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1. Introduction

ABSTRACT

Toll-like receptors (TLRs) are well-characterized pattern recognition receptors of innate immunity,
known to induce immune responses against the pathogens by interacting with evolutionarily conserved
pathogen-associated molecular patterns (PAMPs). In this study, a novel TLR homolog from disk abalone
(Haliotis discus discus) was identified and characterized at molecular level. The open reading frame (ORF)
of AbTLR is 3804 bp in length and encodes a 1268 amino acid peptide with a calculated molecular mass of
143.5 kDa. The deduced protein shows typical TLR domain architecture, with leucine rich repeats (LRR)
and the toll-interleukin receptor (TIR) domain. Phylogenetic analysis revealed a close evolutionary
relationship for AbTLR to its invertebrate counterparts, with close clustering to the molluscan homologs.
Quantitative real-time PCR detected ubiquitous transcription of AbTLR in healthy tissues, but with highest
levels in hemocytes. Differential transcriptional modulation of AbTLR was observed in abalone hemocytes
and gills upon immune challenge, whereby Vibrio parahaemolyticus and purified lipopolysaccharide (LPS)
enhanced the transcript level prominently. In addition, the viral hemorrhagic septicemia virus induced
ADBTLR transcription in hemocytes and gills, representing the first evidence of viral-induced immune
response in mollusks to date. Collectively, our findings support a putative role for AbTLR in abalone
antiviral and antibacterial defense.

© 2013 Elsevier Ltd. All rights reserved.

microorganisms and are known as pathogen-associated molecular
patterns (PAMPs) [1,2]. The most extensively studied PRRs are the

Invertebrates depend exclusively on innate immunity to combat
infectious non self-agents, such as pathogenic microorganisms,
since they do not possess an adaptive immune system. Recognition
of invading pathogens to mount the innate immune response is
generally mediated by the host-expressed pattern recognition re-
ceptors (PRRs), which interact with evolutionarily conserved,
ubiquitously expressed molecular factors that decorate pathogenic
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Toll-like receptors (TLRs), and many of their PAMP ligands are well-
characterized, including the lipopolysaccharide (LPS) and pepti-
doglycan cell wall components of bacteria and the flagellin protein,
as well as free nucleic acid strands from lysed bacteria and viruses
[3,4]. Moreover, these collective studies have revealed that the
critical regulatory role of TLRs in innate immunity has been
maintained throughout evolution, from cnidarians to mammals [5].
Indeed, recent studies demonstrating the compatibility of inver-
tebrate and vertebrate innate immune systems have implicated the
TLR-mediated immune signaling pathways as a key commonality
[6,7].

The various TLR family members control different immune
signaling pathways by activating a wide array of down-stream
signaling molecules, such as myeloid differentiation factor 88
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(MyD88), interleukin-1 (IL-1) receptor-associated kinase (IRAK), TNF
receptor-associated factors (TRAFs), and nuclear factor kappa B (NF-
kB) [8]. These various TLR signaling pathways culminate in the
stimulation of particular genes’ expression and immune-modulatory
factors’ activity, such as the cytokines. However, for all known TLRs
the signal originates from a cellular membrane, either the plasma
membrane (TLR1, 2, 4, 5, 6, and 10) or an intracellular endosome
membrane (TLR 3, 7, 8, and 9) [9]. The common transmembrane
localization is reflected in the characteristic protein structure of TLRs,
which includes an ectodomain that protrudes outwards and is
composed of <26 leucine rich repeat (LRR) motifs, a transmembrane
domain, and an endodomain that extend inward and contains the
signature Toll/IL-1 receptor (TIR) domain [10]. The TIR domain not
only mediates localization of the TLR molecule to a particular
membrane region but also initiates the down-stream signaling
cascade [11,12].

Even though several invertebrate TLRs have been identified to
date, only a few represent the molluscan species, including Cras-
sostrea gigas [13] and Chlamys farreri (Akazara scallop) [14]. Yet,
understanding the innate immune responses of marine inverte-
brate species is rapidly becoming important for the global food
industry. Marine invertebrates, especially mollusks and arthropods,
which are used as comestibles has reached to the levels of con-
sumption, comparable to fish in many of the world’s nations, with
the most prominent use being in the East and Southeastern regions
of Asia, including countries like China, Korea, and Japan. As a result,
abalone has emerged as an economically important delicacy of the
commercial invertebrate aquaculture industry. However, these
marine gastropods are sensitive to a wide range of environmental
conditions, some of which cause grievous impact on survival and
growth. Pathogenic infections, in particular, have emerged as
prominent threats to abalone integrity as a human food source
[15—17]. The fact that the natural innate immune mechanisms
functioning in abalones can tolerate some of these pathological
invasions, to a certain extent, suggests that these mechanisms may
represent targets of disease management strategies to help sus-
tainable commercial farming efforts.

In this study, a novel TLR homolog (AbTLR) from disk abalone
(Haliotis discus discus) was characterized at the molecular level.
Moreover, transcriptional modulation of AbTLR was analyzed under
pathological conditions, stimulated by live bacteria and virus, as
well as purified LPS, to determine its potential role in immune
defense of disk abalone.

2. Materials and methods
2.1. Identification of the partial cDNA sequences of AbTLR

A disk abalone sequence database was established based upon
sequencing data (Roche 454 genome sequencer FLX systems (GS-
FLX™); DNA Link, Republic of Korea) of a cDNA library generated
from mRNA isolated from whole tissues of disk abalone [18].
Searching of this database with the Basic Local Alignment Tool
(BLAST) algorithm (http://www.ncbi.nlm.nih.gov/BLAST) led to the
identification of a TLR partial length cDNA sequences (isotig18424,
isotig19106 and GSPZ16V01BZ56Q).

2.2. Identification of AbTLR complete coding sequence

A random shear bacterial artificial chromosome (BAC) library of
abalone genomic DNA was custom constructed (Lucigen, USA) and
screened for the full-length AbTLR gene by using the previously
described pooling and super pooling strategies followed by poly-
merase chain reaction (PCR) [19]. The target gene sequence-specific
primer pair, AbTLR-F and AbTLR-R (Table 1), was designed based on

Table 1
Primers used in this study.

Name Purpose Sequence (5 — 3')

AbTLR-F BAC library screening ACAGCTTCTTGGACGACGAATGGT
and qRT PCR of AbTLR

ADbTLR-R BAC library TCGTGCATGACGATGACGATGAGT
screening and qRT PCR
of AbTLR

Ab-Rp-F qRT-PCR of abalone TCACCAACAAGGACATCATTTGTC
ribosomal protein
L5 gene

Ab-Rp-R gqRT-PCR of abalone CAGGAGGAGTCCAGTGCAGTATG

ribosomal protein
L5 gene

the partial cDNA sequence of AbTLR (Section 2.1). The PCR ampli-
fication was carried out in a total volume of 20 pL containing 0.5 U
of ExTaq polymerase (TaKaRa, Japan), 2 pL of 10x ExTaq buffer,
1.6 uL of 2.5 mM dNTPs, 75 ng of template, and 10 pmol of each
primer. The thermal cycling reaction included an initial 3 min in-
cubation at 94 °C, followed by 35 cycles of 94 °C for 30 s, 58 °C for
30 s, and 72 °C for 30 s. The PCR products were analyzed on a 1.5%
agarose gel and the band representing the amplicon containing the
ADTLR gene was identified by expected size. Subsequently, detected
BAC clone was sequenced (GS-FLX™) to obtain the genomic DNA
sequence of the AbDTLR gene. The complete putative coding
sequence of AbTLR was then anticipated by analyzing the obtained
genomic DNA sequence using the BLASTx algorithm and aligning
with the existed partial cDNA sequences using DNAssist 2.2
(version 3.0) software. Coding sequence was further confirmed by
cloning the respective fragment into pGEM-T vector (Promega —
USA), after PCR amplification, using disk abalone multi tissue cDNA.
Finally, the nucleotide sequence of AbTLR was deposited in Gen-
Bank under the accession number JX827423.

2.3. In-silico analysis of AbTLR sequences

The nucleotide and predicted amino acid (aa) sequences of
AbTLR were compared with those of various TLRs from different
species that were retrieved by the BLAST search program. Pairwise
sequence alignment and multiple sequence alignment were per-
formed using the ClustalW2 program [20]. The phylogenetic rela-
tionship of these homologs was assessed by the Molecular
Evolutionary Genetics Analysis (MEGA) software (version 5) using
the neighbor-joining method with bootstrap values taken from
1000 replicates [21]. The characteristic TLR protein signatures were
predicted by the EXPASy-Prosite server (http://prosite.expasy.org)
and the SMART online server (http://smart.embl-heidelberg.de).
The EXPASy protParam tool (http://web.expasy.org/protparam) was
used to predict some physicochemical properties of the AbTLR
protein. Furthermore, in order to prefigure and compare the three
dimensional arrangement of the TLR primary protein structure,
attributing to its committed role in physiology, degree of folding
throughout the whole sequence area of AbTLR as well as its two
homologues molluscan counterparts from C. farreri and C. gigas
were predicted using FoldIndex® online bioinformatic tool [22].
Domain architectures of all three TLRs were identified using SMART
online server.

2.4. Experimental animals and tissue collection

Healthy disk abalones (H. discus discus), with an average weight
of 50 g and size of 8 cm, were purchased from the Youngsoo
Abalone Farm of Jeju Island (Republic of Korea). Upon arrival, the
live abalones were acclimated to the laboratory environment
(seawater tanks with continuous filtering and aeration; salinity:
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33 + 1 psu; temperature: 20 £+ 1 °C) for one week prior to any
experimentation. Abalones were fed daily with fresh marine
seaweed (Undaria pinnatifida). Hemolymph was collected from
pericardial cavities of three healthy, unchallenged animals, using
sterilized syringes; samples were immediately centrifuged
(3000 x g at4°C for 10 min) to harvest the hemocytes. Tissues from
adductor muscle, mantle, gill, hepatopancreas, digestive tract and
gonads were collected from three animals, snap-frozen in liquid
nitrogen, and stored at —80 °C.

2.5. Immune challenge experiment

For intact Gram-negative bacterial challenge, 100 pL of Vibrio
parahemolyticus (1 x 10* cell/mL in saline) was intramuscularly
injected into healthy, acclimated abalones. For virus challenge, a
Korean isolate of viral hemorrhagic septicemia virus (VHSV;
FWandoO05 from an infected olive flounder (Paralichthys olivaceus))
was first amplified by inoculation of cultured fathead minnow
(FHW) cells and growth in Dulbecco’s modified Eagle’s minimum
essential medium (DMEM) supplemented with antibiotics and 10%
fetal bovine serum (FBS). When the cytopathic effect was extensive,
the virus-containing supernatant was harvested and centrifuged
to eliminate cell debris. Healthy, acclimated abalones were
administered a single intramuscular injection of 100 uL of VHSV
(1 x 10® pfu/mL in saline). For the purified endotoxin challenge,
abalones were injected intramuscularly with 100 pL of LPS (500 pg/
animal, which equaled a dose of ~10 mg/kg; Escherichia coli
0127:B8 from Sigma, USA). Control groups were established for
each immune challenge experiment and included un-injected
healthy, acclimated abalones (negative controls) and saline-
injected healthy, acclimated abalones (equal volume to the chal-
lenge injection; positive controls). At 3, 6, 12, 24, 48 and 72 h post-
injection (p.i.), gill tissues were collected and hemolymph was
extracted for hemocyte harvesting (Section 2.4) from at least four
abalones of control and challenged groups for subsequent quanti-
tative real time PCR (qRT-PCR) analysis.

2.6. Total RNA extraction and cDNA synthesis

Total RNA was extracted from tissues of at least four abalones by
the Tri-Reagent™ (Sigma). After spectrophotometric quantification
(optical density at 260 nm; Bio-Rad, USA), the purified total RNA
samples were diluted to 1 ug/uL and pooled to perform multi-tissue
cDNA synthesis (PrimeScript™ cDNA Synthesis Kit; TaKaRa, Japan).
Finally, the newly-synthesized cDNA was diluted 40-fold (800 pL
total volume) and stored at —20 °C.

2.7. AbTLR mRNA expression analysis by qRT-PCR

qRT-PCR was used to detect the normal tissue distribution of
ADbTLR expression, as well as the immune-responsive and tem-
poral expression in hemocytes and gills. The qRT-PCR was carried
out in 15 pL reaction volumes composed of 4 pL of diluted cDNA
from the respective tissue, 7.5 uL of 2x TaKaRa ExTaq SYBR Green
premix, 0.6 pL of each primer (AbTLR-F and AbTLR-R), and 2.3 pL
of double-deionized (dd) H,0. A Dice™ Real Time System (TP800;
TaKaRa) was used with the following thermal cycling conditions:
95 °C for 10 s, followed by 35 cycles of 95 °C for 5 s, 58 °C for 10 s
and 72 °C for 20 s, and a final cycle of 95 °C for 15 s, 60 °C for 30 s
and 95 °C for 15 s. The same qRT-PCR cycle profile was used for
measuring expression of the internal control gene, abalone ri-
bosomal protein L5 (GenBank Accession No. EF103443), with the
respective gene-specific primers (Table 1). For all reactions, the
Dice™ Real Time System Software (version 2.00) automatically
determined the baseline fluorescence. The amount of AbTLR

expression was determined by the Livak (2722T) method [23].
Each sample was analyzed in triplicate and the data calculated
as mean + standard deviation (SD) of relative mRNA expression.
To determine the statistical significance (P < 0.05) of expression
differences between an experimental group and the negative
control group (un-injected animals), a two-tailed paired t-test
was carried out.

3. Results and discussion
3.1. Sequence characterization

The complete coding region of AbBTLR was comprised of
3804 bps, encodes for a peptide of 1268 aa. The encoded AbTLR had
a predicted molecular mass of ~143.5 kDa and theoretical iso-
electric point of ~6.1.

The overall protein sequence of AbTLR resembled the typical TLR
domain architecture, including an ectodomain with the maximum
number of LRR motifs (26) and N- and C-terminal LRR modules, a
transmembrane domain, and an endodomain with a TIR motif
(Figs. 1 and 2). The SMART online server identified an initial signal
peptide of 21 aa (Figs. 1 and 2), which agrees with the cell surface
localization of many TLRs. The fact that the AbTLR contains a
maximum number of LRRs may indicate a broad-range capacity for
recognition of different PAMPs; indeed, an increased number of LRR
motifs increases the surface area of the ectodomain and its ability to
interact with a broader spectrum of ligands of different infectious
microorganisms [24]. When the domain architecture of AbTLR
was compared with that of other invertebrate TLRs (Fig. 2), the
molluscan TLRs showed a similar signal peptide, suggesting a
similar character on the extracellular component of the trans-
membrane protein. Although the other TLRs from insects lack
signal peptides, they contain the maximum number of LRRs in their
ectodomain; thus, the ectodomain of AbTLR has higher similarity to
insect TLRs than to molluscan TLRs (Fig. 2).

As depicted in Fig. 3, showing a compatibility with C. farreri
and C. gigas counterparts, AbTLR was predicted to be almost well
structured throughout the whole protein sequence due to folded
structure. Particularly, transmembrane regions were detected to
be prominently structured, depicting a highest level of folding.
According to a previous report, transmembrane domains of some
TLRs can actively participate in oligomerization with other TLRs,
rendering heterotopic interactions [25]. In general, folded protein
structures can easily exert this type of interactions rather than
disordered ones. Therefore, highly structured arrangements of
the transmembrane domains of the TLRs used in our prediction
might attribute to their potential interactions with other TLR
members to form oligomers. Substantial level of folding of N —
termini, which covers the ectodomain can obviously be attrib-
uted to the significant amount of LRRs identified in that region
(Fig. 2). However, as a common feature of all three TLRs, end of
the C terminal regions was found to be disordered compared to
the N-terminal region, which does not contain any functionally
important signatures, as per the in-silico predictions. With
respect to AbTLR and its counterpart from C. farreri, the degree as
well as the portion of disordering in unstructured regions which
aligned with TIR were appeared to be negligible compared to the
folded portions, convincing the positive correlation between
protein folding and protein—protein interactions, since TIR is
known to be the initiator of TLR signaling cascades through its
interaction with the respective adaptor proteins [26]. Neverthe-
less, not only the order of disordering at the beginning of the TIR
in C. gigas TLR (residues:1111-1115) was observed to be signifi-
cant compared to the degree of folding in structured region, but
also the region covers the TIR exhibited relatively less foldindex
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compared to those in other two counterparts. This observation
may be a reflection of lesser efficacy attributed with C. gigas TIR
in signal transduction.

3.2. Sequence comparison

The pairwise sequence alignment performed by the Clus-
talW2 program revealed that the complete AbTLR protein
sequence shares varying extents of low identity and similarity
with the TLRs of other species, but the conservation of the
TIR domains is substantial (Table 2). Considering the overall
sequence of AbTLR, the highest percentage similarity (51.0%) and
identity (31.5%) was found with the TLR from C. farreri. However,
when the AbTLR TIR domain was considered alone, the greatest
identity (60.1%) was found with the TIR from Aedes aegypti and
the highest similarity (80.4%) was found with the TIR domain of
C. farreri.

According to the multiple sequence alignment, most of the
leucine residues in the LRR motifs of AbTLR were well-conserved
among the other invertebrate TLRs (Fig. 2). Furthermore, the
consensus aa sequences of the various TLRs were generally found in

the TIR domains and included the FW motif of TIR [26], which plays
an important role in cellular localization of TLRs. The presence of
these TLR characteristic aa structural features substantiate the
notion of AbTLR as a novel TLR homolog.

3.3. Phylogenetic analysis

In order to analyze the evolutionary relationship of AbTLR with
other invertebrate and vertebrate similitudes, a phylogenetic tree
was generated. As expected, the vertebrate and invertebrate TLRs
formed two distinct clusters (Fig. 4). However, fruit fly (Drosophila
melanogaster) was found to bear three paralogs of toll-9 which
were clustered separately in a sub group under the main vertebrate
cluster, close to the mammalian clade of TLR 6, showing a clear
deviation from invertebrates homologues and closer evolutionary
relationship with mammalian counterparts, as detected with some
of the members of fruit fly toll family [27]. The AbTLR was located in
the molluscan clade in the invertebrate cluster and was close to the
C. farreri TLR sub-group (Fig. 4). This evolutionary relationship in-
dicates a common invertebrate ancestral origin for AbTLR, and
further suggests potential commonalities with the molluscan TLRs.

H. discus discus TLR MPLQPLFLTLQOGVMLEMG ‘SPTVPSPTPGE ‘“GRPCDCIWLKETGEVFLDCSWSS PNKEYFATIPKKKTVY@THT 80

C. farreri TLR = ——=——————- MTRPTCVVRE VT SCRCVE] ECTCSHRDSPDL VDVFCSLPT HDHSJFAIFRTSVNSTHEE 71

c. gigas TLR = —=—————- MEHLLLLGIJQ L‘RGENVLTO PEEROCNCYQGSVDEEWNVS IVCRVDYlHPDDEFYVIRTQITST Y I 73

L. vannamei Toll3 —MWSVGRRDGKVLVTVWQ AFIRCCDSSAVH SEECTNQDINARERA!TFSLKTLDDDLRV LTSVAVDSVA 79

E. scolopes TLR —--—-- MWYFSSHWL PJL TEA LB 1 HTTQAWGHEGEKOCECHNLRDPN TSTSMAARCRNNESMDRYNFSVFSPRYTT 74

H. discus discus TLR [BAVPG-RSPEWN-YI§sPRTELKOfT Tx§@GFTDEEPYEFS TSQ.HIEG —————— RGH 152
C. farreri TLR DPLL-HSHWRS -RIFOPWHTFS TFE FDH KDEFABMS LK TN IN-—--—- KRET 143
C. gigas TLR TEKDTLSHKD-GUgNIIE S FMG GNFLS QGTE:E —————— THYT 146
L. vannamei Toll3 NDVYFFQSLSPYTLSGFVRVRE NVEF ISEIKDNEFIN RN[REET'RTRNLDWP ERD 159
E. scolopes TLR VVQCOGKPLTPVNHIIERBIF Y LEE FNTIED Y AL AR TNEKYF sHFG------ ONlE 148
H. discus discus TLR DN s EMEs - -8R LN ER KN T BN~ B oH 2B Til8G - - - - - - NEfOSHE I@DfsH METT PLMLGYS KR 224
C. farreri TLR E¥svv S ——MEENK DIV YN E TR L- —————— Tios PENEFEY GNELSPTSP WE 215
C. gigas TLR NSEHYVKMIFD- - MEIF L SNIEK FIANVESND F O MEST ————— PHINE T [ DKNSHENIS SGSLKSLPJMND 219
L. vannamei Toll3 STNNEWEL AcAF@E L ANEK LN BENEEoDATOLEF CCSSDRSVo CRS DS SEDE S DI TV SGSLQGLESMOH 239
E. scolopes TLR BIRBGFKLVGVNE] STREQSTF e FfEiE s EMKNISL TN - - - - SHLEG OIS RDM s Y§KIK Vi T DDEDGLFTGHEM 224
H. discus discus TLR FlKK ETESLN SOz NESETEGAPDFVKNC TRV FERS FNPRHG PKGLLSGMSNIIQMNMDIVNM 304
C. farreri TLR s AFWS SGHlG SYRIER PPYLLRKQENLQII‘ NBGRYPEGFFGYST GDCNM 295
C. gigas TLR G N E BALSDHOKHT N SNuSVSQFSWNRETEVL PWKOMHPKTRSSVK SGl 299
L. vannamei Toll3 ERGKYDDNAFQGHR SHT NNRBVABPEDAFAHTPGMYC ‘RN SWsVIAPGLEGGLDH VEIDIS NER 319
E. scolopes TLR NFV OfiE THANYSCSERY DT REKSFPPDFLDYSDN\QQL SHYPHSRBFP-VEKRLTTHRTFEMEHTKIE 303
H. discus discus TLR EEEARLPS DTS GNILTRVDPDTLAELPVLQYLNVQHHRED BN TFRKOORIE TN TN THEROAR 384
C. farreri TLR WPLREMTE OO —————— =~ — g 25 LLRFEKEE YOS GERHRSHSERAG 351
C. gigas TLR YPFRQ ———————————————————————— GRS TVLRSLSSERNISMGDNRIS DS TEME 355
L. vannamei Toll3 KQEWLTQSIFOGLMRLML DLS============—-——————uo HY KIS OBYOOVFSDLY TQF RIS HYOWK THPAAA 377
E. scolopes TLR BB sElGER: EMTEMN SEINIA - - - —— - - - - == - — oo HCRINY VMNKLTS@TRIBEH Sy sfcHMAPN VY 359
H. discus discus TLR RNLFSEKS|EDISH OsfiGRE 463
C. farreri TLR ENOLOWEKIKIG E 430
C. gigas TLR QRMAEWOFIHEN TEQRNNTIZL| 434
L. vannamei Toll3 AACVNMEHT, DESY 457
E. scolopes TLR SSNRHBEVETETNY BT HEGEYSLH| 439
H. discus discus TLR 3 RGHsfx Q TWPAYVJEDAVN 542
C. farreri TLR KG.S I PRGVIgNKPPS 1 509
C. gigas TLR FN s,’ ETGVPREVP 513
L. vannamei Toll3 537
E. scolopes TLR N L DANSALCLN] \ 518
H. discus discus TLR E 576
C. farreri TLR § 544
C. gigas TLR 548
L. vannamei Toll3 617
E. scolopes TLR 552

Fig. 1. Multiple sequence alignment of invertebrate TLRs. Identical and similar amino acids among the sequences are shaded in black and gray, respectively. The AbTLR signal
peptide is indicated by a underline. LRR motifs are indicated by gray double-headed arrows; the C-terminal LRR is indicated by a solid black double-headed arrow and the
N-terminal LRR is indicated by a pattern-filled double-headed arrow. The transmembrane domain is indicated by a thick black solid-bordered double-headed arrow. The TIR domain
is indicated by a thick black discontinuous-border double-headed arrow, and the domain’s conserved consensus amino acid sequences are boxed.
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H. discus discus TLR fiSWPS1sfE@PRD-MKPT-AK: 654
C. farreri TLR IQT]KLLSHSESPA—LOGTPPT 623
C. gigas TLR KTAMND.AEPID—QSRR—TI 626
L. vannamei Toll3 VE RMDMS SPVPVGKSLPE 694
E. scolopes TLR B NEIR EYR P RnTKD SHR--VRAIPD 630
H. discus discus TLR IGDSHF 731
C. farreri TLR RSLDHS 699
C. gigas TLR ) SSADFM 702
L. vannamei Toll3 QMPIARTGAFIP VDuNP HDQSWR 773
E. scolopes TLR QSDNTS WLPTGRIYHT E RSFDRR 708
H. discus discus TLR I3l 810
C. farreri TLR 778
C. gigas TLR 781
L. vannamei Toll3 851
E. scolopes TLR 786
H. discus discus TLR g 889
C. farreri TLR KF.VDAVESNPMWH——@T 856
C. gigas TLR IJEPQQATNHFFWFLJNI 861
L. vannamei Toll3 HQH I ) INFPVWRIBVDNPMLN-H 930
E. scolopes TLR LINSE@IA PG TOLP'MKTIDI%(HG HTEDPSF ATTTREM——} J 864
H. discus discus TLR CAFRKMLIGHGRSLEAVH MLIBGDP------ LAPGESATVALEYSEQSLCEANSTFFINVSFDSHVKVGRTTOM 963
C. farreri TLR ?E DEE VAEDTDDGNIYGFNSKPNTVV?EVDVDIETMCPNVTLVFKNLSRESH;RVLERTDN 936
C. gigas TLR KETGEN============== ANESMKDVLVKRRTNITSEQVFEMKQEDNWPIILK 927
L. vannamei Toll3 YTEVAE——— —————————— EEPGSYIMEFNVTTCMNTSSSSTVRPIVLDNjE 993
E. scolopes TLR DRIEVIN-- —JTVSQFTAEHLFDYJ)ZQ&H_CLﬁI_TT_SCi\IF_JﬁQE’I‘EPﬂ 937
H. discus discus TLR S . 1043
C. farreri TLR CIAKF 1013
C. gigas TLR ETTFF(‘TWRPT FTHRK(‘KC(‘ 1002
L. vannamei Toll3 LHP CEVYRIGTH SQC CHKNVSSD 1073
E. scolopes TLR &IWLVCYE M~ITQY GDDYGKLD|S 1017
-——

H. discus discus TLR 1123
C. farreri TLR 1093
C. gigas TLR 1082
L. vannamei Toll3 1153
E. scolopes TLR 1097
H. discus discus TLR ENVVNBBYEVEJSS 1203
C. farreri TLR [RSRHLOSETYIKMSIEP ISR Y MAMEDIMKHRYVTPIDRILDIR-=-======== ‘VEPD———D YETPHSR 1160
C. gigas TLR  IBQULVEESEIPVIISHRIBM CIYENEROMMMGSSKRSTVRNN-———-——-————-——— YETPYS- 1143
L. vannamei Toll3 [BEMYLEGENTCHYASEKFERERIREAMEDEoN----------—--—-——-—- ——SQRVVHT IRSSSS"NKYSEN 1209
E. scolopes TLR  MFYSEEEK YIREHEA RGPSy v FKERG--—--——---—-————-———-—- LPWIPOTPE ‘?AGELREQCCNNEAF 1155
H. discus discus TLR VVYQSVGSANHTDSSNYNGSYYNSSGHYEEEErLPYRPRDAQVAPPLPKPRNQQEFYGACYYDRA 1268

C. farreri TLR VSSVHRHTCDFGHETEAIANFN----IYEEMHEVEKSEKQMA = === =======—eme— e ———— 1198

C. gigas TLR = —=—=—=-—= SSASNTETDKCRRSLDSINNIYEEMRSSKLSDISLV-=--===—-——-—-————ocmoo——o— 1179

L. vannamei Toll3 =  —-—-—---—- SPASMHHNLHGGTDAYWGLTRLLVEL NCSGRVEL---—-—--=--—-—-—————————————— 1244

E. scolopes TLR S-—-KTSLESGYEEINFVRKNFNPNSDONLYMARVSQRT-—————————————————————————— 1191

Fig. 1. (continued).

It is also intriguing to note that, unlike the vertebrate TLRs and the
non-molluscan invertebrate TLRs, all of the molluscan TLRs used in
the study, including AbTLR, which were separately clustered in the
invertebrate clade cannot be categorized under any known TLR
subfamily, affirming their structural and functional novelty,
compared to known counterparts of other invertebrates and
vertebrates.

3.4. Tissue-specific expression profile of AbTLR

In order to speculate on the potential physiological role of
AbTLR, its mRNA expression profile was determined by inves-
tigating the major tissues, including immune-related tissues of
healthy abalones (Fig. 5). AbTLR was found to be expressed
ubiquitously in every tissue examined; however, comparison of
the relative expression levels detected in each tissue indicated
that the highest transcript level occurred in hemocytes and the
lowest occurred in gill tissue. Although the relative expression

levels in muscle, testis (male gonad), mantle, hepatopancreas,
and digestive tract were lower than that in hemocytes, they
were remarkably higher than that in gill tissue. Interestingly,
the previously identified tissue-specific expression profiles of
TLRs from the two molluscan species, C. gigas [13] and C. farreri
[14], also showed that the strongest expression occurred in
hemocytes. Furthermore, the lowest level of TLR expression in C.
farreri was also detected in the gill tissue, while the lowest
levels of TLR expression in C. gigas were detected in the gonad
and digestive gland. Hemocytes are potent immune cells that
mediate infection clearance by phagocytosis or encapsulating
invading pathogens [28]. Hemocytes also secrete humoral im-
munity factors, such as lysozyme enzymes, aminopeptidases,
lectins and antimicrobial molecules, all of which are directly
involved in elimination of pathogenic organisms [29,30]. We
speculate that the abundant transcript level of AbTLR in hemo-
cytes is likely correlated with the overall immune defense role
of hemocytes.
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Fig. 2. Schematic structures of TLR from invertebrate homologs from Haliotis discus discus (Hd), Chlamys farreri (Cf), Euprymna scolopes (Es), Ixodes scapularis (Is), and Drosophila
melanogaster (Dm), derived using SMART online server. The signal peptides are depicted as small, red horizontal boxes. The LRR motifs are depicted as light green vertical boxes. The
C-terminal LRRs (“LRR-CT") are depicted as blue ovals, and the N-terminal LRRs (“LRR-NT") are depicted as blue boxes. The transmembrane domains are depicted as solid blue
vertical boxes. Purple boxes represent the segments of low compositional complexity determined by the SEG program [38] and gray color ‘BLAST’ boxes indicate the hits only

detected by NCBI-BLAST search. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Percentage similarity and identity of AbTLR gene and its TIR domain with invertebrate TLR homologs and their respective TIR domains.
Species (common name): TLR type Entire sequence TIR domain

Identity, % Similarity, % Length, aa Identity, % Similarity, % Length, aa

Aedes aegypti (Mosquito): TLR 28.2 433 1343 60.1 79.7 138
Chlamys farreri (Akazara scallop): Toll receptor 315 51.0 1198 56.5 80.4 138
Litopenaeus vannamei (Shrimp): TLR3 27.1 45.0 1244 54.3 76.1 138
Ixodes scapularis (Blacklegged tick): TLR 26.3 39.9 1344 46.0 68.3 138
Euprymna scolopes (Squid): TLR 26.2 44.8 1191 39.1 63.0 138
Crassostrea gigas (Pacific oyster): TLR 29.8 47.5 1169 37.0 63.8 137
Drosophila melanogaster (Fruit fly): TLR6 23.7 37.4 1514 36.2 63.0 136
Drosophila melanogaster (Fruit fly): TLR7 23.6 399 1446 27.0 46.1 133

3.5. Transcriptional responses of AbTLR upon immune induction

In order to evaluate the potential role of AbTLR in abalone im-
munity, the transcriptional responsiveness of AbTLR upon exposure
to the V. parahemolyticus bacterial pathogen, the VHSV viral path-
ogen, and the LPS PAMP was temporally analyzed in hemocytes and
gill by qRT-PCR. In most of the marine molluscan species, the gills
function as the basic respiratory organ; the gills’ continuous
exposure to the external environment is accompanied by a
continuous barrage of potential invading pathogens and immune-
stimulants [31]. Accordingly, abalone gill tissue and hemocytes
were selected to analyze the immune-responsiveness of AbTLR,
even though the AbTLR expression level in gill was relatively low
under normal physiological conditions.

Upon immune stimulation with V. parahemolyticus, the AbTLR
transcript level in hemocytes was significantly up-regulated at 6 h
and 12 h p.i, showing around two-fold expression induction

36 Akazara scallop TLR - ABC73693
A Abalone TLR - ]X 827423

100 47

compared to the un-injected control (both P < 0.05; Fig. 6(A)).
However, at 24 h p.i. the AbTLR mRNA expression level had returned
to the basal level, which was maintained thereafter. In contrast,
AbTLR transcript level in gill tissue was up-regulated at the later
time points of the challenge experiment, with significant elevations
being detected at 24 h and 48 h p.i. (P < 0.05; Fig. 6(A)). This phase
difference in transcriptional modulation can be attributed to the
major role, which is played by hemocytes in mollusk innate im-
mune system, as described in section 3.4, compared to the cells in
gill tissue. Similarly, LPS stimulation led to significantly up-
regulated AbTLR expression in hemocytes at 6 h p.i. (>2-fold in-
duction, P < 0.05) that then returned to the basal level at 12 h p.i.
(Fig. 6(B)). Interestingly, the LPS stimulation led to significant
transcriptional up-regulation at 6 h, 24 h and 48 h p.i. in gill tissue,
which had reached nearly 7-fold induction at 48 h p.i. (Fig. 6(B)).
The compatible transcriptional inductions noticed upon both of the
above stimulations suggest that LPS may act as one of the PAMPs of
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Fig. 4. Phylogenetic tree of TLR homologs. Bootstrap values are shown for each of the linages, and accession numbers of relevant TLR homologs are listed.
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Fig. 5. Tissue-specific expression of ADTLR. Expression fold-changes of mRNA expres-
sion detected by qRT-PCR are presented as relative to that in gill tissue. Error bars
represent the SD (n = 3). Expression level in every tissue was significantly different
(P < 0.05) from the other tissues.

V. parahemolyticus that can be recognized by AbTLR, since LPS is a
major cell wall component of Gram-negative bacteria [32] like
V. parahemolyticus. Surprisingly, and in contrast to the late phase
expressional profile of AbTLR upon bacterial stimulation, the tran-
script level of AbTLR was significantly down-regulated at 24 h and
48 h p.i. in hemocytes and at 72 h p.i. in gills (all P < 0.05). A pre-
vious study showed that TLR4 expression is transiently suppressed
upon LPS exposure in a murine macrophage cell line, reinforcing
the common observation of endotoxin tolerance in mammals
[33,34]. Likewise, the AbTLR suppression observed at the late phase
in our LPS-challenged animals might also be related to a mecha-
nism of potential tolerance to LPS in disk abalones, possibly
involving a threshold amount of TLRs expressed upon the LPS
recognition that occurred at the early phase of the induction.
However, further research should be carried out to confirm the
exact behavior of AbTLR upon recognition of LPS, as well as
to elucidate the immunological role related to this recognition
process. Furthermore, early inductive response of AbTLR in gill
tissue was triggered by LPS, compared to the live pathogen
V. parahemolyticus, which is known to be an Gram negative bacteria
bearing LPS, suggesting the rapid and less hindered interactions of
PAMPs as mitogens compared to the whole pathogen due to the
reduction of effective size (Fig. 6(A) and (B)). On the other hand,
since V. parahemolyticus is a live Gram negative bacterial pathogen,
TLRs can recognize multiple PAMPs apart from LPS, triggering wide
array of signaling pathways and immune mechanisms [35].
Therefore, modulation pattern of AbTLR transcription can be
obviously vary upon two challenges; LPS and V. parahemolyticus, as
experienced in our experiments. Finally, it is intriguing to consider
that the inductive response of AbTLR in hemocytes and gills upon
V. parahemolyticus exposure agreed with the transcriptionally up-
regulated expressional profile of CgToll-1 in C. gigas hemolymph
under Vibrio anguillarum stress, where expression was robustly
elevated at 6 h and 12 h p.i. compared to the continuously up-
regulated transcript levels throughout the entire profile [13].

The VHSV challenge experiment in our disk abalones repre-
sents the first evidence of a virus-induced transcriptional
response of a TLR in a molluscan species (Fig. 6(C)). Compared to
the uninjected controls, the VHSV-challenged abalones showed
significantly increased AbTLR transcript level in hemocytes
distinctly at 3 h p.i. (~1.5-fold change, P < 0.05). However, in gill,
the AbTLR was significantly elevated at 6 h, 48 h and 72 h p.,
with the peak fold-difference (2.5-fold) detected at 48 h p.i.
(Fig. 6(C)). These inductive responses upon VHSV stimulation

] A
w O
a3 |
<1>§82.5
<3
2 C |
Eg B Hemocytes
"® 1.5 - :
o E B Gill
25 4
2s
£ o5
0 T

3h 6h 12h 24h 48h 72h
Post injection time

Hemocytes
&8 Gill

Relative mRNA expression
normalized to saline
o - N w £ o [=)) ~ [ee] O

Oh 3h 6h 12h  24h 48h 72h
Post injection time

Hemocytes

BGill

Relative mRNA expression
normalized to saline

Oh  3h 6h 12h 24h 48h 72h
Post injection time

Fig. 6. Expression profile of APTLR mRNA in hemocytes and gill tissues upon stimu-
lation with (A) V. parahaemolyticus bacteria, (B) LPS, and (C) VHSV. The relative mRNA
expression detected by qRT-PCR was calculated by the 222" method, using disk
abalone ribosomal protein L5 as the reference gene, and normalized to the corre-
sponding saline-injected controls at each time point. The relevant expression fold-
change at 0 h post-injection (un-injected control) was set as the baseline for com-
parison. Error bars represent the SD (n = 3); *p < 0.05.

suggest that AbTLR may play a role in host immunity against viral
infections through the interactions exert with the viral PAMPs
like glycoproteins to activate immune signaling cascades; indeed,
such a role complies with the previously reported involvement of
invertebrate TLRs in host antiviral immunity, as shown in insects,
such as A. aegypti [36], and crustaceans, such as Litopenaeus
vannamei [37].

Altogether, these overall insights into the transcriptional mod-
ulation of AbTLR under pathological conditions, along with the
defined protein structural signature, suggest that AbTLR may play a
role in disk abalone antibacterial and antiviral defense through
recognition of PAMPs, similar to the multitude of TLRs previously
characterized in other vertebrate and invertebrate species.
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