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Abstract The possibility of the brine shrimp Artemia to
produce dormant embryo (cysts) in diapause is a key
feature in its life history. In the present study, we obtained a
proteomic reference map for the diapause embryo of
Artemia sinica using two-dimensional gel electrophoresis
with a pH range of 4-7 and a molecular weight range of
10-100 kDa. Approximately 233 proteins were detected,
and 60 of them were analyzed by capillary liquid
chromatography tandem mass spectrometry (LC—MS/MS).
Of these, 39 spots representing 33 unique proteins were
identified, which are categorized into functional groups,
including cell defense, cell structure, metabolism, protein
synthesis, proteolysis, and other processes. This reference
map will contribute toward understanding the state of the
diapause embryo and lay the basis and serve as a useful
tool for further profound studies in the proteomics of
Artemia at different developmental stages and physiological
conditions.
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Introduction

Brine shrimp (Artemia) is a worldwide-distributed crusta-
cean, widely used as a main food resource in aquaculture
and applied in basic research areas ranging from develop-
mental biology to evolution and ecology (Abatzopoulos
2002). It presents interesting features in development and
depending on the environmental conditions; two develop-
mental pathways can be taken: ovoviviparous and ovipa-
rous development. In the former case, free-swimming
nauplius are released from females and in another style
encysted gastrulae (cysts) are produced under unfavorable
environmental conditions (Bowen 1962). The cysts enter
diapause, a state at which development arrests, metabolic
activity reduces greatly, and the resistance to severe
physiological stress is high (Drinkwater and Crowe 1987;
Liang and MacRae 1999). Upon breakage of diapause and
placed in suitable conditions, the embryo is activated and
resumes its development releasing a swimming nauplius.
This is a special strategy of the brine shrimp to cope with
harsh environment and to breed offspring. Therefore, the
encysted diapause state of the brine shrimp embryo is a
crucial feature and of major importance in Artemia’s life
history. The initiation of postdiapause development is
accompanied by activation of transcription and protein
synthesis but not by DNA synthesis and cell division
(Abatzopoulos 2002; Olson and Clegg 1978). During the
oviparous development process, large degree of internal
differentiation and obvious morphological changes occur in
the absence of cell division. These characteristics make the
cysts of Artemia an ideal system for assessing the role of
protein synthesis in the initial developmental events.
Moreover, the Artemia cysts (in diapause or postdia-
pause) can withstand great physiological stresses compared
with other diapause forms in many eukaryotes. They can
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survive long-term anoxia (Clegg 1997), temperature
extremes (Clegg et al. 2001; Liang and MacRae 1999),
repeated hydration and dehydration, desiccation (Clegg
2005), and exposure to pollutants (Browne et al. 1991).
Therefore, the encysted diapause embryo of brine shrimp is
a good model for studies on the mechanism of stress
resistance.

Proteome analysis, a highly efficient technology for the
systematic analysis of the proteins expressed by a genome,
is becoming increasingly important because proteins are
directly related to cellular functions (Pandey and Mann
2000). Proteomics allows us to observe the global expres-
sion of proteins in various physiological states and to
examine the changes in complex biological processes,
helping to unravel possible underlying mechanisms. The
establishment of a protein reference map is an essential
starting point for all physiological studies that may follow.
The reference map is usually established from cells grown
under “standard conditions,” a physiological point allowing
further study on how proteins respond to different genetic
and environmental stimuli (Hecker et al. 2003). Recently,
several proteomic studies in marine animals have been
published, such as dogfish shark (Lee et al. 2006), mussels
(Apraiz et al. 2006), and shrimp (Wang et al. 2007).
However, a brine shrimp proteome investigation is virtually
absent, and only one report on the microtubule proteome of
Artemia (O’Connell et al. 2006) has been published.

We report the construction of a reproducible and well-
resolved 2-D electrophoresis (2-DE) protein reference map
of Artemia sinica cyst and the protein identifications by
capillary liquid chromatography tandem mass spectrometry
(LC-MS/MS). This map presents the global intracellular
protein expression of the diapause embryos of Artemia
sinica and will serve as a useful tool to study many
important physiological processes, such as dormancy
breaking, hatching, and stress resistance. This map could
become a platform for further studies on changes in protein
expression during development. To our knowledge, this is
the first proteome for the dormant embryo with diapause
state.

Materials and Methods

Experimental Animals Cysts of the brine shrimp Artemia
sinica were harvested from Yuncheng Salt Lake, Shanxi
Province, China in 1998 and stored at 4°C in dark until use.
Some of the cysts were incubated in saturated sodium
chloride solution for 1 month at 4°C. This treatment causes
cysts dehydration, known to terminate diapause (Lavens
and Sorgeloos 1987). The hatching of dehydrated cysts and
nontreated cysts was performed according to Lavens and
Sorgeloos (1996). Briefly, 1.6-g cysts were incubated in

800 ml 33 g/l seawater under continuous illumination (2000
lux) at 28°C in a cilindroconical tube, with medium
aeration from bottom as to keep all cysts in suspension.
After 48 h, hatching percentage was assessed by counting
the larvae individuals, which were transferred to a solid
watch glass and observed under a dissection microscope.
The number of hatched nauplii was compared with the total
number of cysts incubated.

Protein Sample Preparation Total proteins were extracted
from the nontreated cysts with TCA/acetone. Briefly, 8-g
cysts were rinsed in 40 mM Tris on ice using a glass
homogenizer and then centrifuged at 10,000 g for 30 min at
4°C. The supernatant was resuspended in five volumes of
extracting solution [acetone, 10% trichloroacetic acid
(TCA), 0.07% dithiothreitol (DTT)] (pre-cooled at —20°C,
to prevent protein degradation) immediately and incubated
at —20°C overnight. The sample was then centrifuged for
30 min at 10,000 g at 4°C. The result precipitate was then
washed twice with pre-cooled (—20°C) acetone and 0.07%
DTT to remove the TCA and centrifuged at 10,000 g for
30 min at 4°C. The precipitate was dried overnight at room
temperature and then resuspended in rehydration solution
(urea 7 M, thiourea 2 M, CHAPS 4% (w/v), DTT 65 mM,
biolyte 0.2%, and bromophenol blue 0.001%). Before
loading, the sample was centrifuged at 12,000 g for
15 min and the protein concentration in the supernatant
was determined by Bradford’s method (1976).

Two-dimensional Gel Electrophoresis The Immobiline™
DryStrip Gels (IPG) strips (18-cm, linear pH 4—7, Amersham
Biosciences) were loaded with 2 mg total protein and were
rehydrated for 12 h at 50 V at room temperature. IEF was
performed using the PROTEANs IEF Cell (BioRad) at
250 V for 1 h, 500 V for 1 h, 1000 V for 1 h, 8000 V for 5 h,
and 8000 V for 60000 Vhour. Afterwards, the focused IPG
strips were equilibrated in a buffer comprised of 6 M urea (w/
v), 2% SDS (w/v), 0.05 M Tris (pH 8.8), 20% glycerol (v/v),
and 2% DTT (w/v) for 15 min at room temperature with
gentle shaking, and a second equilibration of 15 min was
conducted in the same buffer with 2.5% iodoacetamide (w/v)
instead of 2% DTT. The second-dimension SDS-PAGE was
performed with a 5% stacking gel and 12% running gel and
was carried out at 14°C on a BioRad Protean® II xi Cell
System (BioRad, USA) in Tris/Glycine/SDS buffer and the
electrophoresis program was 50 V for 10 min, 150 V for
stacking gel, and 300 V for running gel. Triplicates were
prepared for each sample to confirm overall reproducibility
of the protein spots.

Protein Visualization and Image Analysis Protein spots

were visualized by staining with 0.15% Coomassie brilliant
blue R-250 in 40% ethanol, 10% acetic acid for 3 h, and
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destained in 30% ethanol, 10% acetic acid. Gels were scanned
with a Gel Doc. Imaging system (BioRad, USA) and analyzed
with Imagemaster™ 2-D Software (Amersham Biosciences).

Tryptic in Gel Digestion The protein spots were excised
from replicate 2-DE gels and digested in gel with a mass
spectrometry grade trypsin (Promega, Madison, WI), accord-
ing to Shevchenko’s method (Shevchenko et al. 1996) with
minor modifications. Briefly, the protein spots were excised
and sliced to small pieces and destained with 100%
acetonitrile (ACN) in equal volume of 0.1 M ammonium
bicarbonate (NH4HCOs3) twice. Then, the gel particles were
dehydrated in 100% ACN and dried in a vacuum centrifuge.
Twenty microliters of trypsin digestion solution (containing
20 pg/ml trypsin in 50 mM NH4HCO;/10% ACN) was
added to pre-incubate the gel at 4°C for 45 min. Then, 20 ul
25 mM NH4HCO5/10% ACN was added to cover the pieces
and the digestion was performed at 37°C for 16 h. After
centrifugation at 10,000 g for 20 min, the supernatant from
each sample was transferred to a new microcentrifuge tube.
Then, 50 ul of 50% acetonitrile/5% formic acid was added
to tubes to extract the peptides. This supernatant was
combined with the previous supernatant and dried in a
vacuum centrifuge. The resultant supernatant containing
tryptic peptides were subjected to mass spectrometry
analysis for protein identification.

Protein Identification The mass spectrometer used in this
work was an ion-trap mass spectrometer model LCQ
DECA XPP"* MS (ThermoFinnigan, San Jose, CA). In
each experiment, a 20-ul enzyme digested sample was
injected. Spectra were collected in the positive ion mode.
The liquid chromatography separation was performed at a
flow-rate of 120 ml per min on a BioBasic-18 column,
150x0.18 mm, particle Sz ()5 (Thermohypersil-Keystone,
No. 72105-100265). The gradient was developed according
to 2% A and 98% B for 15 min, 65% A and 35% B for
45 min, 95% A and 5% B for 10 min, and finally 2% A and
98% B for 15 min, where A is acetonitrile and B is water
with 0.1% formic acid. The total acquiring time was
90 min. Protein identification was performed using the
TurboSEQUEST algorithm in the BioWorks 3.1 software
package by searching the database downloaded from the
NCBI (http://www.ncbi.nl.nih.gov). Peptides identified were
filtered according to their charge state, cross-correlation
score (Xcorr, >1.9 for n+1, >2.5 for n+2 and >3.75 for n+3),
and Delta Correlation value (Delta Cn >0.1).

Results and Discussions

The Hatching Test The diapause state of cysts of Artemia
sinica could be terminated effectively by dehydration,
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whereas other factors, such as cold temperature, light, and
H,0, have little effect on this species (Huang et al. 2002).
The average hatchability of the nontreated cysts was 12.2+
2%, and a significant different result (92.6+1.1% hatch)
was observed in the cysts after dehydration treatment,
indicating that the embryoic diapause state of the cysts was
terminated by the dehydration treatment and the nontreated
cysts used in this study were in the diapasue state.

2-D PAGE and Analysis of Protein Expression Profiles The
high resolution and highly reproducible 2-D pattern of the
brine shrimp cyst proteome is shown in Fig. 1, which could
be used as a reference map. This map is reproduced from
replicate gels of three independent biological experiments
and comparison of these gels demonstrated that most
abundant and visible spots were present on all the gels.
Approximately 233 protein spots were detected in the
reference gel by the computer 2-D analysis software
Imagemaster™.

Protein Identification A total of 60 protein spots with
relatively high abundance were excised, 39 of which were
identified corresponding to 33 different proteins. These
proteins are numbered in the 2-DE reference map shown in
Fig. 1. The protein information of the characterized proteins
are listed in Table 1 with their function category, protein
name, NCBI accession number, number of matched
peptides, function description, MW and pl.

Classification of Identified Proteins The identified proteins
were categorized based on their function according to the
annotations in the Swiss-Prot database at the ExPASy
Molecular Biology Server (http://www.expasy.org). The
Swiss-Prot identifiers, employed for linkage to Gene
Ontology (GO) Consortium, and providing annotation of
each protein with the biological processes, cellular compo-
nents, molecular functions, and structure, allow us to
allocate selected proteins into biologically relevant groups
(Tyan et al. 2006). The function description of the identified
proteins was presented based on their annotations in the GO
database (Table 1). A total of nine functional groups were
represented in our result (Fig. 2). Forty percent of the
identified protein spots are catalytic enzymes involved in
metabolic processes. Approximately 16% of the proteins
are associated with protein metabolism, including protein
biosynthesis, proteolysis, protein folding, protein binding,
and protein phosphatation. Other classes of the identified
protein spots include cell defense (10%), cell structure
(12%), nucleic acid metabolism (2%), cell adhesion (5%),
and cell cycle (2%). In addition, some identified proteins
are annotated as hypothetical proteins (5%).

The diapause cysts (encysted gastrulae) of the brine
shrimp are remarkably resistant to physiological stresses. In
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Fig. 1 2-D electrophoretic reference map of proteins from encysted
embryos of Artemia sinica. 2-mg proteins were applied in pH 4-7 IPG
strip (18-cm) for the first-dimensional electrophoresis and subsequent-

our result, several spots were identified as cell defense
proteins. The most abundant protein spot (spot 1) identified
was small heat shock/alpha-crystallin protein precursor,
which functions as a molecular chaperone and protects the
proteins of encysted embryo of Artemia from stress-induced
denaturation (Liang and MacRae 1999; MacRae 2003;
Willsie and Clegg 2001). Moreover, it plays a key role
during encystment, diapause, and quiescence in developing
Artemia and acts on microtubules through p26-dependent
disruption of tubulin assembly, which inhibits mitosis and
cell division and causes the embryos to stall at gastrulation
(Day et al. 2003). Based on our 2-DE result, three protein
spots identified as p26 were detected. Compared with the
full-sized p26 isoform (spot 1), spots 2 and 3, respectively,
have a considerable lower molecular weight and a lower pl
value. Such an isoform diversity of p26 in the encysted
embryos of Artemia may arise by posttranslational protein
modification (Qiu et al. 2004), including ubiquitylation,
phosphorylation, glycosylation, acetylation, fragmentation,
and so on. The difference in the molecular weight and pl
value of p26 isoforms may indicate that they locate in
different cells and perform different physiological roles,
which need to be answered by more profound research.
Heat shock protein 70, an important protein in cytoprotec-
tion also was identified (spot 4). It seems to act generally as
molecular chaperones for protein folding (Gething and
Sambrook 1992) and is involved in repairing protein

L

ly separated by 12% SDS-PAGE gel. The gel was stained with
Coomassie brilliant blue R-250. Spot numbers correspond to those
denoted in Table 1

damage that occurs as a consequence of various stresses.
The existence and high abundance of these identified cell
defense proteins can partly explain the strong stress
resistance of the embryo of Artemia.

The cell structure proteins are the basis of the organiza-
tion of eukaryotic cells from yeast to human. In our study,
several protein spots identified as the cytoskeletal proteins
appeared as abundant proteins in the 2-DE gels, including
actin and tubulin. Among them, two spots (5 and 6)
correspond to actin. Actin is a highly conserved protein in
eukaryotic cells, playing important roles in a range of
cellular functions including muscle contraction, cell motil-
ity, cytoskeletal structure, cell division, intracellular trans-
port, and cell differentiation (Herman 1993). Tublin is a key
component of the cytoskeletal microtubules (Howard and
Hyman 2003). In accordance with previous study (Langdon
et al. 1991), the gastrulation embryo of brine shrimp
contains both alpha-tublin and beta-tubulin as shown by
Coomassie Blue staining of 2-D gels. The isotubulin
composition and the quantity of tubulin do not change
during pre-emergence development of Artemia embryos
(MacRae and Luduefia 1984) and a mechanism of tubulin
synthesis controlling in Artemia may be the limitation of
the binding of its mRNA to ribosomes (Langdon et al.
1991). Three identified proteins spots correspond to tublin:
alpha-2—tublin (spot 7), beta—tublin (spot 8), and tublin
(spot 9). These cytoskeleton proteins constitute complex

@ Springer
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Fig. 2 Functional classification of proteins identified in encysted

embryos of Artemia. sinica. A total of 39 spots representing 33
different proteins were categorized into 9 groups (Table 1). Assign-

and highly dynamic network of protein filaments controls a
multitude of processes, including cell shape, division,
polarity, movement, and intracellular transport (Carballido-
Lopez and Errington 2003).

The largest portion of the identified proteins is related to
carbohydrate and energy metabolism, representing 36% of
the protein identified, including triosephosphate isomerase
(spot 15), aldehyde reductase (spot 16), 2-phospho-D-
glycerate hydrolase (spots 17 and 18), putative fructose
1,6-bisphosphate aldolase (spot 19), putative chlorohydro-
lase (spot 20), predicted esterase of the alpha-beta hydro-
lase superfamily (spot 21) and ENSANGP00000011006
(spot 22), arginine kinase (spots 26 and 27), and ATPase
beta-unit (spot 28). This result indicates that the metabolic
proteins account for a respectively large proportion of the
proteins in the quiescent cyst of Artemia. The metabolic
rate depression is an important survival strategy for many
animal species and a common element of diapause (Storey
and Storey 2004) and the metabolism is severely sup-
pressed in diapause embryos of brine shrimp. However, the
cells of the diapause embryo must be able to reverse all the
metabolic events quickly to resume its development under
favorable conditions (Browne et al. 1991). Our results
indicate that the cyst may apply the strategy of storing some
of the metabolic proteins to ensure the rapid resumption of
its development. ATP has been characterized as a critical
component in the early development of Artemia because
many important metabolic processes are ATP requiring
pathways (Clegg 1964; Conte et al. 1977). Several spots
identified were tightly associated with ATP generation and
consumption. Arginine kinase (AK) is a type of phospha-
gen kinase that is the key enzyme for energy metabolism in
invertebrates. It functions in the maintenance of ATP level
by catalyzing the reversible transfer of a phosphoryl group
from a guanidino phosphagen to adenosine diphosphate

@ Springer

Cell structure

Hypothetical
protein
5%

Metabolism

40%

ments were made on the basis of information provided on the Swiss-
Prot database at the ExXPASy Molecular Biology Server

(ADP), generating a molecule of adenosine triphosphate
(ATP) (Ellington 1989). AK is usually present in tissues
with high-energy demand or cells experiencing short bursts
of energy demand (Dumas 1993; Kotlyar et al. 2000). The
ATPsynthase (or FO-F1 complex) regenerates ATP from
ADP and Pi in energy-transducing membranes (Boyer
1997). It consists of two parts: a hydrophobic membrane-
bound portion called CF0O, and a soluble portion that
protrudes into the stroma called CF1. CF1 consists of five
different subunits: alpha, beta, gamma, delta, and epsilon
units. The mRNA of the ATPase subunits of brine shrimp is
differentially expressed (de Chaffoy de Courcelles and
Kondo 1980): the beta subunit changed slightly but other
subunits may rise between the period of early rupture of the
shell and complete hatching of the cyst. Only the beta
subunit of the ATPase complex was present on our 2D-
PAGE gel, indicating the differential expression of the
ATPase subunits in the protein level.

Approximately 15% of the proteins are involved in
protein metabolism, including 1) protein folding: heat
shock protein 70 (spot 4); 2) protein phosphatation:
hypothetical protein C17H12.5 (spot 11); 3) protein
biosynthesis: glutamyl-tRNA synthetase (spot 30) and
elongation factor-2 (spot 31); 4) proteolysis: cathepsin L
precursor (spot 32) and cathepsin L-like protease precursor
(spot 33), and 5) protein binding: glycine-rich protein (spot
34). Cathepsin L (CL) is a ubiquitous cysteine protease in
eukaryotes and essential for development in several
organisms, including Xenopus laevis (Miyata and Kubo
1997), Caenorhabditis elegans (Britton and Murray 2002),
and Artemia franciscana (Warner et al. 1995). It has been
reported that a number of developmental events are
dependent on its cysteine protease activity, such as
transcription regulation (Hu and Leung 2004), gastrulation
(Warner et al. 1995), molting and eggshell remodeling
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(Guiliano et al. 2004), and yolk metabolism (Fagotto 1990).
In embryos of the brine shrimp, the major cysteine protease
is a heterodimer composed of a cathepsin L-like polypep-
tide of 28.5 kDa and a 31.5 kDa polypeptide called the
cathepsin L-associated protein or CLAP (Warner et al.
2004). The amount of CL and CLAP remains equivalent
level during the embryo development process (Liu and
Warner 2006). In our result, besides the protein (spot 32)
identified as the cathepsin L precursor, a cathepsin L-like
protease precursor (spot 33) also was identified, both of
which belong to the CL family. The pl of these two proteins
shows remarkable differences, which may associate with
the two CLAP isoforms discussed below. The CLAP was
shown to be a cell adhesion protein, containing two
domains with high similarity to domains in fasciclin I and
other cell adhesion proteins. It stabilizes CL at various pH
and temperatures (Warner et al. 2004) and plays an
important role in targeting and expression regulation of
CL during early development of Artemia (Liu and Warner
2006). Herein two protein spots (38 and 39) were identified
as CLAP. The molecular weight of spot 38 is close to the
calculated molecular mass of 32.3 kDa and the pl of it is
slightly lower than that of 8.0 obtained using EXPASY
(http://www.expasy.org/). Spot 39 is observed as an isoform
with apparently lower molecular weight and pl value. This
suggests that variant splicing of the mRNA or further
posttranslational modifications of CL may occur. Interest-
ingly, one isoform of CLAP (spot 39) has a similar pl with
cathepsin L precursor (spot 32), whereas the pl of another
isoform of CLAP (spot 38) shows similarity with cathepsin
L-like protease precursor (spot 33). The function and
significance of the isoform diversity of CL is worthy of
further investigation to clarify whether they are located in a
different cell compartment or function at different develop-
ment stages.

We also identified a protein similar to feminization 1
homolog b (spot 29), which has a DNA-dependent
transcription factor activity; Anaphase-promoting complex
subunit 7 (spot 35), a component of cell cycle-regulated
ubiquitin ligase (anaphase promoting complex/cyclosome)
that controls progression through mitosis and the G1 phase
of cell cycle. Several hypothetical proteins were identified,
the function of which remain unclear.
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