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Abstract

p26, a small heat shock protein, is thought to protect Artemia embryos from stress during encystment and diapause. Full-length p26 cDNAs
were compared and used to determine phylogenetic relationships between several Artemia species. The α-crystallin domain of p26 was the most
conserved region of the protein and p26 from each Artemia species contained characteristic amino-terminal WD/EPF and carboxy-terminal VPI
motifs. Sequence conservation suggested the importance of p26 to oviparously developing Artemia embryos and indicated common functions for
the protein during development and stress resistance, although as shown by modeling some species-specific p26 amino acid substitutions may
have adaptive significance. The p26 gene obtained from A. franciscana exhibited a unique sHSP intron arrangement with an intron in the 5′-
untranslated region. Computer-assisted analysis revealed heat shock elements and other putative cis regulatory sequences but their role in gene
regulation is unknown. In contrast to previous results for which Northern blots were analyzed, p26 gene expression was observed in ovoviviparous
embryos by use of PCR-based methodology, but the p26 protein was not detected.
© 2006 Elsevier Inc. All rights reserved.
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Oviparous development within various Artemia species, a
process best characterized for A. franciscana, yields encysted
gastrulae (cysts) that enter diapause, a resting stage at which
development stops, metabolism decreases greatly, and stress
resistance is high [1]. Cysts tolerate temperature extremes,
desiccation, and several years of anoxia with low mortality [2].
This remarkable resistance is thought to depend on p26, a small
heat shock protein (sHSP) constituting approximately 10% of
cyst nonyolk protein and for which the amino acid sequence has
been determined [3–5]. p26 is a molecular chaperone that
promotes cell survival by preventing irreversible protein
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aggregation [3,6–8] and inhibiting apoptosis [9]; however,
synthesis of the protein is developmentally regulated and does
not occur in response to stress [6,10]. p26 migrates from the
cytoplasm into nuclei [5–8,11,12], suggesting activities in
addition to chaperoning and apoptosis delay.

sHSP monomers, composed of a well-conserved α-
crystallin domain of approximately 90 amino acid residues
bordered by variable amino- and carboxy-terminal domains,
assemble into dynamic oligomers. The α-crystallin domain
mediates formation of dimers, fundamental units of oligo-
merization for many sHSPs. The amino-terminus influences
substrate binding and oligomer dynamics, whereas the highly
flexible and charged carboxy-terminus enhances solubility
and also modulates oligomerization [13,14]. sHSPs represent
an early line of defense against stress within cells, binding
partially denatured proteins by energy-independent processes,
preventing irreversible denaturation, and, in cooperation with
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other molecular chaperones, promoting either protein rena-
turation or protein destruction [15,16]. Many sHSP genes are
induced by stress but others are expressed constitutively or
in response to developmental signals and aging [17–20].

Despite the potential importance of p26 during Artemia
embryo development and stress resistance, the sHSP has been
characterized extensively only in A. franciscana and the p26
gene had not been examined in any Artemia species prior to this
work. To achieve a better understanding of p26, which has
broad implications for sHSP function and crustacean develop-
ment, cDNAs for the protein were cloned from five Artemia
species, including those geographically well isolated. Deduced
p26 amino acid sequences were compared and the potential
impact of residue substitutions was determined by protein
modeling. The A. franciscana p26 gene was sequenced,
revealing a novel sHSP intron organization and putative
regulatory regions including heat shock elements. In contrast
to previous results [6], p26 gene expression was detected during
both oviparous and ovoviviparous development, a finding
attributed to the use of sensitive PCR methodology in this study,
but p26 protein was observed only in the former.

Results

p26 cDNA and protein sequences

With stop codons included, the open reading frames for p26
cDNAs from the two A. franciscana strains and A. sinica were
579 nucleotides, A. urmiana p26 cDNA consisted of 576 nu-
cleotides,A. parthenogenetica contained 585 nucleotides, and A.
persimilis p26 cDNA was 588 nucleotides (Fig. 1A, accession
numbers in figure legend). Comparison of nucleotide sequences
demonstrated varying degrees of similarity between p26 cDNAs
from disparate Artemia species with A. persimilis exhibiting the
most variation (Fig. 1A, Table 1). Phylogenetic trees constructed
on the basis of p26 cDNA nucleotide sequences, of which an
example is given (Fig. 1B), showed that the A. franciscana
populations are closely related. A. urmiana and A. partheno-
genetica were linked and more similar to A. sinica than to other
Artemia species. A. persimilis was the most divergent and it was
approximately equal distance from all other Artemia species.

Alignment of amino acid sequences deduced from p26
cDNAs indicated that some nucleotide substitutions led to
residue changes (Fig. 2A, Table 2). The carboxy-terminal
extension contained the most modifications, with 25.0% (10/40)
of residues differing across species boundaries, followed by the
amino-terminal region with 16.9% (10/59) and the α-crystallin
domain with 6.5% (6/93). Y18 in the p26 sequence 17-
WYDPF-21 of A. franciscana from the GSL (ARC1520),
representing a widely conserved motif, was S18 in all other
Artemia species. This substitution introduces a large bulky
amino acid in place of a smaller residue, although both are
potential phosphorylation sites. Other modifications include the
loss or gain of several potential phosphorylation sites, the loss
of a negatively charged residue at position 35 in A.
parthenogenetica (ARC1407) p26, and the short insertions
184-STI-186 and 185-STR-187 in the carboxy-terminal exten-
sions of A. parthenogenetica (ARC1407) and A. persimilis
(ARC1321), respectively. R114 in the α-crystallin domain of
p26 from the Artemia species examined is equivalent to a highly
conserved arginine found in sHSPs from other organisms, and
the conserved carboxy-terminal extension V/IPI/V motif as
154-VPI-156 occurs in these Artemia species.

To localize amino acid substitutions spatially within the p26
tertiary structure and thus evaluate their effects more fully,
residues 58–157 of each Artemia sHSP were modeled in three
dimensions on the basis of the corresponding region in wheat
Hsp16.9, a crystallized sHSP [21]. Sequence identity between
p26 from each Artemia species and Hsp16.9 within this region
was approximately 69%, and p26 consisted of β-strands 2–9
with intervening loops named for the β-strands they connect
(Figs. 2B–2E). For example, L2/3 connects β-strands 2 and 3.
β-strand 6 is positioned in L5/7 and is not labeled in Fig. 2B.
Primary structures of p26 from A. franciscana GSL
(ARC1520), A. franciscana SFB (ARC1258), and A. sinica
(ARC1218) are identical in the compared region and they
generated a single model (Fig. 2B). p26 proteins from the
remaining species, although similar, have substitutions in
different locations (Figs. 2C–2E). p26 from A. urmiana
(ARC1511) contains substitutions A66D within L2/3 and
T150K in a region of the carboxy-terminus not modeled (Fig.
2C). These modifications would be adjacent if the carboxy-tail
folds back onto the β-sheet domain, allowing formation of a salt
bridge not found in p26 from the remaining Artemia species. On
the basis of the sequences compared in this study, substitution
D90Y of p26 from A. parthenogenetica (ARC1407) appears in
L4/5, at the interface with β-strand 5, and substitution G106V is
located in β-strand 6 of L5/7, the latter loop potentially with a
role in dimer formation. The D90Y modification reduces the
charge in loop L4/5 and may influence protein structure,
whereas the G106V substitution probably has limited impact on
p26 structure. The changes in A. parthenogenetica p26 are well
separated spatially and not likely to interact with one another
(Fig. 2D). In A. persimilis (ARC1321), β-strand 2, potentially
involved in p26 dimer formation, has adjacent amino acid
modifications. The G60W alteration introduces a bulky amino
acid residue, whereas S61T is structurally less intrusive and
preserves a potential phosphorylation site. A third substitution
in A. persimilis p26, G96C in β-strand 5, introduces cysteine
into the protein, thus opening the possibility of disulfide bridge
formation between neighboring monomers during dimer
formation and higher order oligomerization.

The A. franciscana GSL p26 gene

To provide the basis for comparison across species
boundaries the A. franciscana p26 gene was cloned and
sequenced, work which also revealed regulatory aspects of the
gene’s expression. The titer of the genomic library prepared
from A. franciscana GSL (ARC1520) was 1.2 × 107 plaque
forming units/ml and 10 clones picked randomly from the
library contained inserts of 15 to 23 kb. Screening approxi-
mately 4.4 × 106 plaques with labeled full-length p26 cDNA
yielded four reactive clones termed 12-2, 7-2, 3-1, and 13-1
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Table 1
Comparison of p26 cDNA sequences

A. franciscana
(GSL) (%)

A. franciscana
(SFB) (%)

A. sinica
(%)

A. urmiana
(%)

A. parthenogenetica
(%)

A. persimilis
(%)

A. franciscana (GSL) (ARC1520) 100
A. franciscana (SFB) (ARC1258) 99 100
A. sinica (ARC1218) 94 94 100
A. urmiana (ARC1511) 93 93 96 100
A. parthenogenetica (ARC1407) 93 93 95 97 100
A. persimilis (ARC1321) 90 90 90 90 90 100

p26 cDNA clones obtained from Artemia species by RT-PCR were sequenced and compared as described under Materials and methods.
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with inserts of 17, 17.8, 19, and 15 kb, respectively (Fig. 3A).
Overlapping DNA fragments from the clones yielded the p26
gene sequence, including structural regions and 5′- and 3′-
noncoding areas (Figs. 3A and 3B), deposited in the NCBI
database under Accession No. DQ310575. Comparison of A.
franciscana p26 cDNA (Accession No. AF031367) with the
genomic sequence revealed three introns, with intron 1 in the 5′-
UTR and the insertion sites of introns 2 and 3 disrupting codons
(Fig. 3B). Agarose gel electrophoresis of 5′-RACE products
gave one DNA fragment, indicating a single transcription start
site (Fig. 4), this removed from the ATG translation initiation
codon in p26 cDNA and genomic sequences by 53 and 1348 bp,
respectively (Figs. 3B and 4B). Computer-assisted analysis
indicated that intron 1 contains many putative cis-acting
elements of potential interest for p26 gene expression during
development, including heat shock factors (HSFs) and AP-1
binding sites (Fig. 3B). The introns of 1295, 1261, and 1283 bp
begin with GT and terminate in AG, consistent with the intron
boundary rule. The exons, composed of 47, 113, 225, and
333 bp do not correspond to p26 domain structure (Fig. 5), nor
are they consistent in position and number to intron/exon
locations in other sHSP genes deposited in the NCBI database.
Approximately 5 kb of noncoding sequence upstream of the p26
transcription start site was obtained and of this, approximately
1.0 kb is shown, revealing TATA and CCAAT boxes 22 and
392 bp upstream, respectively, from the transcription start site
(Fig. 6). Representative transcription factor binding sites
include those for HSFs and the estrogen receptor.

p26 gene expression in artemia embryos

As determined by real-time PCR, p26 mRNA first appeared
in oviparously developing Artemia embryos 2 days postferti-
lization and increased until cyst release from females, whereas
p26 mRNA was observed in ovoviviparous embryos at 2 and
3 days postfertilization only (Fig. 7). Oviparous embryos
possessed approximately 10 times more p26 mRNA than
ovoviviparous embryos at 3 days postfertilization. A strong p26
band was observed on Northern blots containing mRNA from
Fig. 1. p26 cDNAs from different Artemia species. (A) Nucleotide sequences of p
franciscana (SFB) (1258) (Accession No. DQ310577), A. sinica (1218) (Acce
parthenogenetica (1407) (Accession No. DQ310579), and A. persimilis (1321) (Acce
right. (*) Identical nucleotides; (space) nonidentical nucleotides. (B) Neighbor-joining
the Kimura two-parameter distance, and bootstrap values greater than 95, indicating
oviparous embryos 2 days postfertilization, while similar
amounts of mRNA from ovoviviparous embryos yielded a
weak band (Fig. 7, inset). p26 was detected on Western blots
containing protein extracts from oviparous but not ovovivipa-
rous embryos as reported previously [6].

Discussion

Artemia species phylogeny was inferred previously by
analysis of allozymes, RAPD, and AFLP [22,23], but to our
knowledge this article contains the first inference of phyloge-
netic relationship between Artemia species based on cDNA
sequences derived from a nuclear protein-encoding gene. All
approaches demonstrate a strong relationship between A.
urmiana and A. parthenogenetica, with A. sinica most closely
associated with these species. Moreover, the NewWorld species
A. franciscana and A. persimilis are distinct from Old World
species and the genetic distance between A. franciscana and A.
persimilis equals the distance between New and Old World
Artemia species as shown before.

Different Artemia species contain comparable amounts of
p26 [5] and as demonstrated here p26 amino acid sequences are
similar from species to species with few suggestions of
significant changes in protein structure and hence in function.
The α-crystallin domain is modified at only 6 of 93 residues in
all Artemia species examined and position 114 of p26 is
occupied by arginine, a highly conserved sHSP residue, which,
when mutated in human sHSPs, leads to reduced chaperone
activity and disease [14,24]. p26 from all Artemia species
investigated contained the conserved carboxy-terminal motif
154-VPI-156, thought to promote oligomer stability by
interacting with a hydrophobic fold between β-strands 4 and
8 in the α-crystallin domain of neighboring monomers [21]. The
largest modifications in primary sequence were insertions of 3
residues in the carboxy-terminal extensions of p26 from the
geographically separated species A. parthenogenetica and A.
persimilis. The insertions increased the hydrophilic character of
the carboxy-terminal extensions, thus promoting sHSP solubil-
ity, and they may stabilize quaternary structure by increasing the
26 cDNAs from A. franciscana (GSL) (1520) (Accession No. AF031367), A.
ssion No. DQ310576), A. urmiana (1511) (Accession No. DQ310580), A.
ssion No. DQ310578) were aligned by Clustal W. Nucleotide numbers are on the
tree constructed as described under Materials and methods. The scale represents
high confidence in the correctness of the displayed relationships, are given.



Fig. 2. p26 amino acid sequences and tertiary structures. (A) Amino acid sequences of p26 from A. franciscana (GSL) (1520), A. franciscana (SFB) (1258),
A. sinica (1218), A. urmiana (1511), A. parthenogenetica (1407), and A. persimilis (1321) were aligned by Clustal W. Amino acid residue numbers are on the
right. (*) Identical residues, (:) conserved substitution; (.) semiconserved substitution; (space) residue missing or nonconserved substitution. (B–E) Three-
dimensional models of p26 were constructed on the basis of wheat Hsp16.9 monomer structure as described under Materials and methods. β-strand numbers
and loop L5/7 are indicated in panel B. Residues are nonpolar (green), uncharged polar (yellow), acidic (blue), and basic (red).
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number of residues available to interact with neighboring
monomers [13,14,21]. A 3-residue insertion, Asp-Gly-Lys,
occurs in the carboxy-terminal of HSP26 from natural
Drosophila populations but its effect on structure and function
are unknown [25].
Amino acid substitutions in p26 from different Artemia
species are positioned randomly and some appear to have
limited influence on the protein. On the other hand, the A66D
and T150K substitutions in A. urmiana p26 might produce a salt
bridge should the carboxy-terminal extension fold back on the



Table 2
Comparison of p26 proteins

A. franciscana
(GSL) (%)

A. franciscana
(SFB) (%)

A. sinica
(%)

A. urmiana
(%)

A. parthenogenetica
(%)

A. persimilis
(%)

A. franciscana (GSL) (ARC1520) 100
A. franciscana (SFB) (ARC1258) 98 (98) 100
A. sinica (ARC1218) 96 (96) 96 (96) 100
A. urmiana (ARC1511) 93 (95) 94 (96) 95 (96) 100
A. parthenogenetica (ARC1407) 92 (93) 93 (94) 94 (95) 93 (94) 100
A. persimilis (ARC1321) 92 (94) 93 (95) 92 (94) 92 (95) 92 (95) 100

Amino acid sequences of p26 from Artemia species were deduced from their corresponding cDNAs and compared as described under Materials and methods. Values
not in parentheses represent amino acid identity and those in parentheses indicate similarity.
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α-crystallin domain. Structure would be stabilized and the
introduction of K150 into the carboxy-terminal extension also
increases protein solubility. The G96C substitution in β-strand 5
of A. persimilis p26 could lead to disulfide bridge formation and
stabilization of higher order structure. Testing these possibilities
occasioned by the naturally occurring amino acid substitutions
observed in this study awaits characterization of p26 either from
cysts of different Artemia species or as bacterial expression
products.

Sequencing revealed three introns in the A. franciscana
(GSL1520) p26 gene, in agreement with previous results [4]. In
comparison, plant, yeast, and many invertebrate sHSP genes
lack introns. The Drosophila sHSP genes, with the exception of
a single intron in the l(2)efl, are intronless [26]; however, the
four Caenorhabditis elegans Hsp16 genes each contain one
intron coinciding in position with mammalian α-crystallin gene
intron 1. The C. elegans SEC-1 gene has a single intron of 56 bp
that disrupts codon 93, and Hsp12.3 has two introns, with the
second approximating the mammalian α-crystallin gene intron
2 in location [18,26,27]. The p26 gene introns, two of which
interrupt codons, are not positioned at protein domain
interfaces, and intron 1 is in the 5′-UTR, an arrangement
found in a sHSP gene from the honey bee Apis mellifera
(Accession No. NC_007071), but no others.

sHSP genes from plants contain clusters of heat shock
elements (HSEs) formed of frequently imperfect, palindromic,
modular repeats of (aGAAn) and (nTTCt), often as 5′-
nGAAnnTTCnnGAAn-3′ [28]. Modules are considered defec-
tive if the invariant G or C and/or the two highly conserved A
and T (uppercase letters) are missing [29,30]. Until now,
putative cis-acting regulatory sites in the Artemia p26 gene,
expressed mainly in oviparous embryos but indifferent to stress
[6,10], were unidentified. HSEs composed maximally of two
perfect inverted repeats were found upstream of the p26
transcription start site in this work, as were degenerative HSEs,
but their roles in transcriptional regulation, as for the HSEs in
intron 1, have yet to be tested. The minimum number of inverted
repeats required to generate a functional HSE in Artemia is
unknown, and this varies from one organism to another as
described in the following paragraph. Thus, even though there
are perfect inverted repeats within intron 1 and the 5′ sequence
upstream of the transcription start site of the p26 gene they may
not be functional. By comparison, mammalian HSEs are
generally not involved in the developmental control of sHSP
genes; however, a HSE in the first intron of rat Hsp27 may
repress transcription [31], and this could be true for HSEs in the
first intron of p26. Additionally, the sunflower Ha hsp17.6 G1
gene, which is expressed in seeds but is not heat responsive,
contains a degenerative HSE distal to the TATA box involved in
developmentally regulated sHSP synthesis [29,32].

Drosophila hsp22 contains three copies of the consensus
heat shock element CTnGAAnTTCnAG required for stress
induction, and developmental regulation is partially dependent
on these sequences [33]. The Drosophila genes hsp22, hsp23,
hsp26, and hsp27 respond to ecdysterone, an arthropod,
receptor-binding, steroid hormone that interacts with HERE, a
β-ecdysone response element [17,34,35]. A distal estrogen
receptor binding site was recognized in the p26 gene upstream
sequence, this suggestive of regulation by a steroid hormone as
occurs in Drosophila for sHSP genes. Other transcriptionally
important sites in the Drosophila hsp16 gene family are (CT)n
segments, recognized by the chromatin remodeling GAGA
factor [36], but these were not observed in the p26 gene. Heat
induces cell-specific synthesis of Drosophila sHSPs [37],
demonstrating the complexity of gene regulation for these
chaperones. The C. elegans hsp16 HSEs consist of three
nGAAn motifs of alternating polarity with the hsp16-1 and
hsp16-2 sequences as CtcGAAtgTTCtaGAAa and hsp16-41
and hsp16-48 as CtaGGAccTTCtaGAAcaTTCt [18]. These
genes are differentially induced by heat during development and
in assorted tissues. Conversely, the C. elegans gene encoding
sHSP SIP-1 lacks HSEs and is not induced by stress, whereas
hsp26 and hsp43 are expressed constitutively and insensitive to
stress [18,27].

As a final comparison to p26, mammalian hsp25 and α-
crystallin genes contain stress-responsive HSEs [38,39] and
their expression is developmentally regulated in diverse
embryonic cells and tissues [35]. Several cis-acting elements
influence mammalian sHSP gene expression during develop-
ment and stress, including the upstream transcription factor, a
member of the basic helix–loop–helix zipper transcription
factor family; AP-1, Pax-6, MyoD, and CREB/ATF family
members; MEF2 and SRF as members of the MADS-box
family; glucocorticoid, estrogen, and retinoic acid receptors;
GAGA factors; and HET (HSP27-ERE-TATA-binding protein)
[35,40–42]. An AP-1 binding site occurs in intron 1 of p26 and
an estrogen binding site in the 5′ region of the p26 gene.

p26 mRNA was detected previously only in oviparous
embryos [6]; however, in this study low levels of p26 gene
transcripts were identified in ovoviviparous embryos. The



Fig. 3. Cloning and sequencing of the p26 gene from A. franciscana (ARC1520) GSL. (A) The p26 genomic clones 12-2, 7-2, 3-1, and 13-1 were restriction digested,
electrophoresed in agarose gels, and blotted to membranes. DNA fragments on Southern blots hybridizing to labeled p26 cDNA probes, for which sizes are indicated in
parentheses, were sequenced and aligned to yield the p26 gene (Accession No. DQ310575). E1–E4, exons; I1–I3, introns. (B) p26 gene sequence. Boxed A,
transcription start site; boxed ATG, translation start site; gt and ag, intron boundaries; boxed TAA, stop codon; boxed AATAAA, polyadenylation signal; exons,
uppercase letters in bold; introns, lowercase letters; HSEs, lowercase letters in bold; underline, AP-1 binding site; nucleotides 391–1390 are identical to those obtained
by LA PCR in vitro cloning; nucleotide numbers are on the right.
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Fig. 4. Identification of the p26 gene transcription start site. (A) The products of
5′-RACE reactions were electrophoresed in agarose gels and visualized by
staining with Gel Star. Lanes M, size markers, bp; 1, 5′-RACE products; 2, 5′
RACE products in the absence of template DNA. (B) Sequence of DNA
fragment generated by 5′-RACE. Boxed A, transcription start site; boxed ATG,
translation start site. Nucleotide numbers are on the right.

Fig. 6. The noncoding region 5′ of the p26 transcription start site was obtained
by sequencing genomic clones. Boxed A, transcription start site; boxed tata,
TATA box; boxed ccaat, CCAAT box; lowercase letters in bold, heat shock
elements; underline, estrogen receptor binding site; nucleotide numbers are on
the right.
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detection of p26 mRNA in ovoviviparous embryos reflects the
greater sensitivity of PCR compared to probing of Northern
blots, and substantially more RNAwas used for Northern blots
than in past work. p26 was not observed in ovoviviparous
embryos, indicating either a very small amount of the protein in
these embryos or inhibition of p26 mRNA translation.

To summarize, p26 sequence and structure are well
conserved across Artemia species. Arginine 114 appears in
p26 from all species as do the amino-terminal WD/EPF and
Fig. 5. Comparison of p26 domain and exon positions. Schematic representa-
tions of p26 protein and cDNA were drawn to scale and aligned. N, amino-
terminal region; α, α-crystallin domain; C, carboxy-terminal extension; E1–E4,

exons. Numbers above each schematic indicate p26 amino acid residues within
protein domains and encoded by exons.
carboxy-terminal VPI motifs. The amino acid substitutions
observed in p26 appear to have limited effects although some
may enhance oligomerization and thus affect function.
Sequencing revealed three introns in the p26 gene with one in
the 5′-UTR as occurs for one other sHSP gene. HSEs occur in
the 5′-UTR intron and the upstream flanking region even
though p26 gene expression is refractory to stress. In contrast to
previous results, low levels of p26 mRNA were observed in
ovoviviparously developing Artemia embryos, but p26 protein
was not detectable. Future work will expand the analysis of p26
Fig. 7. Quantification of p26 mRNA during Artemia embryo development. p26
mRNAwas quantified in Artemia embryos by real-time PCR as described under
Materials and methods using tubulin mRNA as internal standard. Inset, p26
mRNA and 18S rRNA obtained 2 days postfertilization was electrophoresed in
agarose, blotted to membranes, and hybridized to labeled probes. C, oviparously
developing embryos; N, ovoviviparously developing embryos. Each lane re-
ceived 5 μg of RNA.
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synthesis, structure, and expression in Artemia species,
contributing to our understanding of sHSP function and more
clearly defining the role of p26 in embryo development.

Materials and methods

Artemia culture

A. franciscana (ARC1520) cysts from the Great Salt Lake (GSL) (INVE
Aquaculture, Inc., Ogden, UT, USA) were incubated at 27°C with shaking for
20 h at 200 rpm in hatch medium (422 mM NaCl, 9.4 mM KCl, 25.4 mM
MgSO4 · 7H2O, 22.7 mM MgCl2 · 6H2O, 1.4 mM CaCl2 · 2H2O, 0.5 mM
NaHCO3) containing 0.1% (w/v) disodium tetraborate. Nauplii were transferred
to seawater and maintained on either Isochrysis galbana (clone synonym ISO)
or Isochrysis sp (clone synonym TISO) (Provasoli-Guillard Center for Culture
of Marine Phytoplankton, West Boothbay Harbor, ME, USA). Adult females
with oocyte-filled lateral pouches were placed with males in six-well culture
plates and examined periodically with a dissecting microscope until fertilization
occurred. Embryos recovered daily from ovisacs postfertilization were frozen
immediately in liquid nitrogen.

Cloning and comparison of p26 cDNAs

mRNAwas extracted from A. franciscana (ARC1520, GSL, UT, USA), A.
franciscana (ARC1258, San Francisco Bay, CA, USA), A. sinica (ARC1218,
Xiechi Lake, Yuncheng, Shanxi, China), A. urmiana (ARC1511, Urmia Lake,
Azerbaijan, Iran), A. parthenogenetica (ARC1407, Karabogaz-Gol, Republic of
Turkmenistan), and A. persimilis (ARC1321, Argentina) with the Micro-
FastTrack 2.0 Kit (Invitrogen, Burlington, ON, Canada). All Artemia species
were obtained from the Artemia Reference Center, Faculty of Bioscience
Engineering, Ghent University (Ghent, Belgium). RT-PCRwas performed in 50-
μl reaction mixtures containing 1× Reaction Mix (Invitrogen), 1 μl RT/Platinum
TaqMix (Invitrogen), 0.2 μM each primer, 3 mMMg2+, and 5 μl RNA at 1 cycle
of 45°C for 30 min and 94°C for 2 min, 40 cycles of 94°C for 30 s, 55°C for 45 s,
72°C for 1.5 min, and extension at 72°C for 5 min. The forward primer was 5′-
GCGCGGATCCACCATGGCACTTAACCCATG-3′, containing nucleotides
1–17 of the p26 cDNA, and the reverse primer was 5′-CGCGCCTCGAGT-
TAAGCTGCACCTCCTGTCT-3′, with nucleotides 560–579 of p26 cDNA.
PCR products were cloned into the pGEM-T Easy vector (Promega, Madison,
WI, USA) and two or more p26 clones were sequenced for each species at the
DNA Sequencing Facility, Centre for Applied Genomics, Hospital for Sick
Children (Toronto, ON, Canada). Sequence comparisons were performed with
Clustal W available at http://www.ebi.ac.uk.

Analysis of p26 sequence and three-dimensional structure

A neighbor-joining (NJ) tree was constructed with the software package
Mega 3.1 [43] employing the Kimura two-parameter model NJ algorithm of
nucleotide substitution. All sites containing alignment gaps were removed
before calculation using the complete-deletion option and reliability of
inferred phylogenetic trees was assessed by bootstrap analysis using 5000
pseudoreplicates.

p26 cDNA and deduced amino acid residue sequences were aligned by
Clustal W (http://www.ebi.ac.uk/clustalw/index.html) and similarities between
nucleotide and amino acid sequences were determined with NCBI Blast 2.
Residues 58–157 of p26, including the α-crystallin domain and a short portion
of the carboxy-terminal extension, from the five Artemia species examined in
this study were modeled on the basis of the wheat Hsp16.9 [21] monomer
structure, 1 gme_1:A, with Modeller [44] by optimizing the probability
objective functions and simulated annealing. Ten models were generated for p26
from each Artemia species and the structure displaying the lowest objective
function value represents the protein. Side-chain configurations were predicted
with the graph-theory algorithm implemented in SCWRL 3.0 [45], residue
environments were evaluated with Verify3D [46], and stereochemical quality
was checked with ProCheck [47] and WhatIf [48]. Graphical representations
were made with VMD [49].
Cloning the A. franciscana GSL (ARC1520) p26 gene

DNA was obtained from first-instar Artemia nauplii as described in [50]
except ethanol precipitation was avoided prior to digestion and the DNA was
dialyzed against two changes of 10 mM Tris–HCl, 1 mM EDTA, pH 7.4, for
36 h before storage at 4°C. The DNA was digested with Sau3AI (0.06 u/μg
DNA) at 37°C for 30 min, extracted twice with ethanol:chloroform:isoamyl
alcohol (25:24:1) and once with chloroform:isoamyl alcohol (24:1), followed
by ethanol precipitation. The DNA was dissolved in TE buffer and 200-μg
samples were centrifuged at 83,000g for 22 h at 20°C in 36-ml, 10–40%
discontinuous gradients composed of sucrose in 1 M NaCl, 20 mM Tris–HCl,
5 mM EDTA (pH 8.0). The gradients were fractionated and samples
containing DNA fragments of 14–23 kb, as determined by agarose gel
electrophoresis, were pooled and incubated with Lambda Vector BamHI Arms
(Promega) for 3 h at room temperature and overnight at 4°C. Recombinant
DNA was packaged with the Packagene Extract (Promega), library titer was
determined, and 10 plaques picked randomly were digested with XhoI to check
insert size.

Plaque DNA was transferred to duplicate nylon membranes; denatured
with 0.5 M NaOH, 1.5 M NaCl for 5 min; neutralized in 1.5 M NaCl, 1.0 M
Tris–HCl, pH 7.4, for15 min; and incubated in 2× SSC for 10 min. The
membranes were baked at 80°C for 2 h and prehybridized in Dig Easy Hyb
(Roche, Mannheim, Germany) for 6 h at 42°C. Full-length p26 cDNA, labeled
with digoxigenin-11–dUTP in PCR Dig Labeling Mix (Roche) using the
primers 5′-GCGCGGATCCACCATGGCACTTAACTG-3′ (forward) and 5′-
CGCGCCTCGAGTTAAGCTGCACCTCCTGATCT-3′ (reverse), was dena-
tured 5 min at 96°C and incubated with membranes in Dig Easy Hyb overnight
at 46°C before being washed twice at room temperature for 5 min in 2× SSC
containing 0.1% SDS (w/v), followed by two washes in 0.5× SSC, 0.1% SDS at
68°C for 15 min. Reactive plaques were detected as described by the
manufacturer and clones hybridizing to p26 cDNAwere screened four times by
picking single plaques after dilution and plating on Escherichia coli lawns.
These clones were double digested with BamHI and XhoI, EcoRI and XhoI,
HindIII and XhoI, and XbaI and XhoI; electrophoresed in agarose gels; blotted to
membranes; and probed with labeled p26 cDNA to select fragments for cloning
in pBluescript II SK(+) vector (Stratagene, La Jolla, CA, USA) and sequencing.

Putative cis-acting regulatory elements in intron 1 and the 5′ upstream
region of the p26 gene were identified with the MatInspector program available
at www.genomatix.de.

LA PCR in vitro cloning of the p26 gene 5′ flanking sequence

Five micrograms of A. franciscana GSL DNA was digested to completion
overnight at 37°CwithHindIII and ligated into aHindIII cassette (TaKaRa, Otsu,
Japan) at 16°C for 30 min. After incubation at 94°C for 2 min, PCR was
performed for 35 cycles at 94°C for 30 s, 62°C for 1 min, and 72°C for 2 min,
followed by 72°C for 5 min. The C1 and S1 primers, based respectively on
cassette sequence and nucleotides 86–107 of p26 cDNA, were 5′-GTACA-
TATTGTCGTTAGAACGCGTAATACGACTCA-3′ and 5′-CCACCTCC-
GAAGCCACCAAATC-3′). One microliter of the PCR product was denatured
for 1 min prior to amplification for 25 cycles at 94°C for 30 s, 61°C for 1 min, and
72°C for 2 min followed by 5 min at 72°C. The primers were C2 (5′-
CGTTAGAACGCGTAATACGACTCACTTAGGGAGA-3′) and S2 (5′-AG
TCATACCACCAAATCCTCCGT-3′), based respectively on cassette sequence
and nucleotides 42–63 of p26 cDNA. The PCR products were electrophoresed in
1% agarose gels, purified with the GFX PCRDNA andGel Band Purification Kit
(Amersham Biosciences, Baie d’Urfé, QC, Canada), cloned into the pGEM-T
Easy vector (Promega), and sequenced.

Identification of the p26 gene transcription start site

Hydrated cysts were disrupted in TRIzol (Invitrogen) with a Dounce
minihomogenizer, shaken vigorously in chloroform, and centrifuged at 12,000g
for 15 min. The upper aqueous phase was incubated with isopropyl alcohol and
RNA was collected by centrifugation. The pellet was washed with 75% (v/v)
ethanol, dried, and dissolved in diethyl pyrocarbonate-treated water prior to
recovery of poly(A)+ mRNA with an mRNA Purification Kit (Amersham). To

http://www.ebi.ac.uk
http://www.ebi.ac.uk/clustalw/index.html
http:www.genomatix.de
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perform 5′-RACE with the SMART RACE cDNA amplification kit (BD
Biosciences, Palo Alto, CA, USA), first-strand cDNA was synthesized using
1 μg of poly(A)+ mRNA in 10-μl reaction mixtures containing 1 μl of Smart II A
oligonucleotide (5′-AAGCAGTGGTATCAACGCAGATACGCGGG-3′), 1 μl
of 5′-CDS primer (5′-(T)25N-1N-3′), 2 μl of 5× first-strand buffer, 1 μl of DTT,
1 μl of dNTP mix, and 1 μl of PowerScript reverse transcriptase. Amplification
was performed with the adapter primers, Universal Primer A Mix long (5′-
CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3′)
and short (5′-CTAATACGACTCACTATAGGGC-3′) and the primer (5′-
GTAGTTCCCCCTTCAATCCTTCCAA-3′) corresponding to nucleotides
506–530 of p26 cDNA at 25 cycles of 94°C for 30 s, 68°C for 30 s, and
72°C for 2 min, followed by 72°C for 5 min. The 5′-RACE products were
electrophoresed in 1% agarose gels and cloned in the pGEM-T Easy vector
(Promega) prior to sequencing.

p26 gene expression in A. franciscana (ARC1520) GSL

Total RNA was prepared daily postfertilization from oviparous and
ovoviviparous embryos with the RNeasy Protect Mini Kit and QIAshredder
(Qiagen, Mississauga, ON, Canada). Poly(A)+ RNA was purified with
Oligotex (Qiagen) and reverse transcribed with Supermix (Sigma–Aldrich,
St. Louis, MO, USA). Primers designed to span p26 intron regions were 5′-
GTCCAAAGAGAATTTCGACG-3′ and 5′-CTGCACCTCCTGATCTTGT-3′,
in forward and reverse directions, respectively. Primers for α-tubulin, used as
the internal standard, were 5′-CTGCATGCTGTACAGAGGAGATGT-3′ and
5′-CTCCTTCAAGAGAGTCCATGCCAA-3′, in forward and reverse direc-
tions, respectively. Real-time PCR was performed with IQ Supermix (Bio-Rad,
Hercules, CA, USA) at 45 cycles of 94°C for 1 min, 47°C for 30 s, and 72°C
for 30 s, followed by 10 min at 72°C in the Bio-Rad iCycler. The p26 mRNA
quantification was done twice using independently prepared embryos at each
time period examined.

For Northern blots 5 μg of total RNA prepared with TRIzol from Artemia
embryos 2 days postfertilization was electrophoresed in 1.5% agarose gels
containing formaldehyde and transferred to nylon membranes (Roche) in
transfer buffer (Ambion, Austin, TX, USA) using the Rapid Downward System/
Buffer Tray (Schleicher & Schuell, Keene, NH, USA). Blots were incubated in
Dig Easy Hyb for 6 h at 50°C and hybridized overnight at 50°C with either full-
length p26 cDNA or a 520-bp cDNA fragment encoding 18S ribosomal RNA
labeled with digoxigenin-11–dUTP. Membranes were washed and hybridization
was detected as for genomic clones.
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