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ABSTRACT. Hemoglobin (Hb) is the major protein component of
erythrocytes in animals with red blood, although it can serve additional
functions beyond the transport of oxygen. The blood clam (7egillarca
granosa) is one of the few mollusks that has Hb, although the structure
and function of molluskan Hbs remain unclear. We characterized two
unique and highly compartmentalized blood clam hemoglobin genes,
Tg-HbIIA and Tg-HbIIB, at the molecular level. The full-length cDNA
of Tg-HbIIA was 731 bp with a 450-bp open reading frame encoding 150
amino acids; that of 7.g-HbIIB was 698 bp, with a 456-bp open reading
frame encoding 152 amino acids. Their intronic regions were amplified
by PCR. The two genes showed the typical 2 intron/3 exon organization
found in 7 granosa. The 3-D structures of the three blood clam Tg-Hbs
were predicted using the SWISS-MODEL Protein Modeling Server,
and a phylogenetic analysis was conducted to investigate its evolution.
As quantified by qRT-PCR, the expression levels of Tg-HbIIA and
Tg-HbIIB were significantly upregulated upon challenge by Vibrio
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parahaemolyticus, lipopolysaccharides, and peptidoglycans. Three
Hb isoforms, Tg-Hbl, Tg-HbIIA, and Tg-HbIIB, were found. Specific
structures and evolutionary features were found in these molluskan
Hb genes. Challenge experiments indicated that Tg-Hbs are involved
in immune defense responses against bacterial infection and bacterial
pathogenic factors. As this is the first functional research on Hb genes
in the blood clam, our findings provide new insight into the innate
immune defense mechanisms of 7. granosa.

Key words: Hemoglobins; Tegillarca granosa; Gene structure;
Immune response; qRT-PCR

INTRODUCTION

The marine blood clam (7egillarca granosa) is a bivalve mollusk of the family Ar-
cidae. It is a major fishery and aquaculture species on the east coast of China and southeast
Asia (Abbas Alkarkhi et al., 2008). Clam farming in Asia is experiencing serious problems
of disease outbreaks and environmental pollution (Vuddhakul et al., 2006; Jung et al., 2007,
Abbas Alkarkhi et al., 2008). In mollusks, hemocytes are considered to be immune cells, and
studies have shown that enzymes and molecules involved in the immune defense reaction are
present in hemocytes when mollusks are infected with bacteria or viruses (Bao et al., 2011a,b).

Hemoglobin is the main protein component of hemocytes. They are heme-containing
proteins that bind O, and other gaseous ligands between the iron atom at the center of the por-
phyrin ring and a histidine residue on the polypeptide chain (Abbas Alkarkhi et al., 2008). In
addition to supporting aerobic metabolism by providing O,, hemoglobins fulfill a broad range
of other functions including O, sensing, detoxification of harmful reactive oxygen species
(ROS), signaling in oxygen-dependent metabolic pathways, and production and elimination
of NO (Terwilliger, 1998; Wajcman et al., 2009; Ebner et al., 2010). Hemoglobin (Hb) is also
a source of antibacterial peptides in many animals; intact hemoglobin and its fractions ex-
hibit antimicrobial activity against Gram-positive and -negative bacteria (Parish et al., 2001;
Nedjar-Arroume et al., 2008). Human Hb can induce oxidative stress that may contribute to
MMP-9 activation and BBB dysfunction, leading to apoptosis in vivo (Katsu et al., 2010).

Most mollusks and other invertebrates use hemocyanin for oxygen transport. Interest-
ingly, Arcidae blood clams contain the red hemoglobin pigment of vertebrates. The pigment is
found simply dissolved (not in corpuscles) in the blood and tissues, and it colors the muscle red.
Peculiar functions have been reported in the clam Lucina pectinata, where hemoglobin I is a sul-
fide-reactive protein that reacts with H,S to form ferric hemoglobin sulfide (Rivera et al., 2008).

Blood clams, such as T. granosa, Scapharca inaequivalvis, Anadara trapezia, and
S. broughtonii, contain 2 types of hemoglobins that cooperatively bind oxygen (Chiancone
et al., 1981; Royer et al., 1985). The major hemoglobin component, Hbll, is formed by two
polypeptide chains (A and B) that associate to form an A B, heterotetramer. The minor hemo-
globin component, Hbl, is made of a third type of chain that associates with itself to form a
homodimer. These globin chains are encoded by different genes. 7. granosa Hbl (Tg-HbI) was
cloned and characterized in our previous study (Bao et al., 2011Db).

Investigation of the hemoglobin genes could advance our understanding of the functions
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of hemocytes in the innate immune system and provide new perspective for disease control in
the blood clam. The purposes of this study were to 1) clone the full-length cDNA and gDNA of
Hb genes from 7. granosa, 2) compare and investigate the diversity of Tg-Hbs and evolution of
molluskan Hbs, and 3) detect mRNA temporal expression of 7g-HbIl in hemocytes of 7. granosa
after Vibrio parahaemolyticus, lipopolysaccharide (LPS), and peptidoglycan (PGN) stimulation.

MATERIAL AND METHODS
Injection challenge, tissue collection, and cDNA synthesis

Blood clams, averaging about 30 mm in shell length, were collected from a clam
farm in Ningbo and acclimatized in seawater tanks (10 m?®) for 1 week before processing. The
seawater temperature was 23° = 1.0°C and the salinity was 30% throughout the experiments.
Seawater was changed every day. For challenge experiments, 60 clams were injected with V.
parahaemolyticus (MM21). For each individual, 20 pL live V. parahaemolyticus suspended
in PBS (2 x 10 CFU/mL, pH 7.2) was injected into the foot muscle. Four individuals were
randomly sampled at 1.5, 3, 6, 12, 24, and 48 h after injection. Clams challenged with LPS
(L6511, Sigma, USA) and PGN (53243, Sigma) were injected with 20 pL 0.2 mg/mL of each
reagent in 0.85% NaCl as described for the V. parahaemolyticus group. Un-injected clams
and 60 clams injected with 20 pL. PBS were used as the time 0 (at 0 h) and control groups,
respectively. Tissues of healthy clams, including hemocytes, adductor muscle, foot, digestive
tract, gill, and mantle, were collected from 3 clams to investigate tissue-specific expression of
Tg-HbII. Total RNA was extracted from tissues with the TRIzol reagent (Invitrogen, USA) ac-
cording to manufacturer protocols. The extracted RNA was then treated with RQ1 RNase-Free
DNase (Promega, USA) to remove contaminating DNA. cDNAs were synthesized from total
RNA with M-MLYV reverse transcriptase (Promega) and Oligo(dT) primer (Sangon, China).

c¢DNA library construction and expressed sequence tag (EST) analysis

A cDNA library was constructed from the hemocytes of a blood clam, using the Creator
Smart cDNA Library Construction Kit (Clontech, USA) and the TRIMMER-DIRECT kit (Evro-
gen, Russia). Random sequencing of the library using T7 primer (Table 1) yielded 2278 success-
ful sequencing reactions. BLAST analysis of all ESTs revealed that a 445-bp EST was highly
similar to hemoglobin in Scapharca kagoshimensis (Score 208 bits, Expect 2.00E-52, Identities
75%, GenBank accession No. ACN90947), another EST (386 bp) was highly similar to poly-
meric hemoglobin in Barbatia lima (Score 139 bits, Expect 2.00E-31, Identities 78%, GenBank
accession No. BAA09964); both ESTs were used to design primers for cloning the Hb genes.

Cloning of the full-length ¢cDNA of Tg-HbIIA and Tg-HbIIB genes

For Tg-HbIIA cDNA cloning, gene-specific primers 7g-HbIIA-F1 and Tg-HbIIA-R1 (Table
1) were designed based on the partial sequence data of HbIIA. The 3'-RACE PCR was performed
with the gene-specific Tg-HbI-F1 primer and universal vector primer T7. PCR cycling conditions
included 35 cycles of 94°C for 40 s, 56°C for 40 s, and 72°C for 50 s, and an extension of 72°C for 10
min. The 5-RACE PCR was performed with the gene-specific Tg-HbIIA-R1 primer and universal
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vector primer T3. PCR cycling conditions were as described above, with a 58°C annealing tempera-
ture. For Tg-HbIIB cDNA cloning, gene-specific primers 7g-HbIIB-F1 and Tg-HbIIB-R1 (Table 1)
were designed based on the partial HbIIB sequence data. The strategy for HbIIB RACE is the same
as for HbIIA, but with different primers and annealing temperatures. PCR products were cloned into
the pMD18-T simple vector (TaKaRa, Japan) and sequenced in both directions with primers M13-
47 and RV-M. The sequences were verified and subjected to cluster analysis.

Table 1. Sequences of primers used in this study.

Primers Sequence (5'-3") Application

RACE
Tg-HbIIA-F1 TTTGTTTGCCTTGAGACCAG 3'-RACE PCR
Tg-HbIIA-R1 ATTTCAATCTGGATGGGTCA 5'-RACE PCR
Tg-HbIIB-F1 ATTCGGAGCAATCAATGAGC 3'-RACE PCR
Tg-HbIIB-R1 GTCTGGTCTCAAGGCAAACA 5'-RACE PCR
T3 ATTAACCCTCACTAAAGGGA Universal RACE primer
T7 TAATACGACTCACTATAGGG Universal RACE primer
M13-47 CAGCACTGACCCTTTTGGGACCGC Sequence primer
RV-M GAGCGGATAACAATTTCACACAGG Sequence primer

Intron
Tg-HbIIA-GSP1-1
Tg-HbIIA-GSP1-2

ACTGACAAACAATTACGACA
CGTTCATTTGCTCCTAGTGACG

First outer primer for first genome walking
Second nested primer for first genome walking

Tg-HbITA-GSP1-3
Tg-HbIIA-GSP2-1
Tg-HbIIA-GSP2-2
Tg-HbITA-GSP2-3
Tg-HblIIB-intron-F
Tg-HblIB-intron-R
qRT-PCR

Tg-HbIIA-Real-F
Tg-HbIIA-Real-R
Tg-HbIIB -Real-F
Tg-HbIIB -Real-R
Tg-18S rDNA-F
Tg-18S rDNA-R

CATGTCCATTGATGGTTGGTCC
GTCAACGTGATTGCGTGTCCTCTC
CATGGATGTTATGGTGCTGTATC
TGTTTAATCAAGCAATGTTACACCGT
CACAGACCCAGAGGTTGTTAAAGAC
GCCGCTCTGATAACATCAATAAGTT

GCACAGGCTTAATGCTTATGGG
ACATTTCAATCTGGATGGGTCA
GTAGATTCAGTGCCACTTGGGTTAA
TGATGTCTTTAACAACCTCTGGGTC
CTTTCAAATGTCTGCCCTATCAACT
TCCCGTATTGTTATTTTTCGTCACT

Third nested primer for first genome walking
First outer primer for second genome walking

Second nested primer for second genome walking

Third nested primer for second genome walking
Forward primer for HbIIB intron amplifying
Reverse primer for HbIIB intron amplifying

qRT-PCR forward primer for Tg-HbIIA
qRT-PCR reversed primer for Tg-HbIIA
qRT-PCR forward primer for Tg-HbIIB
qRT-PCR reversed primer for Tg-HbIIB
qRT-PCR forward primer for 18S rDNA
qRT-PCR reversed primer for 18S rDNA

Nucleotide and amino acid sequence analysis

Nucleotide and deduced amino acid sequences of Tg-HbIIA and Tg-HbIIB cDNA were
analyzed with DNAMAN 5.2.2. Hb sequences from different organisms were aligned in NCBI
BLAST. A multiple sequence alignment was created with ClustalW (http://www.ebi.ac.uk/
clustalw/), and a neighbor-joining (NJ) phylogenetic tree of Hb was drawn in MEGA 3.1 (http://
www.megasoftware.net). The calculated molecular mass and theoretical isoelectric points were
predicted by the EMBOSS model of protein isoelectric point (http://isoelectric.ovh.org/).

Cloning and analysis of genomic Tg-HbIIA and Tg-HbIIB

Genomic DNA was purified from the adductor muscle with the Genomic DNA Puri-
fication Kit (Promega). Genomic 7g-HbIIA sequence was obtained through a genome walk-
ing approach with the Genome Walking Kit (TaKaRa). Three gene-specific primers (Table 1)
based on known sequences of the 3'-flanking region of 7g-HbIIA and shorter arbitrary degen-
erates (AP1, AP2, AP3, and AP4) were used for every genome walk. All gene-specific primers
used for amplifying the introns and the promoter region are listed in Table 1. The sequences
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of'the 4 short degenerate AP primers from the kit are unknown (proprietary). Reaction volume
and tertiary amplification cycling conditions were according to the manufacturer protocol.
Specific PCR products were cloned and sequenced. Genomic sequences of Tg-HbIIB were
obtained using 2 pairs of primers designed for the 5'- and 3'-ends of the cDNA sequence (Table
1). Intron location and gene structure for both genes were confirmed by comparison with the
cDNA sequences of Tg-HbII4 and Tg-HbIIB and the S. inaequivalvis Hbll genes.

Multiple sequence alignment, tertiary structure prediction, and phylogenetic
analysis of Tg-HbII

The presumed tertiary structure was established using the SWISS-MODEL predic-
tion algorithm (http://swissmodel.expasy.org/) and displayed in Deep View/Swiss-Pdb Viewer
version 3.7. An unrooted phylogenetic tree of molluskan Hbs was constructed based on amino
sequence alignment by the NJ algorithm embedded in MEGA 3.1. Branching reliability was
tested by bootstrap re-sampling (1000 pseudo-replicates).

Quantitative real-time PCR of Tg-HbII genes

Expression of Tg-HbIIA and Tg-HbIIB transcripts in tissues and the temporal expres-
sion profile in hemocytes after V. parahaemolyticus, LPS, and PGN challenge were measured
with the SYBR Green quantitative real-time Stratagene Mx3000P Real-Time PCR System.
Tg-HbllA-specific primers T7g-HblIA-Real-F and Tg-HbIIA-Real-R (Table 1) were used to
amplify a 185-bp product, which was sequenced to verify PCR specificity. Tg-HbIIB-specific
primers 7Tg-HbIIB-Real-F and Tg-HbIIB-Real-R (Table 1) were used to amplify a 97-bp prod-
uct for real-time PCR. Clam 18S rDNA primers Tg-18S rDNA-F and Tg-18S rDNA-R (Table
1) were used to amplify a 195-bp fragment as a control to verify the reverse transcription and
calibrate the cDNA template. On a 96-well plate, each sample was run in triplicate along with
the internal control. The reaction components, thermal profile, and data analysis were con-
ducted as previously described (Bao et al., 2011b). All data are provided in terms of relative
mRNA and reported as means + standard error (N = 4). The data were then subjected to the
least significant difference test to identify differences in mean values between treatments. A
P <0.05 was considered to be significant. Statistical analysis was performed with SPSS 13.

RESULTS
c¢DNA library construction and EST analysis

A normalized full-length cDNA library was constructed from blood clam hemocytes.
From this library, 2278 ESTs from the 5'-end of cDNA clones with an average length of 459 bp
were obtained. Cluster analysis identified 1501 unique sequences containing 173 contigs and
1328 singletons. Two ESTs were highly homologous to HblI from S. kagoshimensis and B. lima.
c¢DNA cloning and sequence analysis of Tg-HbIl

A 731-bp nucleotide sequence representing the complete cDNA sequence of 7g-HbIIA4
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and 698 bp of Tg-HbIIB was obtained by assembling corresponding ESTs amplified with spe-
cific primers. The sequences were deposited in GenBank under accession No. HQ729976 for
Teg-HbII4 and HQ149306 for Tg-HbIIB. The complete sequence of 7g-HbIIA cDNA contained
a 5'-untranslated region (UTR) of 63 bp, a 3'-UTR of 218 bp with a poly(A) tail, and an open
reading frame (ORF) of 450 bp encoding a polypeptide of 150 amino acids. The molecular mass
calculated of the deduced mature Tg-HbIIA protein was 16.23 kDa, and the theoretical isoelec-
tric point was 8.84. The nucleotide and deduced amino acid sequences of Tg-HbIIA are shown in
Figure 1A. The complete sequence of Tg-HbIIB cDNA contained a 5'-UTR of 61 bp, a 3'-UTR
of 181 bp with a poly(A) tail, and an ORF of 456 bp encoding a polypeptide of 152 amino acids.
The molecular mass calculated of the deduced mature Tg-HbIIB protein was 17.23 kDa, and the
theoretical isoelectric point was 5.74. The nucleotide and deduced amino acid sequences of 7g-
HbIIB are shown in Figure 1B. Heme-binding sites are also shown in Figure 1.

A

1 ACTTTCGAGTCCAACTTTTGCTGAAAACGTTGTCTGCAAACGAGAAGAACTAAAGCAACA
61 AAA@GTTGATGCAGCAGTTGCAAATGTATGCGGCAGTGATGCCATCAAGGCAAACCTT
1 M VDAAVANVYVCGSDATIZKANTL
121 AGAAGAAGCTGGGGCATGTTATCAGCTGATATTGAAAGCACAGGCTTAATGCTTATGGGC
20 RRSWGGMLSADTIESTGLMLMG
181 AATTTGTTTGCCTTGAGACCAGACACAAAATCTTACTTCACACGTTTAGGAGATGTACAA
40 NLFALRPDTZEKSYEFETRILGDUVAQ
241 AAAGGAAAGGGTAATTCCAAATTGAGAGGACACGCAATCACGTTGACATACGCACTCAAC
60 K GKGNSZKLRGHATITTLTYATLN
301 AACTTTGTTGACTCTCTTGATGACCCATCCAGATTGAAATGTGTTGTAGAAAAGTTTGCT
80 NFVDSLDDPSRLEKTCVVEZKTFA
361 GTTAATCATATTAACAGAAAAATCAGTGCCGAAGCATTCGGAGCAATCAATGAGCCCATG
100 VNHINRIEKTISAEAEFGAINETPM
421 AAGGAGACATTGAAGGCTAGAATGGGAAGCTATTACAGTGATGAGTGTGCTGCTGCATGG
120 KETLEKARMGSYYSDET CAAAW
481 GCCGC'I‘C'I"I‘G'I"I‘GC'['G'['/\GTCC/\/\GC'I‘GCCT’]‘/\/\'['GT/\GT'I‘/\'['CTG(‘:/\CC/\/\CC/\'I‘
140 AAAL VAV YV QAAL *

541 CAATGGACATGTCTTAACATTACACTCTACCAATTGTTGATGTTAGATACGTCACTAGGA
601 GCAAATGAACGATTATATCACTAAACATGTAGTTGATGTCGTAATTGTTTGTCAGTGTTT
661 CTATTTTTTGTTCTTAGTTTTCTTCTGAATTTCA ACCTGTAGCATATAGAAAAA
721 AAAAAAAAAAA

B

1 GAAATCAAAGCAGGTGCTCTTTGTAGATTCAGTGCCACTTGGGTTAACTTCAACTGTAAG
61 AGTGTCAACGAAGCAATCAAAGCCGCCACAGACCCAGAGGTTGTTAAAGACATCAG
1 MGV NEATITIKAATDPEVVKDTIR
121 AGAAACATGGGAAATGGTATCAGGAAAAAAGAAAAATGGCGTAGTTCTAATGATAAAATT
21 ETWEMYVY SGKZ KTE KNGV VLMTIZKITL
181 GTTCGATATGGAAGAAAAAGCCATACCATTTTTCAAACGTATGGGGGATCTATCTGATCC
41 FDMEEKATITPEEKRMGDTLSDFP
241 ATGGAACAACAGGAAGTTAAATGGTCATGGTTTAACACTTTGGTATGGAATCCAAAATTT
61 WNNREKLNGHGLTLWYGTIQNTF
301 CGTTGATCAGCTTGATAATGCAGATGATTTAGAAGATGTTGCACGAAAATTCTCAGTACA
81 VDQLDNADDTLEDVAREKTEFSVQ
361 ACATACAGCAAGAGGAGTTGGTTCAATTGAATTCGGGTGGATTAAAGCTCCTCTTGCAGA
101 HTARGV GSTEEFEFGWIZKAPTLAE
421 ATTTCTGAGAGAAAAATTGGGAGACAAATGCACAGACAGACATGTTGAATCATGGGGAAA
121 FLREKLGDZ KTCTDRHYVYESWGK
481 ACTTATTGAT( GT'I‘ATL‘AGAGCGGCCCT’I‘ACCGAAGCAAAAAACGAC']‘A'I"l"l"l‘GA'l‘
141 LI DVIRAALTEA*

541 GGAAGATAATGGACTATTCCAATAGTAAAAGAATTCAATAATGAACTTGTTTTCAAATTGT
601 TCCTGTTCAAATCCGTATATCATTTTTTGTAATTCTTACTCTTGTATTCTATCAATAAAGC
661 CATACAT CTGAAAAAAAAAAAAAAAAAAA

Figure 1. Nucleotide and deduced amino acid sequences of Tg-HbIIA (A) and Tg-HbIIB (B). Letters in boxes are
the start codons (ATG), the stop codons (TAA or TGA), and the polyadenylation signal sequences (ATTAAA). The
asterisk indicates the stop codon. The heme binding sites are in bold and underlined.
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Homologous and phylogenetic analysis of Tg-HbII

The Hb amino acid sequence alignment showed 32% identity and 47.7% similar-
ity between Tg-HbIIA and Tg-HbIIB, 56% identity and 68.7% similarity between Tg-HbI
(HQ149305) and Tg-HbIIA4, and 38.6% identity and 53.6% similarity between 7g-HbI and Tg-
HbIIB (Figure 2A). HbIIA was highly conserved among 3 species of blood clams: 7. granosa,
S. inaequivalvis, and S. kagoshimensis (Figure 2B); however, HbIIB showed relatively little
conservation between 7. granosa and Scapharca (Figure 2C). Alignment with HblI from other
mollusks (4. trapezia, B. lima) only showed conserved structural motifs, functional domain,
heme-binding sites, etc. (Figure 2C). The tertiary structures of 3 Tg-Hbs were predicted by the
SWISS-MODEL prediction algorithm (Figure 3). The typical structure of Hb is composed of a
heme prosthetic group held within the alpha helical globular fold of a 100- to 200-amino acid
protein monomer by a covalent bond to a histidine side chain termed the ““proximal histidine”.
Overall, the 3-D structures of the Tg-Hbs are similar, except for a divergence in the number and
length of the alpha helices. The amino acids forming the heme pocket are more well conserved
than other regions. Only one residue divergence exists between 7g-HbI and Tg-HbIIA, i.e., the
addition of VAL'* in Tg-HbI. In comparison to Tg-HbI and Tg-HbIIA, Tg-HbIIB was relatively
more different; residues ALA*, PHE>, GLN!®, and ILE'* were unique in Tg-HbIIB.

A

Tg-HbI RIPSVQDAAAQISADEMKKDIMAD SIA AIMERIDK T N 60
Tg-HbIIA RIVDAAVANVCGSDAMKANMENR SRIGMSEPAD I E 60
Tg-EbIIB BIGVNEAIKAATDPERVKDESNFE TRIF MEEEEK KK 59

Tg-HbI GKNRID| GH SPADMICHYVERSEY 120
Tg-HbIIA GKGRIS) DPSRMKC| 120
Tg-HbIIB PWNRRESEN(E N A D DJSE D 119

Tg-HbIl KVMASLN---FGERYANEW 147
Tg-HbIIA ETPKARMGSYYSBECAARN 150
Tg-HbIIB EFEREKLGDKCTRHVEERIEX 152
B

Tegillarca granosa -MVDAAVANVCGSDAREIANERIR L G JALRPDTKS o s9
Barbatia lima MSFEEAALEVIGSEK] L )2 KMEPGSE 60

Barbatia virescens MSKPAEATAAVTQEDY SLEKDTAR 60
Scapharca inaequivalvis -MVADAVARVCGSEX] [TLRPDTKT Q 59
Scapharca kagoshimensis -MVDAAVAXVCGSEARGANMGR SEIgviAcaD T EAT(g S TLRPDTKT o s9
Tegillarca grancsa KGK[§--Nsx| INE 117
Barbatia lima SGM[E--RDK MK 118

Barbatia virescens ANNHGSNRE LD 120
Scapharca inaequivalvis KGKH--NSK] VE 117
Scapharca kagoshimensis KGKi--NSK| vE 117
Tegillarca granosa PMKETH@xaRM| :vsm-:cm 150
Barbatia lima PIREVMMERMEQFNMDESFVD) 155

Barbatia virescens TLDQFM@GDSLEVNHTAEVKD] 158
Scapharca inaequivalvis PMKETEXARMENYHMSDDVAG) 150

E ¥ is PMRETHXARMEN YRS DDVAGHE 150

C
Tegillarca granosa --MGVNEQIRAATDPEVVXDEE bl 57
Scapharca inaequivalvis MSKVAELENAVVSNADQKDL)A HsPSHKGE 60
Scapharca kagoshimensis MSRVAELEINAVVSNADQKDLJ BTER 60
Anadara trapezia MSTVAELRNAVVSNADQKDL)E TR 60
Barbatia lima --MSVAKETEDATQPGNRNL 57
Tegillarca granosa x 115
Scapharca inaequivalvis 118
Scapharca kagoshimensis 18
Anadara trapezia 118
Barbatia lima x 117

Tegillarca granosa
Scapharca inaequivalvis
Scapharca kagoshimensis MGNYFDEDT]|
Anadara trapezia MGSYFDEDT|
Barbatia lima KIgMEALBEINEICN--CKQDV]

LGDKCTDRE]
MGNYFDEDT|

152
152
152
152
152

Figure 2. A. Alignment of deduced amino acid sequences of 3 Tg-Hbs from the blood clam Tegillarca granosa. B.
Alignment of HbIIA from 5 clams. C. Alignment of HbIIB from 5 clams. Conserved amino acid residues are shaded
in black, and similar amino acids are shaded in gray.
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Figure 3. Predicted 3-D spatial structures of Tg-Hbl, Tg-HbIIA, and Tg-HbIIB using the SWISS-MODEL program
and displayed with the Swiss-PDB viewer. The a-helices are shown as red ribbons and the amino acids essential for
heme binding are shown in detail with the amino acid skeleton and labeling.

An NJ tree constructed on the basis of 25 molluskan Hb sequences is shown in Fig-
ure 4. Two major monophyletic groups, one including the deep sea clam genus Calyptogena,
tropical clam genus Lucina and Phacoides, and the other including other clams, are included.
The Antarctic clam Yoldia eightsi does not cluster with either group. The Hb-based tree pro-
vides information on the evolution of the species and genes.

Genomic structure of 7g-HbII genes

Figure 5 shows the genomic organization and structural comparison of 7g-HbI (Gen-
Bank accession No. JQ713118) and 2 HblI genes in the blood clams 7. granosa and S. inae-
quivalvis. The full-length Tig-HbIIA genomic DNA consisted of about 1797 bp (JQ713119)
and contained 3 exons and 2 introns. The Tg-HbIIB genomic DNA consisted of about 3203 bp
(JQ713120) and contained 3 exons and 2 introns. All introns were located within the ORF. All
exon-intron junctions followed the consensus rule of the splice acceptor-AG/GT-splice donor
for splicing. The cDNA length of 2 Tg-HbII genes was similar in length; however, the length
of the Tg-HbIIB gDNA was much longer than that of 7g-HbIIA due to the long first intron
(2179 bp) of Tg-HbIIB. Compared with S. inaequivalvis Hbll genes (Si-HbII), the HbIIA gene
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93 | S- inaequivalvis HbIA/T
94| | S. kagoshimensis HbILA/T
100 A. trapezia Hb alpha/D
79 B 7. granosa HblIA/T

A. trapezia beta/T
4 100 | | S- inaequivalvis HHHB/T
98 | S. kagoshimensis HblIB/T

—— @ T. granosa HbVD

79

Cluster A 100 S. kagoshimensis HbVD
100 [ S. inaequivalvis HbVD

99

B. lima befa chain/T
B. virescens heterodimeric/D

— B. virescens chain VD
A T. granosa HblIB/T

59
58 B. lima delta chain/D

Y. eightsi Hb/D/Poly

1) — L. pectinata Hol/'T
L P pectinatus HbW/D

100 [— L. pectinata HboVM
L £, pectinatus HoyD
57 C. nautilei HbIlWD
5 C. soyoae HbW/D
Cluster B Y C. nautilei hemoglobin HbIV/M
36 — C. kaikoi Hb chain VD
ol e soyoae HbVD

79

—
0.2

Figure 4. Phylogenetic tree for molluskan hemoglobins, constructed with the neighbor-joining method. The
numbers at the forks are bootstrap values. The species and the GenBank accession Nos. are as follows: Scapharca
inaequivalvis (P14821, AAB51308, CAAS50510), S. kagoshimensis (ACN90947, ACN90948, ACN9(0946),
Anadara trapezia (P04251, P14394), Tegillarca granosa (HQ729976, HQ149306, HQ149305), Barbatia lima
(BAA09965, BAA09967), B. virescens (BAA09587, AAB24577), Yoldia eightsi (AAMO00251), Lucina pectinata
(P41261, P41260), Phacoides pectinatus (P41262, P41260), Calyptogena nautilei BAD34605, BAD34606), C.
soyoae (P14805, P14528), C. kaikoi (BAD34601). Protein structures are indicated as monomeric (M), dimeric (D),
or tetrameric (T).

structure was more conserved than that of HbIIB; the 3 exons are of the same length in HbIIA
(Figure 5). The Tg-HbIIB gDNA sequence was longer than that of Si-HbIIB. The length of
exon 2 was conserved (220 bp) in all blood clam hemoglobins. Further, many minisatellite
tandem sequences were found in the Hb introns, including 2 dimers in 7g-Hb/, 2 dimers and 1
tetramer in 7g-HbIIA, 5 dimers and 3 trimers in 7g-HbIIB. Overall, the gene structures of 7g-
HbI and Tg-HbIIA were more similar than 7g-HbIIA and Tg-HbIIB, although Tg-HbIIA and
Tg-HDbIIB associate to form heterologous tetramers.
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Figure 5. Genomic organization and comparison of Tg-Hbl and two kinds of HbII gene structure between the blood
clam Tegillarca granosa and Scapharca inaequivalvis. Exons 1-3 are indicated by boxes with different colors.
Introns are indicated by lines and are numbered. The numbers above the boxes and below the lines are length in
base pairs.

Temporal expression of 7g-HbII after challenge

Expression of Tg-HbII mRNA in clam hemocytes after V. parahaemolyticus, LPS,
and PGN challenge was quantified by qRT-PCR, using 18S rRNA as an internal control. The
expression of 7g-HblIA and Tg-HbIIB transcript was generally upregulated after all of these
challenges, although expression levels differed (Figure 6). The quantity of Tg-HbIIA tran-
scripts increased gradually from 1.5 to 12 h, reaching a peak about 600-fold greater (P <0.01)
than at time 0 in the V. parahaemolyticus group, about 250-fold in the LPS group, and about
500-fold in the PGN group, then rapidly decreased from 12 to 24 h to 10-30-fold at 48 h (Fig-
ure 6A). Transcripts of Tg-HbIIB were detected at various levels in the 3 challenge groups.
In the Vibrio challenge group, the expression of 7g-HbIIB mRNA was similar to that of 7g-
HbIIA, although transcript quantities were significant lower than those of Tg-HbIIA4, with the
peak at 12 h of about 80-fold (P <0.01) over time 0. In the LPS and PGN challenge groups, the
quantity of Tg-HbIIB transcripts increased gradually from 0 to 6 h, reaching their highest level
at 6 h (about 20-fold compared with time 0, P < 0.05), and then decreasing gradually from 12
to 48 h (Figure 6B). In the control group (PBS), levels increased only slightly between 3 and
24 h due to the injection wound (less than 10-fold). No mortality occurred in the challenged
and control groups.
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Figure 6. Real-time PCR analysis of Tg-HbIIA (A) and Tg-HbIIB (B) gene expression in hemocytes of the blood
clam challenged with Vibrio parahaemolyticus, lipopolysaccharide (LPS), and peptidoglycan (PGN). Comparison
of the level of Tg-HbIl mRNA (relative to 18S rDNA) at different time points was performed using the Student
t-test. Data were analyzed from 4 individuals. Vertical bars are reported as means + standard error (N = 4).
Significant differences between challenged and zero time point are indicated with an asterisk for P < 0.05, and with
two asterisks for P <0.01.

DISCUSSION

Two components of 7g-HbII (Tg-HbIIA and Tg-HbIIB) were cloned and compared to
Teg-HbI reported in our previous study (Bao et al., 2011a). Sequence analysis indicated that the
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3 Hb genes had conserved sequences in the heme-binding region, but low amino acid simi-
larity in other regions. Hbl and Tg-HbIIA were more similar in terms of the primary protein
or gene structure, and 7g-HbIIB was more divergent. This diversity probably reflects erratic
evolutionary changes in Tg-HbIIB, suggesting that they evolved differently from the ancestral
Hb gene. Despite the relatively high cDNA and protein sequence diversity, a comparison of
the 3-D structures of Tg-Hbs revealed they were highly similar, only varying in the number
of amino acids in several alpha helices. In most cases, divergences in sequence and structure
are parallel, but structural changes are more conserved than sequence changes in the Hb of
T. granosa, especially in the heme pocket. The similarity in folding pattern likely stabilizes
Hb structure and function in evolutionary terms. These results were consistent with previous
reports (Lecomte et al., 2005).

Two distinct clades were observed on the evolutionary tree. Three Tg-Hbs appeared
in Cluster A, which belong to blood or ark clams. Hbs in Cluster B are clams from extreme
environments, such as the deep sea and Polar Regions. In this context, the Hbs are good models
for gene family evolution. The evolutionary rate of Calyptogena and Phacoides hemoglobins
is faster than those of other clams, suggesting that the mutation rate might be accelerated in
deep-sea animals around areas of cold seeps or hydrothermal vents (Suzuki et al., 2000; Torres-
Mercado et al., 2003). The tropical clam Lucina is not a deep-sea clam, but its Hbl is sulfide-
reactive and supposed to play an important role in transporting sulfide to a bacterial symbiont
(Suzuki et al., 2000). The Antarctic clam Y. eightsi Hb gene is separated from other molluskan
Hb genes, and this diversity may be an important part of adaptation to its polar low-temperature
environment (DeWilde et al., 2003). This remarkable diversity in hemoglobin constituent
chains and subunit structure suggest that gene duplication and fusion have occurred frequently
during the course of the evolution of clam hemoglobins, indicating that the living environment
can influence Hb evolution, leading to diversity of structure and function.

Vertebrate and many invertebrate globin genes have a 3 exon/2 intron organization,
and the blood clam is no exception. Hinds and Blake (1985) argued that DNA is organized so
that coding sequences (exons) correspond to structural as well as functional units of proteins
(Go, 1981). In our study, exon 2 was conserved in Hb evolution in the blood clam. The central
coding sequence corresponds to the heme interactive and binding functions. Minigenes that
can be translated to coding sequences of Hb were found in blood clam S. inaequivalvis HbIl
genes (Gambacurta et al., 1998), but were not found in 7. granosa or other organisms. How-
ever, many minisatellite tandem sequences were found in the introns of Tg-Hbs, especially
in Tg-HbIIB. The genomic mechanism for generation of these minisatellites remains unclear.
These minisatellite repeats might be involved in transcriptional regulation of the Hb genes.
Furthermore, polymorphisms in introns could serve as genetic markers for studying genotype-
phenotype associations and marker-assisted selection.

While hemoglobin is one of the most well-characterized proteins due to its function
in oxygen transport, few additional properties have been described. Recently, other functions
of Hb have been discovered and investigated (Rizzi et al., 1994; Wittenberg and Stein, 1995;
Terwilliger, 1998; Coletta et al., 1999; Weber and Vinogradov, 2001; Kawano et al., 2002;
Wajcman and Kiger, 2002; Wajcman et al., 2009). ROS-mediated antimicrobial activity is a
powerful host defense mechanism. Studies have shown that the respiratory protein hemoglobin
can produce ROS (Jiang et al., 2007). Recently, studies have also shown that antibacterial
peptides derived from hemoglobins and intact hemoglobins have antibacterial activity in
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some higher vertebrates (Parish et al., 2001; Nedjar-Arroume et al., 2008). Studies have also
demonstrated that hemoglobin is able to detect, scavenge, and detoxify NO; NO detoxification
has been linked to bacterial resistance (Gardner and Gardner, 2002; Wajcman et al., 2009). Given
that hemoglobin is involved in many aspects of antibacterial immunity, investigating whether
hemoglobin mRNA expression responds to an immune challenge may provide preliminary
evidence for an immunomodulatory role of Hbs. In this study, the Tg-Hb mRNA transcripts in
hemocytes increased markedly after V. anguillarum, LPS, and PGN challenge, indicating that
the expression of Tg-Hbs is significantly induced by bacterial stimulation. Studies have shown
3 ways in which Hb is involved in antibacterial immunity: peptides degraded from Hb, ROS
produced by Hb killing bacteria, and NO-mediated killing. In each case, Hb mRNA increases
to synthesize more Hb protein. Our study shows that Tg-Hb is involved in the antibacterial
immune response.

CONCLUSION

The study of the structure and function of molluskan Hbs is still in its infancy. In this
and the other studies cited, full-length cDNAs of 3 Tg-Hbs (7g-Hbl, Tg-HbIIA, Tg-HbIIB)
were cloned from the blood clam 7. granosa. Sequence and structural analysis revealed evo-
lutionary changes that may be significant in molluskan diversification and adaptation to dif-
ferent environments. Tg-Hb mRNA expression in hemocytes was markedly upregulated after
V. parahaemolyticus, LPS, or PGN challenges. These results indicate that Tg-Hbs modulate
immune responses in the blood clam and provide molecular evidence for Hbs as immuno-
modulatory proteins in the antibacterial immune response. In future studies, we will examine
the mechanism(s) of transcriptional control of Tg-Hbs and the possible association of single
nucleotide polymorphisms with the clam’s resistance/susceptibility to bacterial infections.
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