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Abstract

Background: To adapt to extreme environments, the crustacean Artemia has evolved two alternative reproductive
pathways. During ovoviviparous (direct) development, nauplius larvae are produced. In contrast, Artemia females release
encysted diapause embryos (cysts) via the oviparous pathway. To date, the cellular mechanisms that regulate stress
resistance of Artemia remain largely unknown. Ste20-like kinase (SLK) participates in multiple biological processes, including
stress responses, apoptosis, and cell cycle progression.

Principal Finding: We isolated and characterized a member of the SLK superfamily termed ArSLK from Artemia
parthenogenetica. The ArSLK gene is transcribed throughout both ovoviviparous and oviparous development; however, the
protein is located mainly in the nuclei of stress-resistant diapause cysts, unlike the nauplii and nauplius-destined embryos
where it is cytoplasmic. Interestingly, exposure of nauplii to heat shock, acidic pH, and UV irradiation induced the
translocation of ArSLK from cytoplasm to nucleus. This translocation was reversed following stress removal. Moreover, under
physiologically-stressful conditions, the nauplius larvae produced by adults after gene knockdown of endogenous ArSLK by
RNAI, lost the ability of free-swimming much earlier than those of control larvae from females injected with GFP dsRNA.

Conclusions/Significance: Taken together, this study demonstrated that trafficking of ArSLK between the cytoplasm and

the nucleus participates in regulating the stress resistance of Artemia. Our findings may provide significant insight into the
functions of members of the SLK superfamily.
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Introduction

The brine shrimp Artemia parthenogenetica is widely distributed in
hypersaline environments characterized by such things as anoxia,
high salinity, pH extremes, high UV irradiation and temperature
extremes. This primitive crustacean has evolved two independent
reproductive pathways that enable it to adapt to these environ-
ments. Under certain conditions females produce and release
nauplius larvae (the ovoviviparous pathway) [1,2]. By contrast,
under harsh conditions Artemia releases encysted diapause embryos
(cysts) in which development is arrested and metabolic activity is
greatly depressed (the oviparous pathway) [1,2]. The striking stress
resistance of Artemia makes it an ideal model system in which to
study the adaptive mechanisms involved.

The accumulation of molecular chaperones in high levels has
been implicated as one of these mechanisms in diapause embryos.
Among these molecular chaperones, p26 and artemin have been
well characterized. The small heat shock protein, p26, located in
the nucleus and cytoplasm of diapause embryos, functions as a
chaperone for proteins [2-6], while the ferritin-like protein
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artemin, located only in the cytoplasm, exhibits chaperone activity
for proteins as well as RNA [7,8]. Mammalian cells expressing p26
or artemin display enhanced tolerance to heat stress [6,9] and
those expressing p26 are also more resistant to desiccation [10].
Another abundant molecule is the disaccharide trehalose, which
reaches about 15% of the diapause embryo’s dry weight, has been
shown to be critical to desiccation tolerance [2,11]. Although these
results represent progress in our understanding of stress tolerance
in Artemia, the detailed regulatory mechanisms involved in this
resistance remain to be described.

Sterile 20 (Ste20) kinase, of much significance in our study, was
initially identified as a mitogen-activated protein kinase kinase
kinase kinase (also known as MAP4K) involved in the mating
pathway of the yeast Saccharomyces cerevisiae [12,13]. Mammalian
homologs of Ste20 kinase have since been identified and are
classified into the p21-activated kinase and germinal center kinase
subfamilies on the basis of the distinct locations of their kinase
domains [14].

Ste20-like kinase (SLK) belongs to the germinal center kinase
subfamily, containing a conserved N-terminal kinase domain and
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a variable C-terminal regulatory domain [14]. This protein kinase
interacts with specific partners and participates in various
signalling pathways, including those involved with the control of
programmed cell death, cell proliferation and cell migration
[15,16]. Overexpression of SLK induces apoptosis, which is
mediated by its ability to activate #c-Jun N-terminal kinase# and
p38 MAPK kinase activity [17,18]. Studies on Xenopus laevis
oocytes and human somatic cells revealed that SLK activity is also
required for the cell cycle transition from G2 to M phase [19,20].

In this study, we examined the role of SLK (ArSLK) in the stress
resistance of Artemia. We found that accumulation of ArSLK
protein in the nucleus of diapause cysts suggests that it might play
an important role in developmental arrest to resistant stress.
Furthermore, gene knockdown of ArSLEK verified that a decrease in
the amount of ArSLK reduced the degree of stress resistance. The
results to be presented here indicate that the nuclear translocation
of ArSLK is involved in Artemia stress-resistance and sheds further
light on additional functions of the SLK superfamily.

Materials and Methods

Animals

Artemia parthenogenetica cysts from Gahai were a kind gift from
Prof. Feng-Qi Liu of Nankai University, Tianjin, China. Animals
were raised in artificial sea water (Blue Starfish, Hangzhou,
Zhejiang, China) at 25°C and were fed once every 2 days with
Chlorella powder. Ovoviviparous Artemia adults, releasing nauplius
larvae, were raised in 55 g/L artificial seawater under a regime of
16 h light and 8 h dark, while oviparous adults, releasing diapause
cysts, were incubated in 110 g/L artificial seawater under a regime
of 4 h light and 20 h dark. In both reproductive pathways, early
oocytes (EO) are formed in the paired ovaries, and then mature in
the oviducts to the late oocyte stage (LO), followed by passage into
the ovisac (uterus) where they become early embryos (EE) and
then later embryo stages (LE) that will give rise either to nauplius
larvae or to diapause cysts, both being released into the
environment. Specimens were collected at each developmental
stage as described above.

Diapause cysts (Dp) were gathered, and then frozen at —20°C
for 3 months to terminate diapause and produce post-diapause
(activated) cysts (Pd). For hatching, post-diapause cysts were
hydrated at 4°C for 5 h and then incubated in 28 g/L artificial
seawater at 25°C with continuous light. Specimens were collected
after 4, 8, 12, 16, 20, 36 and 48 h of incubation.

Molecular cloning of ArSLK cDNA

To obtain a partial AnSLK cDNA fragment, 1 pg of total RNA
from diapause cysts was reverse transcribed using oligo (dT)
primers and MMLV Reverse Transcriptase (TaKaRa, Shiga,
Japan) in a 10 pl reaction. Two rounds of PCR were then
performed using two pairs of degenerative primers (ArSLK-F1
and ArSLK-R1, ArSLK-I2 and ArSLK-R2) (Table 1). A 460 bp
fragment was obtained and a BLAST search of the deduced amino
acid sequence was performed. To obtain the full-length AnSLE
c¢DNA sequence, 3" and 5’ rapid amplification of ¢cDNA ends
(RACE) reactions were performed using gene-specific primers
(ArSLK 3'F1, ArSLK-3'F2, ArSLK-3'F3, and ArSLK-3'F4 for
3" RACE; ArSLK-5'R1 and ArSLK-5'R2 for 5" RACE) (Table 1)
and the FirstChoice™ RLM-RACE kit (Ambion, Grand Island,
NY, USA). The 5 RACE reaction produced a fragment of
305 bp. The first round 3" RACE reaction, performed using the
ArSLK-3'F1 and ArSLK-3'F2 primers, produced a 1.5 kb
fragment containing a pseudo poly (A) tail. The second round 3’
RACE reaction, performed using the ArSLK-3'F3 and ArSLK-
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3'F4 primers, produced a 2.5 kb fragment. To verify the full-
length ArSLK cDNA sequence, a pair of gene-specific primers
(ArSLK-F and ArSLK-R) (Table 1) was used to amplify a
4020 bp open reading frame fragment. The PCR product was
subcloned into the pUCm-T vector (Sangon, Shanghai, China)
and then sequenced. The nucleotide sequence of this ArSLK-
encoding cDNA was submitted to GenBank and the accession
number was KC818632.

Immunoblotting

Proteins extracted from tissues of Artemia at different develop-
mental stages were prepared using TRIzol (Invitrogen, Carlsbad,
CA, USA) reagent, as per the manufacturer’s instructions, and
then quantified by the Bradford method [21]. Forty micrograms of
each total protein sample were separated on 10% SDS-PAGE gels
and then transferred to PVDF membranes (Roche, Indianapolis,
IN, USA). After incubation of membranes with primary antibodies
at 4°C overnight, specific proteins were detected using the BM
Chemiluminescence Western Blotting Kit (Roche, Indianapolis,
IN, USA). To obtain the anti-ArSLK antibody (HuaAn, Hang-
zhou, Zhejiang, China), rabbits were immunised with a peptide
that was based on amino acids 391—405 of ArSLK. The anti-o-
tubulin antibody (Sigma, St. Louis, MO, USA) was purchased.

Cell fractionation

Cell fractionation was performed as previously described [22].
In brief, specimens were homogenized in a Dounce homogenizer
on ice in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer (10 mM HEPES, 4 mM MgCly, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), pH 7.5). To obtain the cytoplas-
mic fraction, homogenates were centrifuged at 3300 g for 15 min
at 4°C and the supernatant was retained. To obtain the nuclear
fraction, the pellet was re-suspended and re-homogenized in
fractionation buffer (10 mM Tris, 10 mM NaCl, 10 mM EDTA,
0.5 mM EGTA, 4 mM MgCly, pH 7.4), loaded onto 45% (w/v)
sucrose buffer drop by drop, and then centrifuged at 13000 g for
15 min at 4°C. The pellets were washed once and then dissolved
in EBC buffer (50 mM Tris, 120 mM MgCly, 1 mM EDTA, 0.5%
NP-40, 1 mM PMSF, pH 7.5). Proteins were quantified by the
Bradford method [21]. Equal amounts of protein were loaded for
immunoblotting. Anti-o-tubulin (1:5000) (Sigma, St. Louis, MO,
USA), anti-histone H3 (1:5000) (Epitomics, Burlingame, CA,
USA), and anti-ArSLK (1:1000) (HuaAn, Hangzhou, Zhejiang,
China) antibodies were used for detection.

Real time PCR

Specimens from different developmental stages were snap-
frozen in liquid nitrogen and then total RNA was prepared from
homogenized specimens using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Extracted RNA was quantified by measuring
absorbance at 260 nm with a Genova UV/visible spectropho-
tometer. First-strand cDNAs were prepared from the total RNA
specimens as described above. After reverse transcription, all real
time PCR reactions were performed on the Bio-Rad MiniOpti-
con™ Real-Time PCR System using SYBR Premix Ex Taq"™
(TaKaRa, Shiga, Japan) with gene-specific primers to amplify
ArSLK and tubulin as an internal control (ArSLK-3'F3 and
ArSLK-RTR for ArSLK; Tubulin—F and Tubulin-R for tubulin)
(Table 1). The relative mRNA amounts were analysed by the
comparative C'T method as described by Schmittgen and Livak
[23]. All data were expressed as means + SE from three
independent repetitions. All statistical analyses were performed
by a two-tailed, paired Student’s t test, and the differences were
considered significant for P<<0.01.
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Stress treatments

The post-diapause cysts were rehydrated and hatched as
described above. The fresh hatched nauplius larvae, which are
incubated at 25°C, were used for the following stress treatments.
For heat shock, nauplius larvae were directly exposed in 28 g/L
artificial seawater at 42°C in a water bath for 30 min and 60 min.
For acidic pH stress, larvae were cultured in 28 g/L artificial
secawater at pH 3.0 for 30 min and 60 min. For UV irradiation,
nauplius larvae were exposed directly to a UV lamp (310 nm) at
0.15 joules/cm? for 15 min and 30 min according to the previous
study [24].

Larvae collected after exposure to heat shock (60 min), acidic
pH exposure (60 min), and UV irradiation (30 min) were
incubated in 28 g/L artificial seawater for 7 h under laboratory
conditions. About 90 percent nauplius larvae resumed their
abilities of free-swimming and the live larvae were obtained as the
stress released specimens.

RNA interference (RNAI)

For double-strand RNA (dsRNA) preparation, plasmid PET-T7
that contained two inverted T7 polymerase sites flanking the
cloning region was used as the dsRNA expression vector [25]. To
obtain the reconstructed plasmid expressing the dsRNA of AnSLK,
a 580 bp fragment in the coding region of ArSLK gene was
amplified with specific primers (ArSLK-dsI' and ArSLK-dsR)
(Table 1), excised and subcloned into PET-T7 at Xbal and EcoRI
sites. The recombinant plasmid transformed into E. coli DH5a
firstly for confirming the inserted nucleotide sequence by DNA
sequencing, and then into E. coli HT'115 for expressing dsRINA.
The plasmid expressing dsRNA targeting GFP had been
constructed as previously described and used as the negative
control [26]. The dsRNA was produced and purified according to
the methods reported by Yodmuang et al [27].

Artemia adults were injected with 1 pg dsRNA targeting AnSLE
or GFP, respectively, using the Ultra-MicroPump II equipped with
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Table 1. Nucleotide sequences and positions of primers used in polymerase chain reactions.

Primer Length (bp) Position Direction Sequence (5'-3')

ArSLK-F1 23 253-275 F GCNTTYGGNAARGTNTAYAARGC
ArSLK-F2 23 244-266 F GGNGAYGGNGCNTTYGGNAARGT
ArSLK-R1 23 691-713 R ATCCARTANGGNGTNCCDATRAA
ArSLK-R2 23 700-722 R TCNGGNGCCATCCARTANGGNGT
ArSLK-5'R1 21 636-656 R GCAGACACACCAAAATCCGCT
ArSLK-5'R2 21 285-305 R GCAGCTAATGCTTTTGTCTCG
ArSLK-3'F1 21 595-615 F GCTGGAAATGTTCTACTGACC
ArSLK-3'F2 21 664-684 F AAGTCCACACTTCAGAAACGA
ArSLK-3'F3 20 1760-1779 F TTATGCTTGGCTATGAACCT
ArSLK-3'F4 20 1981-2000 F GGCAATGGCATAGACAAAGC
ArSLK-F 22 109-130 F ATGTCATTTTTCTCAAGGAAAG
ArSLK-R 23 4106-4128 R TTACGAATTCGACGATATTGACG
ArSLK-RTR 20 2128-2147 R TCCTCAAGTTTGCTATCTGC
Tubulin-F 20 446-465 F GCAGTGGTCTACAAGGTTTC
Tubulin-R 22 774-795 R ATCAAAACGAAGGCTGGCGGTG
ArSLK-dsF 29 1160-1179 F GCTCTAGACGGTTCCCTCACCACCTACA
ArSLK-dsR 28 1720-1739 R GGAATTCTGCCCGACGTGGTCAATTAC
F and R indicate the forward and reverse directions, respectively.

doi:10.1371/journal.pone.0092234.t001

the Micro4TM MicroSyringe pump controller (World Precision
Instruments, Sarasota, FL, USA). After injection, animals were
cultured in 55 g/L artificial seawater with 16 h light per day.
Eight ovisac specimens were isolated from adults at the early
embryo stage according to the method of Liu et al. [26] to extract
RNA and protein, followed by RT-PCR and Western blotting for
assessing the RNAI efficiency. Three independent groups were
repeated for analysis.

Analysis of the stress resistance of larvae after RNAi-
treatment

Nauplius larvae, released by AnSLK or GFP RNAi-treated Artemia
adults, were collected for stress treatment as described above. Fifty
larvae were used for each group. The number of free-swimming
nauplius larvae was recorded every 5 min in the heat shock, acidic
pH and UV irradiation stress groups.

All data are given as means + SE from three independent
repetitions. All statistical analyses were performed by a two-tailed,
paired Student’s ¢ test, and the differences were considered
significant for P<<0.01.

Results

Identification and characterization of ArSLK cDNA

The full-length cDNA encoding AnSLK was isolated from Artemia
parthenogenetica. A sequence analysis revealed that the 4396 bp
cDNA encodes a 1340 amino acid protein with a predicted
molecular mass of 153.1 kD (Fig. 1).

Alignment of the N-terminal amino acid sequence of ArSLK
revealed that the kinase domain is conserved across multiple
species (Fig. 2A). The consensus sequence G46-X-G48-X-X-G51,
which is essential for ATP binding, and the adjacent V53 residue,
which is necessary for the correct positioning and interaction of the
conserved glycine residues with ATP, were identified. A conserved
lysine residue within the ATP-binding site was identified at

March 2014 | Volume 9 | Issue 3 | €92234



1

61

5
121
25
181
45
241
65
301
85
361
105
421
125
481
145
541
165
601
185
661
205
721
225
781
245
841
265
901
285
961
305
1021
325
1081
345
1141
365
1201
385
1261
405
1321
425
1381
445
1441
465
1501
485
1561
505
1621
525
1681
545
1741
565
1801
585
1861
605
1921
625
1981
645
2041
665
2101

AAACAATTTTCCAGATTAATGTTTTAGGAATAAAAATTCCAAGCTTGGGTTTGTTTTATC
S F F

M
CGATGACATTCTGTTATTTATGTTTGGCTCACTAAATGCCTGAGCAAGATGTCATTTTTC
ERKV KOV EFNTFG GV GNEUVEKRZRZEKK
TCAAGGAAAGTTAAGCAAGTTTTTAATTTTGGAGTAGGGAATGAAGTGAAGAGAAAARAA
. Y NNV NSTVNTPDETIUWETKTIGE
GTATACAATAATGTGAATTCAACGGTAAATCCAGATGAAATTTGGGAGAAAATTGGTGAA
[LGDGAFGKV Y KAGOHRTETEKAT
CTAGGTGATGGCGCTTTTGGAAAAGTTTATAAGGCCCAGCATCGCGAGACAAAAGCATTA
M AAKTICKLTESTDNTETLNTDTFMUVE
GCTGCAGCCAAGATTTGCAAGCTAGAAAGCGACAATGAACTGAATGATTTTATGGTTGAA
DT LTECKHPNVYVVGLYEATYTFE
ATTGATATATTAACAGAGTGCAAGCACCCAAACGTAGTTGGACTTTACGAAGCTTATTTT
fEDNPWMLIEYCDGGATLTUDS I
TACGAGGATAATCCTTGGATGTTAATTGAATATTGTGATGGGGGCGCATTAGATTCAAT]
MVDILGEKGILTEZPQO A Y V CGN
ATGGTAGATCTTGGAAAAGGTTTAACAGAGCCTCAGATTGCATATGTTTGTGGAAATAT
CKGIL EY TLLHRSWMUV HRDILKAG
TGCAAGGGGTTAGAATATTTGCACAGGTCAATGGTTATTCACCGAGATTTGAAAGCTGGA
NVLLLTTDGG GV KL D F GV S A K
AATGTTCTACTGACCACAGACGGAGGAGTTAAATTAGCGGATTTTGGTGTGTCTGCAAAG
NKSTLOGKRDTFEFETITGT®PYWMATP
AACAAGTCCACACTTCAGAAACGAGATACCTTTATTGGTACGCCATATTGGATGGCCCCA
E LV CETFRDNPVYDYKUVDIUW
GAACTTGTTATGTGCGAACATTCCGGGACAATCCATATGACTATAAGGTAGATATCTGG
1. G T LI ELAOTTETPTPVYHNTET
TCACTGGGTATAACATTGATTGAGT TAGCTCAGACTGAACCCCCTTATCACAACTTCACT
PMRVILLEKT®OEKSETPSTTLTDNTPK
CCAATGCGGGTATTACTGAAGATTCAAAAGTCGGAACCGTCCACTCTTGATAATCCGAAA
K WS KDFNDFTITAKTCTLVYVEKTD®PTH
AAATGGTCCAAAGACTTTAATGATTTCATAGCTAAGTGT TTGGTGAAAGATCCCACTCAT
RWTAAETLGOZKH®PEFTSCTLDS K
CGATGGACTGCTGCTGAACTACAGAAGCACCCCTTCATTTCATGTACCTTAGATTCAAAA
PTRELTAELYZ KAETVETETITLTETD
CCTATTAGAGAATTGATTGCAGAATACAAAGCAGAAATAGTCGAAGAAATTCT TGAAGAT
E0ODRRTSEHVDDDALSVZRSTE
GAACAAGACCGTCGAACGTCTGAGCATGTAGACGATGACGCATTATCTGTTCGTAGCGAG
PSEVETLPVPSPPTETETLNEKN
CCAAGTGAAGTTGAAATACCGGTTCCCTCACCACCTACAGAAGAATTAAATAAAAACAAA
R'SSETVGDRRPSAGEATGTR RTP
AGAAGCTCTGAGATAGTTGGGGATAGAAGACCATCAGCTGGAGAGGCTACTGGAAGACCT
KSYHESETREKTE KT GPAPLTPPVLO
AAATCCTATCACGAAAGCGAAAGAAAAAAAGGACCTGCTCCCCTTCCTCCAGTCTTACAA
K TPSKDVISETPEKTEKTDVVDET
AAAALILLLAGLAAAGAIGIGAIIAGLGA@ALILLAAAGAAGOALGlAGllGALGAAALL
VT NK QNV PP I p I L E T S
01lALAAA[AAALAGAA[Gl(LLALLAAI[GIGLLAAGIAILAAIllAGAAGlLALLAG
DVSGVDEKSETPTIVFEVEHAEKTPT
GATGTATCAGGTGTTGACAAATCCGAACCAATAGTCTTlGll(AGGLLAAALLAALLGG
ENNNVEDNTNAVDAKNDIUVR
GAAAATAATAATGTTGAA(ATAATALLAAT(LTGTA&ATGLTAAAAAT(ATTTA(T(AGA
EETKTNNENDDSTDEKV EV VD
(AA(AAA((AAAAIIAAIAAF(AAAAI(AI(A]AGI(AIAAAGI((AI(AAGIAGII(AI
VSDEAKETSATITKTLTLVEKTDTDSL
GTAAGTGATGAGGCTAAAGAAACAAGTGCAATAAAACTTTTAGTGAAAGATGATAGTCTT
G QKDLPDGSTVLTV IDHVGO
GGCCAGAAAGATTTACCGGATGGTAGTACAGTTTTGACTGTAATTGACCACGTCGGGCAA
DALPTEVMLGYETPSTESS ST D
GACGCATTGCCAACTGAAGTTATGCTTGGCTATGAACCTAGTGAATCTTCCACAGATGAT
FLNYGHETENSTTITIEKVMSTID
TTTCTTAACTATGGCCATGAAACTGAGAATAGTACCATTATTAAAGTTATGTCCATAGAT
SNTKPHEZKNDFTITSTTITETEKT®P
AGTAATACCAAACCTCATGAAAAGAATGATTTTATTTCTACAACAATAGAAATCAAACCA
E'T TKLADSGO®VETITLNNSVEKTDEC
GAAATCACTAAGCTTGCTGATTCGCAAGTTGAAATTTTGAATAATAGTGTGAAAGACTGT
GNGIDEKAOTISVIAVNTVYDDD
GGCAATGGCATAGACAAAGCTCAAATATCTGTGATTGCTGTTAATACTGTAGATGATGAT
D DK T NGTETRSDTISN SN T S
GATGACAAAATAAATGGGATTGAAACAAGGAGTGACATATCTAATTTTTCAAATATTAGC
CERESVGSAADSKTLTETEATRTIE
TGTGAAGGGAAAGCGTTGGGAGTGCTGCAGATAGCAAACTTGAGGAAGCAAGGATAGAA

685
2161

705
2221

725
2281

745
2341

765
2401

785
2461

805
2521

825
2581

845
2641

865
2701

885
2761

905
2821

925
2881

945
2941

965
3001

985
3061
1005
3121
1025
3181
1045
3241
1065
3301
1085
3361
1105
3421
1125
3481
1145
3541
1165
3601
1185
3661
1205
3721
1225
3781
1245
3841
1265
3901
1285
3961
1305
4021
1325
4081
4141
4201
4261
4321
4381

ArSLK Involved in Stress Resistance

NEAAVVTLADSTVEATTDTDA
AATGAAGCAGCAGTAGTAACTTTGGCTGATTCAACTGTTGAAGCAACGGATACAGATGCT
veoyYyTHn«EETRENKTETDTIKTPPNE
GTGCAATATACACATGAAGAAACCAGGGAAAATAAAACTGAGGATAAGCCACCCAATGAA
VAT KNATVSVGTEZEKETLTE®KN
GTTGCCATCAAGAATGCCACCGTGTCCGTTGGAACAGAAAAGGAGT TGGAACAGAAAAAC
S EHSLSNRNSNEVVV I TSGN
TLTGAGLATTLTLT(TLLAALAGGAATTLAAAT(A((T((TT(TAATLALLAGTG(GAAT
TV L I NG ENVNGVAKDETCTR RO
ALGGTGLTTATAAATGGLAT((AGAATGTTAALG(TGT((LAAAGGATGAGTGTL(ACAA
DI PSSSSRSDSFDSDIEKNTK KPR
GACATTCCATCTTCATCTTCCCGAAGTGATTCTTTCGACAGTGATAAAAATAAGCCACGA
S NLVRRTSTIKSDGETSSCLS
TCAAATCTTGTGAG A/\(y(,/\(/\l((/\((/\/\/\l( TGATGGTGAAACAAGCTCATGTTTATCT
AMG S DS S R L L H Qo GEDENV VL
GCTGGAAGTGATTCTAGTCGACT "TTGCACCAAGGGGAAGACGAAAATGTTGTACTC
RS KDSLZFTPE® ®O®ROLPVRKGS
CGGAGTAAGGACTCTCTATTTACACCAGAACAAAGACAACTTCCAGTTAGAAAGGGATCC
DASOAAEEEZKRRLREKTRRRT
GATGCATCTCAGGCTGCTGAAGAAGAAAAGCGACGATTGAGAAAAACACGACGGAGGACA
R K FV I DGV AV TTTTSOVTYT
CGCAAATTTGTAATAGATGGCGTAGCTGTGACTACTACCACATCTCAGGTTACATATACA
DEAGTKVHDETILTFILREKSOETILRE
GACGAAGCTGGAACGAAAGTCCACGACGAACTTTTCCTTAGAAAGCAGGAGTTACGTGAG
F K M 0 E A H S I

L0 K T E 0 K Mo D I E S
TTTAAAATGCTGCAGAAAATCGAACAAAAGCAAATGCAGGACCT TGAAGCCCACTCCCTA
I'LRAQOEKKTEFE®OEIKNOTITLRH
ATCCTAAGGGCGCAGCAGGAAAAGAAGT TTGAGCAAGAGAAAAATCAAATTCTGCGGCAC
YDLELDTIMLZEKAOKAOMETREE
TATGACCTTGAGTTGGATATCATGCTGAAAGCTCAGAAAGCTCAAATGGAAAGAGAGGAA

E A S L K A S K O I R I
LAALIGLAL(AA(L]AGILILAA((LILA(ILAAA(LAAAIIA((AIIAAILA((AAAAA
EL KMFREGTILZKSOETKTILAKOQEA
GAGCTGAAGATGTTCAGAGAAGGGCTTAAGCAGGAGATTAAACT TGCGAAACAAGAAGCA
ELLPKDORIKTRSTFOOKTZ KTEMME
GAACTTTTACCAAAGGACCAAAGAAAGAGATCTTTCCAGCAAAAGAAAGAAATGATGGAG
I EH G6GEREDOF T HRLHEDHDA
ATTGAGCATGGAGAAAGGGAGGATCAATTTATTCATCGTCTTCATGAGGATCATGATGCT
cLTRILTEILHRIEKNVAETZKTERTRTF
TGTCTTACAAGATTAACAGAATTGCATAGGAAAAATGTCGCTGAAAAAGAACGGAGATTC
L V. E XK 0o A L 1L ROQREATILWDIL EE
CTTGTTGAAAAGCAAGCTCTACTCAGACAAAGGGAGGCAACATTATGGGACCTCGAAGAA
RHMKDRHFOLTITKROOKIKETETFTLM
CGCCATATGAAAGACAGACATCAGCTAATCAAACGACAGAAGAAGGAAGAATTTCTAATG
KR Q@O MIT VRHTEZKETLD®OTITKRMN
AAAAGACAACAGATGATAGTTCGTCATGAAAAAGAGCTTGATCAGATCAAAAGAATGAAT
O R K EEELVK®OQOLVEZKTRAVPK
CAGAGAAAGGAAGAGGAGTTGGTTAAACAACAGCTGGTTGAAAAACGGGCAGTACCCAAG
RT R AEMEKARETLMFRESMRTS
AGAATTCGAGCAGAAATGAAGGCTAGAGAACTAATGTTTAGAGAATCCATGAGAATAAGC
VFEGeTADSPETERTERTILRKTFQE
GTATTTGGGACTGCCGACAGCCCAGAAACTGAACGAGAACGGCTTCGAAAGTTCCAGGAA
NERKRYKAEEMRTITDNEKHRRQOQ
AATGAACGAAAGAGGTACAAAGCTGAAGAAATGCGGATAGATAATAAACACAGACGACAG
LEELRANNDATILTI KDU OENTFOQN
TTGGAAGAGCTACGAGCAAACAACGATGCTATTCTCAAGGATCAAGAGAATTTCCAAAAT
EK R KT LSENETTRTROILDDO
GAAAAAAGAAAGATTCTGAGTGAAAATGAAACAACACGAATTCGTCAACTTGATGACCAA
y o T EILKEWKSTCTPRIEKOTIKILE
TATCAAACCGAATTGAAAGAATGGAAATCAACTTGTATACCCAGAAAACAAAAATTGGAG
EEK FATELLE®O®EQFYAPY VTS
GAAAAGTTTGCAACGGAGCTTCTAGAACAGGAACAATTTTACGCTCCGTATGTCACTTCT
s 1 pLLTPADLDTITPSPTTISHK
TCCATCCCTTTGTTGACACCCGCTGATCTGGACATCACACCATCACCTACTATATCAAAA

T s L S ERSTITSSITSSNS %
ACATCCCTGTCCGAGCGAAGTATCTCGTCAATATCGTCGAATTCGTAATCGTTTCATTTG
ATGATTGAATAGAAATGCTTTGTTTGGCTGTGAATTTTTATCAATTGATCAAGTATGCAT
TCCATGATATCCAACGGAACTATATGCTTATTGTTTTGCCTATCTCCATGTAAATTTGAG
CTATTTACGTCGTTATCATATATGCTGCCTTAATATTTTGTTATGTCTTAGTGCTATACA
TTCTTCGAACGACTTCAGAATGGCTAATATATAGTTACTATTGAAAATAAATAGATGCGT
TTAGAAAAAAAAAAAA

Figure 1. The nucleotide sequence and deduced amino acid sequence of ArSLK. The start and stop codons are indicated by bold and
underlined text. The conserved N-terminal kinase domain (residues 1-349) is boxed. The coiled-coil domain at the C-terminus (residues 879-1279) is
indicated by grey highlighting.

doi:10.1371/journal.pone.0092234.g001

position 68, and the Ste20 signature motif IGTPYWMAPEV),
characteristic of SLK family members [14], was also identified at
residues 196-207 (Fig. 2A).

The structure of ArSLK was predicted using the ‘COILS’
program [28]. The result revealed that the C-terminal region of
the protein, spanning residues 880-1280, has a high probability of
forming a coiled-coil conformation (Fig. 2B). A phylogenetic

PLOS ONE | www.plosone.org

analysis, performed using the method of Hanks and Hunter [29],
revealed that ArSLK is in the crustacean clade and is closely
related to SLK from Daphnia pulex (Fig. 2C).

Expression of ArSLK in Artemia during development
Real-time PCR was used to analyze the amounts of the ArSLA
mRNA. There were no significant differences between ArSLK
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mRNA amounts in any stage of the two developmental pathways pathway with modest increases in later stages (Fig.4A). The

(Fig. 3A). But amounts of AnSLK mRNA were higher in the late
oocyte stage (LO) than in all other stages of both pathways
(Fig. 3A). Amounts of ArSLE mRNA were highest during earlier
development (4-16 h) compared to later periods (2048 h)
(Fig. 3B).

Immunoblotting was used to estimate the amounts of ArSLK
protein, which were very low in oocytes of the ovoviviparous

PLOS ONE | www.plosone.org

amounts of ArSLK were higher in the oviparous pathway with a
dramatic increase in diapause cysts (Fig. 4A). Amounts of ArSLK
protein remained about the same during the initial 4 h of
development of post-diapause cysts, but then increased substan-
tially, peaking at about 12 h then falling to much lower levels at
the later developmental times (Fig. 4B).
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Figure 3. The relative amounts of ArSLK mRNA detected by
real-time PCR. The mRNA amounts were normalized to those of
tubulin mRNA. (A) The relative amounts of ArSLK mRNA in oocytes and
embryos of ovoviviparous and oviparous Artemia. EO, early oocytes; LO,
late oocytes; EE, early embryos; LE, late embryos; Naup, nauplius larvae;
Dp, diapause cysts. (B) The relative amounts of ArSLK mRNA during the
hatching process of Artemia. Dp, diapause cysts; Pd, post-diapause
cysts. The times (h) represent the incubation times of the post-diapause
embryos. (A, B) Data are represented as mean + SE of n=3
independent repeats. Statistical analyses of the differences between
expression levels in the two pathways were performed by two-tailed,
paired Student’s t tests. No significant differences (P<<0.05) were
detected.

doi:10.1371/journal.pone.0092234.g003

Subcellular location of ArSLK during Artemia
development process

The subcellular distribution of proteins is often related to their
specific functions. To examine the subcellular location of ArSLK,
cell fractionation was performed as described in the methods
section. Successful fractionation was confirmed using anti-o-
tubulin and anti-histone H3 antibodies as cytoplasmic and nuclear
markers, respectively (Fig. 5A and 5B). The results revealed that
ArSLK was detected mainly in the nuclear fractions from diapause
and post-diapause embryos, and in the cytoplasmic fraction from
nauplius larvae (Fig. 5A), while maintained in the cytoplasm

ArSLK Involved in Stress Resistance

A Ovoviviparous Oviparous
EO LO EE LE Naup EO LO EE LE Dp
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TUDULIN e S — ———— . S———

4h 8h 12h 16h 20h 36h 48h

B Dp Pd

ArSLK s . . o —

TUDUIIN e ———_—— — —_——

Figure 4. Immunoblot of amounts of ArSLK protein during
development. Tubulin was measured as a loading control. The
developmental stages are labelled as described in the legend for
Figure 3. (A) ArSLK protein in oocytes and embryos of ovoviviparous
and oviparous pathways. (B) Amounts of ArSLK protein during
development of post-diapause cysts.
doi:10.1371/journal.pone.0092234.g004

during the whole ovoviviparous developmental process (from
oocytes to embryos) (Fig. 5B).

The nuclear localization of ArSLK is required for the
regulation of the stress response

Since ArSLK was differentially localized during Artemia devel-
opment, experiments were performed to determine whether
nuclear ArSLK is important to stress resistance. A cell fraction-
ation assay was used to examine the location of ArSLK after
exposure of nauplius larvae to the following stress treatments: heat
shock (42°C)) for 30 min and 60 min, acidic pH (pH 3.0) for
30 min and 60 min, UV irradiation (0.15 joules/cm?) for 15 min
and 30 min. The results show that the ArSLK protein translocated
from cytoplasm to nucleus after exposure to stresses. Moreover, as
the exposure time extended, almost all the ArSLK translocated
into the nucleus (Fig. 6A, 6B and 6C).

Following the treatments, a stress-release process was performed
(R in all parts of Fig. 6) in which nauplius larvae were transferred
to normal environmental culture conditions. Cell fractionation
analysis revealed that the levels of ArSLK protein in the nuclear
and cytoplasmic fractions of all stress-released larvae were similar
to those of the unstressed control groups (C in all parts of Fig. 6).

The subcellular location of p26 in the both processes mentioned
above was also observed. Cell fractionation analysis revealed that
p26 was distributed mainly in the cytoplasm of control nauplius (C
in all parts of Fig. 6), and then p26 in the nucleus increased during

A Nucleus Cytoplasm B Nucleus Cytoplasm
Dp Pd Np Dp Pd Np EO LO EE LE EO LO EE LE
’ 1
ArSLK o — ArSLK
Tubulin ‘ Tubulin|

o —

Figure 5. Inmunoblot analysis of the subcellular location of ArSLK during development. Cell fractionation was performed and tubulin
and H3 were used as markers of the cytoplasmic and nuclear fractions, respectively. (A) Dp, diapause cysts; Pd, post-diapause cysts; Np, nauplius
larvae. (B) Nauplius-destined oocyte and embryonic developmental processes of Artemia. EO, early oocytes; LO, late oocytes; EE, early embryos; LE,

late embryos.
doi:10.1371/journal.pone.0092234.g005
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Figure 6. Immunoblot analysis of the subcellular locations of
ArSLK and p26 after exposure to 42°C heat shock (A), acidic pH
stress (B), and UV irradiation (C). Tubulin and H3 were used as
markers of the cytoplasmic and nuclear fractions, respectively. C,
control group with no stress treatment; R, nauplius larvae after stress
that underwent subsequent stress-free incubation for 7 h.
doi:10.1371/journal.pone.0092234.g006

the stress process (Fig. 6A, 6B and 6C). It returned to the
cytoplasm after stress released (R in all parts of Fig. 6).

Decrease in ArSLK reduces the stress tolerance of
nauplius larvae

To address further the function of ArSLK during stress
resistance, gene knockdown by RNAi with Artemia adults was
performed. The efficiency of knockdown was evaluated by the
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females at the early embryo stage using real-time PCR (Fig. 7A)
and immunoblot analyses (Fig. 7B). The outcome showed that the
amounts of endogenous ArSLK, i.e., both mRNA and protein in
the ArSLE-specific RNAi group, were significantly lower than those
in the control GFP RNAi group (Fig. 7A and 7B).

Nauplius larvae released from RNAi-treated adults were
collected to examine their ability to resistant environmental stress.
The swimming performance of animals as the stress survival
response was observed [30]. Both the recorded rate curve of free-
swimming nauplius larvae and the median free-swimming time
were employed to evaluate stress tolerance ability. The results
revealed that, following all stress treatments, including heat shock,
acidic pH and UV irradiation, the nauplius larvae released from
females receiving the ArSLR dsRNA lost the ability of free-
swimming much earlier than those of control larvae released from
adults injected with GFP dsRNA (Fig. 7C, 7D, 7E and 7F).
Overall, these data provide evidence that a decrease in AnSLK
reduces stress tolerance of nauplius larvae.

Discussion

It has been very well documented that Artemia have an
outstanding ability to withstand extremely adverse condition
[1,2]. However, the intracellular signal transduction mechanisms
that respond to environmental stresses are largely unknown. In the
present study a homolog of mammalian SLK, called ArSLK, was
identified and its role in stress resistance of Artemia was
investigated.

Homologs of SLK have previously been identified in various
species. SLK family members contain characteristic conserved N-
terminal kinase domains and variable C-terminal non-catalytic
domains [14], both of which were identified in ArSLK (Figs. 1 and
2). The coiled-coil structure in the C-terminal region can mediate
protein-protein interactions and contribute to enhancing the
kinase activity of human SLK via homodimerization [28,31].
Therefore, we speculate that ArSLK might also possess a kinase
activity that is regulated in the same manner as that of human
SLK.

Artemia diapause cysts with programmed metabolic and devel-
opmental arrest were formed and released under extremely
stressful conditions. It is precisely because of this arrest state
helping to ensure survival of this species in stress resistance [32]. In
this study, we investigated the subcellular distribution of ArSLK in
diapause embryos and the nauplius-destined developmental
process. We found the nuclear ArSLK accumulated in diapause
embryos (Fig. 5A), in which cell division was restricted and
development was arrested at the gastrulae stage. In the nauplius
and nauplius-destined embryos with cell division and continued
embryonic development, ArSLK was mainly distributed in the
cytoplasmic fraction (Fig. 5A and B). Thus, we proposed that the
accumulation of ArSLK in the nucleus plays a role in develop-
mental arrest to resistant environmental stress in diapause cysts.

Trafficking of an activated signal component or its substrates
from the cytoplasmic to nuclear compartment is required for the
transduction of extracellular signals. Studies in rabbit brain
showed that the stress-induced expression and nuclear transloca-
tion of hsp70 are characteristic features of the response to heat
shock [33]. A previous study in Artemia also found that p26, a small
heat shock protein, reversibly moves to the nucleus in response to
stresses such as heat shock, acidic pH and anoxia during early
development of activated (post-diapause) cysts [34]. To prove the
role of ArSLK in stress resistance, the stress treatment assay of
nauplius was performed. After stress-treated, both p26 and ArSLK
in the nucleus were increased, while they translocated to the
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Figure 7. The effects of knockdown of the ArSLK gene on nauplius stress tolerance. (A) Real-time PCR analysis of relative amounts of
ArSLK mRNA in Artemia adults treated with GFP-specific or ArSLK-specific RNAi. The mRNA amounts were normalized to those of tubulin mRNA. (B)
Immunoblot analysis of ArSLK protein in the two RNAi-treated groups. Tubulin was used as a loading control. (C-E) The rates curves of free-
swimming nauplius larvae after 42°C heat shock (C), acidic pH stress (D), and UV irradiation (E). (F) The median free-swimming times of nauplius
larvae from RNAi-treated adults under three mentioned stresses were exhibited by histograms. Data are represented as mean + SE of n=3
independent repeats. Statistical analyses of the differences between the GFP-RNAi and ArSLK-RNAi groups were performed by two-tailed, paired
Student’s t tests. ** P<<0.01.

doi:10.1371/journal.pone.0092234.g007

cytoplasm after stress releasing. Moreover, the result of gene in the previous studies [19,20], there is still controversy regarding
knockdown revealed that the nauplius larvae from AnSLE RNAi the relationship between these two kinases 2 vivo. The variations in
group lost the ability of free-swimming much earlier than those the cytoplasmic ArSLK levels during development described in

from the GFP RNAI group when suffered the same stress. Based on our present study (Fig. 5) parallel the levels of Plkl activation
these results, we suggested that nuclear translocation of ArSLK described previously [36]. For example, cytoplasmic ArSLK and

may also be a response mechanism to involve in the stress activated Plk] levels were both high in nauplius larvae and lower
resistance via cell cycle regulation to development. However, the in diapause cysts [36], suggesting that cytoplasmic levels of ArSLK
molecular mechanisms involved in this resistance are not well may be correlated with the level of Plkl activation. However, the
understood. results of RNAi-mediated knockdown of Plk! and ArSLK were

Previous studies have been proved that there are a number of confusing. Pseudo-diapause cysts were released following knock-
links between the stress-response and cell cycle checkpoint down of Pkl [36], while nauplius larvae were produced after

pathway [35]. SLK was reported to play a role in cell proliferation. knockdown of ArSLE. Therefore, ArSLK may not be the only
This regulation is achieved by phosphorylating Plk1 [20].Although kinase responsible for phosphorylating Plkl. Similar result has
the i vitro activity of SLK phosphorylated on Plk1 has been proved been obtained in the Drosophila S2 cells, in which the depleted
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dPlkk has not impaired the activation of Plkl [37]. The limited
phosphorylation of Plkl in the diapause cysts also might be
correlated with the massive drop of ATP concentration for the
global reduced metabolic activity, which induced the arrest of the
enzymatic activity.

The stress kinases p38MAPK and JNK have also been reported
to be the downstream of SLK signalling pathway and play a role in
the linkage of stress and cell cycle checkpoint [17,18,35]. Thus, we
speculate that p38MAPK and JNK mediate the regulation of
ArSLK in stress resistance via cell cycle and developmental arrest.

In conclusion, the results of this study showed that ArSLK is
translocated to the nucleus in both diapause cysts and also in
nauplius larvae following exposure to environmental stresses. In
addition we found that this translocation was involved in the
regulation of stress tolerance in nauplii. We suggest that the
trafficking of ArSLK is also involved in the stress resistance of
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diapause cysts via regulating developmental arrest, but we accept
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light on the functions of members of the SLK family and may
provide a new regulatory strategy for stress responses.
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