abalone may be temporarily increased. The combined
data of troponin upregulation and actin downregulation indicates
that withering syndrome alters the structure of cells, leading to
necrosis, muscle atrophy, and altered metabolic capacity. Abalones
in this state are more susceptible to infection and predation.

Proteins associated with energy production and storage: We
identified several types of proteins associated with energy produc-
tion and storage including fructose-1,6-bisphosphate aldolase,
arginine kinase, and triosephosphate isomerase. Protein spot 11
was identified as fructose-1,6-bisphosphate aldolase, a key enzyme
in glycolysis and gluconeogenesis (Table 2 and Fig. 5). Spot 14 was
identified as arginine kinase, which plays a crucial role in energy
metabolism in invertebrates (Table 2 and Fig. 5). Spot 9 was identi-
fied as triosephosphate isomerase, which is involved in the glyco-
lytic process (Table 2 and Fig. 5). The animal enters starvation,
which forces it to catabolize its energy reserves and alters the ener-
gy balance, with a subsequent decline in foot mass and ultimately
death (Friedman et al., 2000; Braid et al., 2005; Moore et al., 2009;
González et al., 2012; González et al., 2014).

Proteins associated with stress response: Spot 6 was identified as
Cu/Zn superoxide dismutase (Cu/Zn-SOD), which is closely related to
immunity in mollusks. It can increase phagocytic cell activity and im-
mune function and protect the cell from ROS poisoning (Kim et al.,
2007). The expression of Cu/Zn-superoxide dismutase showed down-
regulation in diseased abalone. In this study, T-SOD enzyme activity in
diseased abalonemucuswas significantly lower than in healthy abalone
mucus. This result was consistent with the weakened condition of dis-
eased abalone.
4.5. Conclusion

In conclusion, the myofibers of abalones affected by withering syn-
drome appeared hollow, and the morphology of mitochondria became
abnormal. The hepatopancreas was damaged most severely; they
were full of empty vesicles and devoid of any recognizable cellular
structures. AKP and T-SOD activities in the pedal mucus of diseased ab-
alone were significantly lower than the control group. The differential
bands in the SDS-PAGE profiles were identified as actin and hemocya-
nin. A total of 16 2-DE gel spots were identified; 11 gel spots showed
downregulation in diseased abalone. For contraction and regulation
proteins of muscle, actin showed significant downregulation. For pro-
teins associated with stress responses, Cu/Zn-superoxide dismutase
showed downregulation in diseased abalone. This study describes the
pathobiology of abalone suffering with withering syndrome. Future
work will focus on the development of biomarkers to detect early
signs of this disease in wild and commercial populations.



Table 2
Differentially expressed 2-DE gel protein spots between healthy and diseased abalone muscle identified by MALDI-TOF–TOF.

Spot noa Proteinb Species Accession no Protein score Rank result
type

Expression quantity
in diseased abalone

Molecular function Biological process Cellular component

2 Beta-ketoacyl synthase Frankia sp.CcI3 gi|86741618 64 MS-BLAST Up-regulated Acyltransferase, transferase Fatty acid metabolism, lipid
metabolism

Cytoplasm

4 ABC transporter Theileria annulata strain
Ankara

gi|84995983 186 MS-BLAST Up-regulated ATPase activity, coupled to
transmembrane movement
of substances, ATP binding

Transport Membrane

9 Triosephosphate isomerase Tenebrio molitor gi|22090453 100 Mascot Up-regulated Isomerase Glycolytic process,
gluconeogenesis

Cytoplasm

12 Troponin I Chlamys nipponensis
akazara

gi|2668408 99.991 Mascot Up-regulated Muscle protein Regulation of muscle
contraction

Troponin complex

14 RecName: full = arginine
kinase; Short = AK

Haliotis madaka gi|1708614 100 Mascot Up-regulated Kinase, transferase Amino-acid biosynthesis,
arginine biosynthesis

Cytoplasm

1 Possible streptogramin lyase,
gluconolactonase family

Nitrosococcus oceani
ATCC 19707

gi|77163812 104 MS-BLAST Down-regulated Lyase activity, hydrolase Ascorbate biosynthesis Cytoplasm

3 PREDICTED: similar to
bromodomain adjacent to zinc
finger domain, 1B

Strongylocentrotus
purpuratus

gi|115945039 134 MS-BLAST Down-regulated DNA binding, zinc ion
binding

Transcription, transcription
regulation

Nucleus

5 PREDICTED: similar to G
protein-coupled receptor 112

Gallus gallus gi|118089443 66 MS-BLAST Down-regulated G-protein coupled receptor,
receptor, transducer

G-protein coupled receptor
signaling pathway

Membrane

6 Cu/Zn-superoxide dismutase Haliotis diversicolor gi|166406955 99.547 Mascot Down-regulated Oxidoreductase Metal ion binding/oxidation
reduction, superoxide

Cytoplasm

11 Fructose 1,6-bisphosphate
aldolase

Haliotis diversicolor gi|166406769 100 Mascot Down-regulated Lyase Glycolysis Cytosol, mitochondrion

7 Actin-2 Lotharella amoeboformis gi|15216717 99.48 Mascot Down-regulated ATP binding ATP binding, protein binding Cytoplasm, cytoskeleton
8 Beta-actin Blaptica dubia gi|213032429 97.88 Mascot Down-regulated ATP binding ATP binding, protein binding Cytoplasm, cytoskeleton
10 Actin 88F Drosophila mauritiana gi|294714383 100 Mascot Down-regulated ATP binding ATP binding, protein binding Cytoplasm, cytoskeleton
13 Actin-2 Culex quinquefasciatus gi|170038869 100 Mascot Down-regulated ATP binding ATP binding, protein binding Cytoplasm, cytoskeleton
15 Beta-actin Astronotus ocellatus gi|182623856 100 Mascot Down-regulated ATP binding ATP binding, protein binding Cytoplasm, cytoskeleton
16 Actin-2 Culex quinquefasciatus gi|170038869 100 Mascot Down-regulated ATP binding ATP binding, protein binding Cytoplasm, cytoskeleton

a Spot number corresponds to the number on the 2-DE in Fig. 5.
b Protein identified by de novo sequencing and MASCOT (www.matrixscience.com) from the NCBI nonredundant data.
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