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» The mitochondrial pentatricopeptide repeat protein PPR19 is involved in the stabilization of nadl
transcripts and is crucial for mitochondrial function and Arabidopsis development

- B =F2 [F=7.299, ES=0.08247, JCR 2]=3% HoF Top 3.5% (8/228)°] &l Zst= <+ Adol
R EoH, dx7kA 9Qd8= 23314 (Google Scholar).
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» Chloroplast- or mitochondria- targeted DEAD-box RNA helicases play essential roles in organellar
RNA metabolism and abiotic stress responses

- 2 =% [F=4.106, ES=0.10146, JCR 2] =3% #oF Top 8.8% (20/228)° 3l st= - A'del
ow, AA7MA g5 2784 (Google Scholar).
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Novel diagnostic methods for detection of pear
viruses
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» Novel diagnostic methods for detection of pear viruses
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Kwanuk Lee, Ji Hoon Han, Youn-Il Park,
Catherine Colas des Francs-Small, Ian Small
and Hunseung Kang
The mitochondrial pentatricopeptide repeat
protein PPR19 is involved in the stabilization
of nadl transcripts and is crucial for
mitochondrial function and Arabidopsis
developmentThe mitochondrial
pentatricopeptide repeat protein PPR19 is
Z+= 1101035 Co | AES [ MEE involved in the stabilization of nadl
= 61 OlsAH & A @ [transcripts and is crucial for mitochondrial
function and Arabidopsis development
1 New PhytologistNew Phytologist
215(1), 202-216215(1), 202-216
URLY &
2017 https://www.ncbi.nl
m.nih.gov/pubmed/
10.1111/nph.14528 28332713
= =2 [F=7.299, ES=0.08247, JCR Al Z5F 20 %] 3.5% (8/228)0] o Hdt= @ XN 20| LEHEJUCH, A
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= DEZEL(0 49 & 7|50 E+H2 PPR X7t DIEE':EIOf HARHIOf 2% 250 RNA 280
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Ghazala Nawaz and Hunseung Kang
Chloroplast- or mitochondria-targeted
DEAD-box RNA helicases play essential roles
in organellar RNA metabolism and abiotic
stress responses
7t= (101035 A2 | HuL Frontiers in Plant Science
o = — — —
il oot IS = 1= B =
) = ™= 18(871), 1-9
URLYH
2017 https://www.ncbi.nl
m.nih.gov/pmc/arti
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Kwanuk Lee, Su Jung Park, Catherine Colas
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The coordinated action of PPR4 and
EMB2654 on each intron half mediates trans-
splicing of rps12 transcripts in plant
chloroplasts
zz (101035 . | A28 |HEE
PN 61 Ol5AH & bS] = |Plant Journal
o L —
100(6), 1193-1207
3 URLQ =
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Jeong Sun Park, Min Jee Kim, Su Yeon Jeong,
Sung Soo Kim, Iksoo Kim
Complete mitochondrial genomes of two
gelechioids, Mesophleps albilinella and
Dichomeris ustalella (Lepidoptera:
Gelechiidae), with a description of gene
rearrangement in Lepidoptera
29 101386 o|lZA Y s=% (M2 = Current Genetics
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62(4), 809-826
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Plant RNA chaperones In stress

response

Hunseung Kang, Su Jung Park, and Kyung Jin Kwak

Department of Plant Biotechnology, College of Agriculture and Life Sciences, Chonnam National University,

Gwangju, 500-757, Korea

Post-transcriptional regulation of RNA metabolism is a
key regulatory process in diverse cellular processes,
including the stress response of plants, during which
a variety of RNA-binding proteins (RBPs) function as
central regulators in cells. RNA chaperones are RBPs
found in all living organisms and function by providing
assistance to the correct folding of RNA molecules dur-
ing RNA metabolism. Although our understanding of the
role of RNA chaperones in plants is far less advanced
than in bacteria, viruses, and animals, recent progress in
functional characterization and determination of RNA
chaperone activity of several RBPs has shed new light on
the emerging roles of RNA chaperones during the stress
response of plants.

Diverse structures and multiple roles of RBPs

RBPs have been shown to function as central regulators in
the post-transcriptional regulation of RNA metabolism
during diverse cellular processes, including growth, devel-
opment, and stress responses. RNA metabolism includes
post-transcriptional processes, such as RNA processing,
pre-mRNA splicing, mRNA export, localization, turnover,
and translational control. RNA molecules are folded into a
functional native conformation during RNA metabolism.
RNA chaperones are RBPs that aid in the RNA folding
process by preventing RNA misfolding or by resolving
misfolded RNA species. Although our understanding of
the role of RNA chaperones in plants is not as advanced
as in other organisms, recent progress in the functional
characterization of RBPs emphasizes the importance of the
diverse family members of RBPs, with RNA chaperone
activity playing a role in the growth, development, and
stress response of plants.

The complexity of the post-transcriptional regulation of
eukaryotic gene expression is reflected in the diversity of
the RBP family. Typical RBPs contain one or more RNA-
recognition motifs (RRM, also known as RBD or RNP
domain) or K homology (KH) domains [1], both of which
are ancient protein structures that have been found
in organisms ranging from bacteria to humans [2]. In
addition to these well-conserved domains, various auxilia-
ry domains or motifs, such as glycine-rich, arginine-rich,
arginine-glycine (RGG) repeat, serine-arginine (SR)-
repeat, arginine-aspartate (RD)-repeat, and zinc finger
motifs, are frequently found in RBPs [3]. The highly
conserved RRM sequences are involved in the recognition
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of precursor-mRNAs, mature-mRNAs, and small nuclear
RNAs, and in protein—protein interactions, leading to the
formation of ribonucleoprotein (RNP) complexes [4]. The
auxiliary domains are also involved in protein—protein
interactions and dictate RNA-binding specificity [5,6].

Plant genomes encode hundreds of RBPs [7,8], many of
which are plant specific and are therefore likely to perform
plant-specific functions. It has been demonstrated that
many genes encoding RBPs are differentially regulated
at the transcriptional or post-transcriptional level depend-
ing on the cell type, developmental stage, or environmental
cues [7,9,10]. Plant RBPs have been widely demonstrated
to be regulatory factors controlling flower development,
circadian rhythms, abscisic acid signaling, stress responses,
and chromatin modification [7-9]. RNA chaperones are
nonspecific RBPs found in all living organisms and function
by providing assistance to the correct folding of RNA mole-
cules during the post-transcriptional regulation of gene
expression. With the recent progress in functional charac-
terization of RBPs in diverse plant species and determina-
tion of RNA chaperone activity of several RBP families, the
roles of RNA chaperones in growth, development, and
stress response of plants as well as bacteria and animals
are emerging. Here, we review the essential role of RNA
chaperone functioning as an important regulatory molecule
in plant stress response.

Characteristic features of RNA chaperones

Since the term ‘RNA chaperone’ was first coined approxi-
mately 20 years ago, RNA chaperones have been increas-
ingly shown to perform important roles during the RNA
folding process in cells. RNA has two fundamental folding
problems, kinetic and thermodynamic problems, in which
RNA is kinetically trapped in alternative conformations
and has difficulty in specifying thermodynamically stable
tertiary structures that are favored over competing struc-
tures [11,12]. RNA molecules have the tendency to fold into
diverse secondary structures, and these alternative mis-
folded structures have to be resolved in order for the RNA
molecules to function normally. Several proteins can assist
RNAs in reaching their active functional states by resolv-
ing non-functional structures [13,14].

Proteins with RNA chaperone activity belong to a het-
erogeneous group of proteins that do not share a common
sequence, motif, or structure, but have the common prop-
erty of destabilizing RNA structures. Those proteins pro-
mote RNA folding by preventing RNAs from being trapped
in non-functional conformations and accelerating escape
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Figure 1. Multiple roles of RNA chaperones during RNA metabolism in eukaryotes. (a) RNA chaperones are RNA-binding proteins that can aid in the RNA folding process by
preventing RNA misfolding or by resolving misfolded RNA species. RNA chaperones are no longer needed once the RNA molecule has been folded into a native
conformation [11,12]. (b) RNA chaperones help RNA splicing by maintaining pre-RNA substrates in splicing-competent conformations or by facilitating a rearrangement of
spliceosomal RNAs and/or mRNAs during the splicing process. (¢) RNA chaperones are involved in mRNA export from the nucleus to the cytoplasm by maintaining native
RNA structures for correct processing and transport. (d) RNA chaperones facilitate efficient translation by disrupting hampering stable secondary structures in mRNA.

from kinetic folding traps (Figure 1) [11,12,15]. Due to the
lack of efficient and relevant in vivo systems, only a limited
number of proteins whose primary function is to resolve
non-specifically misfolded RNAs in cells have been identi-
fied. Therefore, the term ‘RNA chaperone’ generally has
been used to refer to proteins with RNA chaperone activity
that facilitates RNA folding in vitro and can be determined
using a wide variety of assays (Figure 2). In vitro RNA
chaperone activity assays include oligonucleotide anneal-
ing, oligonucleotide melting and strand-displacement,
hammerhead ribozyme cleavage, and group I intron splic-
ing. Testing for RNA chaperone activity in vivo utilizes the
folding trap assay and transcription anti-termination
assay in Escherichia coli [16-18].

Although both RNA chaperones and specific RBPs can
solve the kinetic and thermodynamic folding problems
inherent to RNA molecules, RNA chaperones differ from
specific RBPs in that they are no longer needed once the
RNA molecule has been folded into a native conformation
(Figure 1). By contrast, specific RBPs often remain bound
to the RNA molecule to maintain the native conformation
of the RNA. Another specific feature of RNA chaperones is
that they generally bind weakly to diverse RNA substrates
with low sequence-specificity, suggesting that RNA cha-
perones interact transiently and electrostatically with
RNA substrates [19]. RNA chaperones do not require
external energy input such as ATP or any other energy-
providing cofactors, and usually adapt highly disordered
structures [20-22]. The structurally disordered regions of
RNA chaperones have been suggested to function as mo-
lecular recognition elements that loosen the structure of
the misfolded intermediate without ATP consumption,

possibly via an ‘entropy transfer’ model [23]. According
to this model, the disordered domains of RNA chaperones
become ordered, whereas the domains of the RNA sub-
strate are unfolded upon binding to their RNA target
(entropy transfer from RNA chaperone to RNA substrate).
In the subsequent step, the RNA substrate is correctly
folded, whereas the RNA chaperone is disordered again
(entropy transfer from RNA substrate to RNA chaperone).
A recent study that determined the solution structures of
DEAD-box RNA chaperones revealed the importance of a
C-terminal basic tail for the nonspecific binding of RNA
chaperone to large RNA substrates [24]. Analysis of the
structural features of E. coli RNA chaperone Hfq and virus-
encoded RNA chaperones has demonstrated that the in-
trinsically disordered flexible region of the protein is im-
portant for RNA chaperone activity [25,26]. It has also been
suggested that overall folding and disordered flexible
C-terminal glycine-rich region of Arabidopsis (Arabidopsis
thaliana) glycine-rich RBPs are important for RNA chap-
erone activity [27]. RNA chaperones are believed to per-
form significant functions in the regulation of RNA
metabolism, including precursor-mRNA splicing, mRNA
export, and translation (Figure 1). All of these cellular
processes require the interactions of RNA chaperones with
diverse RNA substrates, and the structural flexibility of
RNA chaperones allow stable interaction of the proteins
with multiple and structurally heterogeneous RNA sub-
strates in cells.

RNA chaperones in stress responses
The functional roles of RNA chaperones in the nucleus,
cytoplasm, and cellular organelles, including mitochondria
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Figure 2. In vitro and in vivo assays to measure RNA chaperone activity. A wide variety of assays are generally used to determine RNA chaperone activity of a protein of
interest. (a) Nucleic acid-melting assay; base pairs in RNA or DNA molecules labeled with a fluorophore and quencher are broken by RNA chaperones, emitting
fluorescence. (b) Annealing assay; two complementary RNA strands are annealed in the presence of RNA chaperones. (¢) Strand displacement assay; the RNA duplex is
loosened and an alternative RNA helix is formed. (d) Helix-destabilizing assay; a labeled single-stranded RNA is partially cleaved at exposed G residues by RNase T1, and
RNA chaperones unwind the RNA secondary structures, allowing RNase T1 to cleave at probably most, if not all, G residues. (e) Hammerhead ribozyme cleavage assay; the
cleavage of substrate RNA is enhanced in the presence of RNA chaperones. (f) Cold shock assay in Escherichia coli; the E. coli BX04 mutant cells that lacked bacterial RNA
chaperones, cold shock proteins (Csps), and thus are highly sensitive to cold stress cannot grow at low temperatures, but the cells expressing RNA chaperones can grow at
low temperatures. The complementation ability of a plant RNA binding protein (RBP) in RNA chaperone-deficient E. coli mutant cells supports the RNA chaperone activity of
the protein. (g) Transcription anti-termination assay in E. coli; the transcription terminator stem folds and transcription of the chloramphenicol acetyltransferase (cat) cannot
proceed, allowing the cells to be chloramphenicol sensitive (Cm®). RNA chaperones loosen the terminator stem, transcription can occur, and the cells become
chloramphenicol resistant (Cm"). (h) Ribozyme fold trap assay in E. coli; in the absence of translation, misfolding of the group I intron occurs, resulting in no splicing. RNA

chaperones loosen misfolded structures and splicing can proceed. The experimental procedures of these assays are described in detail elsewhere [16-18].

and chloroplast, have increasingly been determined in
stress response and development of plants as well as
bacteria, viruses, and animals (Figure 3). The roles of
RNA chaperones during stress response have been exten-
sively studied in bacteria. Bacteria RNA chaperone host
factor Q (Hfq) is a member of the Sm-family proteins and
mediates a wide range of RNA interactions involved in
transcription anti-termination and growth and stress tol-
erance of bacteria [28,29]. The growth of E. coli in high
osmolality media depends on the transporters ProP, which
mediates the uptake of proline, glycine betaine, and relat-
ed osmoprotectants. Recently, it was demonstrated that
ProQ, whose structure is similar to known RNA chaperone
proteins FinO and Hfq from E. coli, is an RNA chaperone
controlling ProP levels in E. coli under osmotic stress [30].

Increasing numbers of reports have demonstrated that
the genes encoding diverse RBPs are regulated by a variety
of environmental stimuli in plants [7,10,31]. Among the
reported plant RBPs, glycine-rich RNA-binding proteins
(GRPs), cold shock domain proteins (CSPs), and RNA
helicases (RHs) have been determined to function as
RNA chaperones under stress conditions (Figure 3). The
roles of RNA chaperones are more prominent when cells
are exposed to low temperatures, because misfolded RNA
molecules become over-stabilized and cannot assume a
native conformation without the help of RNA chaperones.

The function of RNA chaperones has been extensively
studied in bacteria under low temperature stress condi-
tions. It was determined that bacterial CSPs are highly
induced under low temperature conditions and function as
RNA chaperones by destabilizing the over-stabilized sec-
ondary structures in mRNAs, which contributes to efficient
translation at low temperatures [32-35]. Cold shock pro-
teins are homologous to a domain called the cold shock
domain (CSD) of eukaryotic Y-box proteins and are highly
versatile regulators of eukaryotic gene expression [36]. The
occurrence and cellular functions of CSPs in bacteria,
animals, and plants have recently been reviewed [37].
Arabidopsis and rice (Oryza sativa) genomes were shown
to contain four CSPs that harbor highly homologous CSDs
at the N-terminal half, but contain variable glycine-rich
regions interspersed with different numbers of CCHC-type
zinc fingers at the C-terminal half [38—40]. CSPs have been
demonstrated to affect seed germination and growth of
Arabidopsis under abiotic stress conditions [41]. The im-
portance of structural differences in determining the RNA
chaperone activity of CSPs has been demonstrated. Ara-
bidopsis AtCSP1, which comprises 299 amino acids with
seven CCHC-type zinc fingers at the C terminus, possesses
RNA chaperone activity, whereas AtCSP2, which contains
204 amino acids with two CCHC-type zinc fingers at the
C terminus, did not have RNA chaperone activity [42].
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Figure 3. Cellular processes involving the proteins with RNA chaperon activity. RNA-
binding proteins harboring RNA chaperone activity have been demonstrated in
various organisms including plants, animals, bacteria, and viruses. Abbreviations:
Csp, cold shock protein; CSP, cold shock domain protein; DDX, DEAD-box protein;
elF4B, eukaryotic translation initiation factor; ERAL1, era G-protein-like 1; FMRP,
fragile X mental retardation protein; gBP21, guide RNA-binding protein; GRP,
glycine-rich RNA-binding protein; Hfg, host factor protein; hnRNP, heterogeneous
nuclear ribonucleoprotein; L, ribosomal protein; p50, the major core protein of
messenger ribonucleoprotein particles; RH, RNA helicase; RZ, zinc finger-containing
RNA-binding protein; StpA, H-NS protein; U2AF65, U2 small nuclear RNA auxiliary
factor; U11-31K, U11/U12 minor spliceosomal protein. Plant RNA-binding proteins
harboring RNA chaperone activity are highlighted with red color.

Domain-swapping and deletion experiments have shown
that the number and length of zinc finger glycine-rich
domains of CSPs are crucial to the full activity of the
RNA chaperones [43]. The CSPs isolated from rice [40]
and winter wheat (Triticum aestivum) [44] have been
determined to harbor RNA chaperone activity during the
cold adaptation process in E. coli. It has been demonstrated
that Arabidopsis AtCSP2 is an RNA chaperone and is
involved in cold adaptation as well as developmental pro-
cess [45,46]. In addition, Arabidopsis AtCSP3 has been
shown to regulate the freezing tolerance in Arabidopsis via
functioning as an RNA chaperone [47]. Ectopic expression
of bacterial CSPs in plants resulted in enhanced stress
adaptation of multiple plant species, including Arabidop-
sis, rice, and maize (Zea mays), which provided solid evi-
dence that RNA chaperones can be used to improve yield
potentials of crops [48]. Interestingly, the observation that
a functional RNA-binding motif was required for the im-
proved stress tolerance in both E. coli and maize suggests a
common stress adaptation mechanism that is conserved in
plants and bacteria.

It was found that cyanobacteria lack CSPs but contain
GRPs instead, therefore it was hypothesized that GRPs may
substitute for the function of CSPs in cyanobacteria [49,50].
The role of GRPs in the stress response of plants has been
implicated based on the observation that the genes encoding
GRPs were regulated by a variety of environmental stimuli
in plants [10]. In particular, the transcript levels of GRPs
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were highly upregulated in diverse plant species under cold
stress conditions [10], suggesting that they play a role
during the cold adaptation process in plants. The role of
GRPs as RNA chaperones has been determined in Arabi-
dopsis and rice. Arabidopsis AtGRP2 and AtGRP7, which
conferred cold and freezing tolerance in plants [51,52], had
RNA chaperone activity during the cold adaptation process
[42]. However, AtGRP4, which did not confer cold tolerance
in plants [53], was shown to have no RNA chaperone activity
[42]. Rice OsGRP1 and OsGRP4, which successfully com-
plemented the cold-sensitive phenotypes of the BX04 E. coli
mutant at low temperatures and conferred cold and freezing
tolerance in Arabidopsis, exhibited RNA chaperone activity
[54]. In addition, among the three RZ proteins that are
family members of GRPs containing CCHC-type zinc finger
motifs, only Arabidopsis AtRZ-1a and rice OsRZ2 have been
demonstrated to confer cold tolerance in plants and have
been determined to harbor RNA chaperone activity [55-57].
These findings demonstrate that a specific member of GRP
family functions as RNA chaperones during the cold adap-
tation process in plants. Moreover, functional complemen-
tation of OsGRPs in the cold-sensitive atgrp7 mutant
suggested that GRPs in Arabidopsis and rice are function-
ally conserved during the cold adaptation process [54]. In
addition to the important role of GRPs in cold stress re-
sponse, a recent study has demonstrated that GRP can
enhance salt tolerance in plants [58].

DEAD-box RHs are ubiquitous in RNA-mediated pro-
cesses and are associated with diverse RNA metabolism
events, ranging from RNA synthesis to RNA degradation
via catalyzing the ATP-dependent unwinding of local RNA
secondary structures [59,60]. The roles of RHs in cellular
processes, such as pre-mRNA splicing, nucleo-cytoplasmic
transport, translation, and RNA decay, have been estab-
lished [61]. Some DEAD-box RHs have been determined to
function as RNA chaperones that facilitate native folding
of structured RNAs by accelerating conformational rear-
rangements [62,63], and the roles of RHs under stress
response have been suggested in various organisms, includ-
ing bacteria, yeast, human, and plants [64]. Although a
large number of DEAD-box RHs are present in plant gen-
omes, for example, 58 DEAD-box RHs in Arabidopsis and
more than 50 DEAD-box RHs in rice [65,66], the number of
reports addressing the functions of RHs in plant stress
responses and their RNA chaperone activity is very limited.
It has been shown that the transcript levels of the genes
encoding DEAD-box RHs are regulated by different stress
conditions in bacteria and plants [67-70], but the functional
roles of RHs in plant stress responses are just beginning to
be determined. RHs have been implicated in multiple stress
responses in Arabidopsis [71-74], in salt stress in barley
[75], in oxidative stress in Clostridium perfringens and rice
[76,77], and in heavy metal stress in yeast [78]. Arabidopsis
AtRH9 and AtRH25 have been demonstrated to play a
negative role in seed germination of Arabidopsis under salt
stress conditions, whereas AtRH25 has been shown to
enhance freezing tolerance [79]. The AtRH25 was capable
of suppressing the cold sensitivity of E. coli mutant cells
lacking bacterial RNA chaperones at low temperatures [79],
which suggests that AtRH25 functions as an RNA chaper-
one in E. coli cells under cold stress conditions.
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Recent studies demonstrating the functions of RBPs in
stress responses have revealed the cellular role of RBPs
and RNA chaperones. Because RNA chaperones are in-
volved in cellular processes occurring in both the nucleus
and the cytoplasm, a regulated import and export of RNA
chaperones is required to fulfill their function in different
subcellular location. It has been demonstrated that RRMs
mediate the import of RBPs into the nucleus via interac-
tion with other proteins [80]. Arabidopsis AtGRP7 and
AtCSP2 were localized to both the nucleus and the cyto-
plasm [46,52], and Arabidopsis DEAD-box RNA helicase
LOS4 was localized to both the nucleus envelope and the
cytoplasm [72]. Nuclear and/or cytoplasmic localization of
RBPs harboring RNA chaperone activity and the analysis
of loss-of-function mutants have demonstrated that several
RBPs and RNA chaperones are involved in the regulation
of mRNA export from the nucleus to the cytoplasm
[52,54,57,72,81]. It is likely that RNA molecules can adopt
stable but inactive structures under specific stress condi-
tions, and RNA chaperones participate in the disruption of
misfolded inactive RNA structures, which helps to main-
tain normal RNA metabolism, including processing, pre-
mRNA splicing, transport, RNA decay, and translation
under stress conditions. To fully understand the cellular
roles of RNA chaperones, it is imperative to identify target
RNAs that are regulated by RNA chaperones. Although it
is difficult to find RNA targets and mechanistically study
the role of RNA chaperones in cells, due to the sequence-
nonspecific interaction of RNA chaperone with RNA
substrates, the comparison of global transcript profiling
between the wild type and AtGRP7-overexpressing trans-
genic plants has revealed that approximately 300 tran-
scripts, including those involved in circadian clock, stress
response, ribosome function, and RNA metabolism, were
regulated by AtGRP7 [82]. Further research is needed to
identify RNA targets and determine how the folding and
metabolism of target RNAs are regulated by RNA chaper-
ones during stress adaptation processes.

Concluding remarks and outlook

Although proteins harboring RNA chaperone activity have
been demonstrated in limited cases in plants, recent prog-
ress determining the biological functions of RBPs and their
RNA chaperone activity has shed light on the significance
of RNA chaperones in stress response of plants. In addition
to their significant roles in plant stress response, the
potential role of RNA chaperones in the growth and devel-
opment of plants is emerging. A recent study has demon-
strated that AtCSP4 harboring RNA chaperone activity
affects late stages of embryo development in Arabidopsis
[83]. Arabidopsis AtU11/U12-31K, one of the seven pro-
teins unique to minor spliceosomes in plants as well as in
animals [84,85], has been determined to be an RNA chap-
erone indispensable for correct Ul2 intron splicing and
normal growth and development of plants [86]. It has been
proposed that the RNA chaperone activity of AtU11/U12-
31K is needed to maintain pre-RNA substrates in splicing-
competent conformations or facilitates rearrangement of
spliceosomal RNAs and/or mRNAs during splicing process.
Because the regulation of gene expression in cellular orga-
nelles, such as mitochondria and chloroplasts, is achieved
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mainly at post-transcriptional level [87], and the function-
al roles and RNA chaperone activity of DEAD-box RHs
have been demonstrated in mitochondrial and chloroplast
intron splicing [88-94], it would be of great interest to
determine whether RNA chaperones are important regu-
lators in organelle biogenesis and plant development. A
major task for the future is to understand how RNA
chaperones recognize substrate RNAs and how they col-
laborate with other proteins to regulate post-transcription-
al RNA metabolism in response to developmental and
environmental cues.
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Introduction

A better understanding of the mechanisms underlying plant
responses to abiotic stress, including salinity and dehydra-
tion, is essential in addressing current agronomic problems.
Detrimental effects of salinity occur as the result of osmotic
stress, interruption of metabolic activities by ionic excesses
and imbalances, and interference by salt ions of the uptake
of essential macro- and micro-nutrients (Tester & Daven-
port, 2003). These adverse effects manifest in the inhibition
of germination, reduction of growth and developmental dis-
turbances (Verslues ¢t al, 2006). The plant hormone
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Summary

e We identified and functionally characterized the AtSKIP gene (At1g77180), an
Arabidopsis homologue of SNW/SKIP, under abiotic stresses. Although the
SNW/SKIP protein has been implicated as a critical transcription cofactor, its bio-
logical functions have yet to be reported in any plant.

e Recently, we have isolated Salt-tolerance genes (SATs) via the overexpression
screening of yeast with a maize cDNA library. One of the selected genes (SAT2)
appeared to confer elevated tolerance to salt. Maize SAT2 ¢cDNA encodes a homo-
logue of the human SNW/SKIP transcriptional coregulator.

e Treatment with salt, mannitol and abscisic acid induced AtSKIP expression.
Ectopic expression of the AtSKIP gene modulated the induction of salt tolerance,
dehydration resistance and insensitivity towards abscisic acid under stress condi-
tions. By contrast, atskip antisense lines displayed reduced tolerance to abiotic
stresses during germination. Moreover, a decrease in AtSKIP expression resulted in
an abnormal phenotype. We further determined that the AtSKIP protein activated
the transcription of a reporter gene in yeast. Green fluorescent protein-tagged At-
SKIP was localized in the nuclei of both onion cells and transgenic Arabidopsis
cells.

e Taken together, these results suggest that AtSKIP functions as both a positive
regulator and putative potential transcription factor in the abiotic stress signalling
pathway.

abscisic acid (ABA) is a crucial regulator of plant responses
to environmental stress, such as drought, low temperature
and elevated salt (Finkelstein et 2/, 2002). Plants that are
challenged by drought and salt stress recruit ABA as an
endogenous signal to initiate adaptive responses (Zhu,
2002). During the late stages of embryogenesis, ABA pro-
motes the acquisition of desiccation tolerance and seed dor-
mancy and inhibits seed germination (Koornneef ez al,
2002; Song ¢t al., 2005). A large body of evidence supports
the notion that the transcriptional signalling cascade consti-
tutes a complex signalling network between abiotic stress
and ABA signalling pathways in plants (Yamaguchi-

New Phytologist (2010) 185: 103-113 103
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Shinozaki & Shinozaki, 2006). Apparently, the transcrip-
tion factors perform crucial functions in these processes.
However, many of the cellular components and genes
involved in ABA perception and downstream transduction
have yet to be characterized clearly.

Recently, we have isolated Sali-tolerance genes (SATs) on
the basis of the overexpression screening of yeast (Saccharo-
myces cerevisiae) with a maize cDNA library from kernels
(Kim ez al., 2007). One of the selected genes (SAT2)
appeared to confer elevated tolerance to salt in comparison
with control yeast cells. Maize Salt-tolerance 2 (SAT2)
cDNA encodes a homologue of the human SNW/SKIP
transcriptional coregulator. The acronym SNW stands for
the absolutely conserved motif SNWKN (Folk ez al,
1996); SKIP is the abbreviation for Ski-interacting protein,
as the oncoprotein was the first binding partner identified
in humans (Dahl ez 2/, 1998). NcoA62 is another SKIP,
which functions as a nuclear receptor coactivator and a
putative vitamin D receptor (Baudino ez al, 1998).
SNW/SKIP proteins have already been identified in a wide
variety of organisms, from yeasts to humans, where they
form a portion of the nuclear regulatory complexes involved
in transcriptional pre-initiation, splicing and polyadenyla-
tion (Folk et al., 2004). The human member of this protein
family, NcoA62/SKIP, interacts in a ligand-dependent
fashion with the heterodimer formed by the vitamin D
receptor and the retinoid X receptor, and augments vitamin
D-dependent gene expression (MacDonald ez al., 2004).
The further interaction partners of SNW/SKIP proteins in
eukaryotic cells include the Ski oncoprotein and several
transcriptional regulators, such as myogenic basic helix—
loop-helix protein D (Myo D) and the Smad2/Smad3 pro-
teins, which function as downstream factors of transforming
growth factor-f signalling (Leong ez al., 2001; Folk ez al.,
2004). Recently, Skip has been demonstrated to perform a
function in the Epstein—Barr virus-encoded latency protein
(EBNA2) activation of Notch-responsive transcription fac-
tor (CBF1)-repressed promoters (Folk et al., 2004). Con-
tacts with both CBF1 and Skip were demonstrated to be
crucial for the effective targeting of EBNA2 to DNA. Skip
has also been demonstrated to interact with the ankyrin
repeat domain of the intracellular component of receptor
Notch (NotchIC) to facilitate NotchIC participation in the
activation of downstream target genes of the Notch signal-
ling pathway (Zhou et al., 2000).

In this study, we have identified the Arabidopsis homo-
logue of SNW/SKIP, AtSKIP (Atlg77180), as a putative
novel transcriptional factor in ABA, salt and osmotic stress
responses. AtSKIP overexpression in transgenic Arabidopsis
plants reduced the sensitivity towards ABA during seedling
growth and increased salt tolerance, whereas reductions in
AtSKIP expression induced ABA hypersensitivity in seedling
growth and drastic developmental defects, including dwarf-
ism, reduced apical dominance, altered leaf morphology

New Phytologist (2010) 185: 103-113
www.newphytologist.org

New
Phytologist

and poor fertility. In addition, AzSKIP-overexpressing
plants displayed markedly enhanced dehydration tolerance.
These results suggest that AzSKIP functions as a putative
potential transcription factor between ABA signalling and
water deficit.

Materials and Methods

Plant materials, growth conditions and stress induction

Arabidopsis plants were grown in growth chambers under
intense light at 22°C, 60% relative humidity and a 16 h
day length. The plants were challenged with salt by the
submersion of 10-d-old Arabidopsis seedlings in a solution
containing 150 mmM NaCl. Samples were obtained at 0, 3,
6 and 12 h of salt stress. For the mannitol treatment of
Arabidopsis, 10-d-old seedlings were submerged in a solu-
tion containing 400 mM mannitol and sampled at 0, 6, 12
and 24 h. For ABA challenge, 10-d-old seedlings were
submerged in a solution containing 100 umM ABA and
sampled at 0, 3, 6 and 12 h. In each case, the retrieved
seedlings were promptly frozen in liquid nitrogen and
stored at —80°C.

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (qPCR)
was carried out with a Rotor-Gene 6000 quantitative PCR
apparatus (Corbett Research, Mortlake, NSW, Australia)
and the results were analysed using RG6000 1.7 software
(Corbett Research). Total RNA was extracted from the vari-
ously treated 10-d-old Arabidopsis seedlings using an
RNeasy Plant Mini kit (QIAGEN, Valencia, CA, USA).
qPCR was carried out using the SensiMix One-Step kit
(Quantance, London, UK). Arabidopsis Actin8 was used as
the internal control. Quantitative analysis was carried out
using the Delta Delta Cr method (Livak & Schmittgen,
2001). Each sample was run in three independent experi-
ments. The reaction primers utilized were as follows:

for qPCR of AtSKIP (Atlg77180), upstream 5'-
GCTTTCACAGGGGCTTCA-3" and downstream 5'-
AAACTGTTTTAACAGATCCA-3';

for qPCR of RD29A (At5g52310), upstream 5’-AG-
GAACCACCACTCAACACAC-3" and downstream 5’-
CGTCATCATCATCATCTTCTTC-3';

for qPCR of RD29B (At5g52300), upstream 5"-GAG-
CAAGCAGAAGAACCAATCA-3" and downstream 5'-
CATCATCATCATCTTCCACATCG-3

for qPCR of Corl5A (At2g42540), upstream 5'-CAG-
CGGAGCCAAGCAGAGCAG-3" and downstream 5'-
CATCGAGGATGTTGCCGTCACC-3';

for qPCR of Actin8 (Atlg49240), upstream 5'-
TGCCTATCTACGAGGGTTTC-3" and downstream 5'-
GTCCGTCGGGTAATTCATAG-3".

© The Authors (2009)
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Construction of AtSKIP deletion mutants for the
analysis of transactivation activity in yeast cells

For the analysis of transactivation activity, a subclone of each
type of AtSKIP deletion cDNA was constructed via PCR
amplification using primers harbouring the BamHI and Sall
restriction endonuclease sites (Table S1, see Supporting
Information). The coding sequences were inserted into the
pAS2 vector and the clones obtained were confirmed by
DNA sequence analysis. Deletion constructs were trans-
formed into the Y190 yeast strain (MATa gal4 gal80 his3
trpl-901 ade2-101 wura3-52 leu2-3 leu2-112 + URA3:-
GAL>>lacZ LYS2::GAL(UAS)>>HIS3 cyc') by the lithium
method (Schiestl & Gietz, 1989) and the cells were selected
on —Trp medium. Colonies were replated on —T'rp medium
and employed for 5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside (X-Gal) filter assays as described previously (Bai
& Elledge, 1996). To measure the strength of X-Gal activity
from the AtSKIP deletion constructs, a liquid B-galactosi-
dase assay, using o-nitrophenyl B-b-galactopyranoside as a
substrate, was conducted as described by the manufacturer

(Clontech, Mountain View, CA, USA).

Antisense construct of AtSKIP

The gene-specific cDNA fragment of AzSKIP was amplified
by PCR using the forward primer 5-CGGGATCCCGTT-
TAACGCCGGTCACTGCGT-3’" (BamHI site is shown in
italics) and reverse primer 5-CGAGCTCGATGAAGTCT-
CTTAATGATC-3’ (Sad site is shown in italics). The PCR
products were initially cloned into the pGEM T-easy vector
and confirmed by sequencing. This antisense AzSK/P cDNA
construct was then released by digestion with BamHI and
Sacl, and subcloned into the pBI121 vector under the
control of the constitutive 35S promoter. The construct
was then transformed into Arabidopsis plants (ecotype
Columbia), and the resultant T35 homozygous transgenic
lines (atskip2 and atskipll) were evaluated for ABA and
abiotic stress sensitivity.

Overexpression construct of AtSKIP

Total RNA was isolated from Arabidopsis leaves using
Trizol reagent (Invitrogen, Carlsbad, CA, USA). Reverse
transcription polymerase chain reaction (RT-PCR) was
utilized to obtain full-length AzSK7P cDNA (Atlg77180).
The generated product was then cloned into the pGEM T-
easy vector (Promega, Madison, WI, USA) for DNA
sequence analysis. The RT-PCR primers were as follows:
forward primer 5-CG GGATCCCGTATGAAGTCTCTT-
AATGATC-3" (BamHI site is shown in italics) and reverse
primer 5-CGAGCTCGTTAACGCCGGTCACTGCGT-
TC-3" (Sad site is shown in italics) on the basis of the
sequence information in a cDNA database (NCBI, http://
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www.ncbi.nlm.nih.gov). Amplification proceeded for 35
cycles consisting of 94°C for 30 s; 57°C for 30 s and 72°C
for 2 min. The PCR-amplified products were double-
digested with BamHI and Sacd and then directionally
cloned into the plant expression vector pBI121. The
resultant construct was introduced into Agrobacterium
tumefaciens strain GV3101 by in planta vacuum infiltration
(Bechtold & Pelletier, 1998). Homozygous lines (T3
generation) from eight independent transformants were
obtained, and two lines (OX-9 and OX-11) displaying high
levels of transgene expression were selected for phenotypic
characterization. The kanamycin resistance of the T,
generation from these two selected lines segregated as a
single locus.

Results

Arabidopsis Salt-tolerance 2 (AtSAT2) encodes for a
homologue of the human SNW/SKIP transcriptional
coregulator

Previously, we have isolated SA7s via the overexpression
screening of yeast with a maize cDNA library from kernels
(Methods S1, see Supporting Information). During screen-
ing, we identified a maize clone (SAT2) that appeared to
confer elevated tolerance to salt in comparison with control
cells (Fig. S1, see Supporting Information). The isolated
partial SAT2 ¢cDNA (GenBank Accession No. AY106331)
displayed considerable homology with known members of
the SNW/SKIP protein family. SNW/SKIP is a nuclear
protein that is highly conserved in a wide variety of organ-
isms from yeasts to humans and is ubiquitously essential for
survival (Baudino e 4/, 1998; Dahl et al., 1998; Martink-
ova et al., 2002). Several lines of evidence show that SKIP is
a critical transcription cofactor, but its biological functions
have yet to be reported in any plant.

In an effort to gain an insight into the function of the
SNW/ SKIP gene in plants, we attempted to isolate the gene
in Arabidopsis that encodes for sequences similar to the iso-
lated partial maize SAT2 (Fig. S2, see Supporting Informa-
tion). The isolated ¢cDNA sequence (Atlg77180) com-
prised 1842 bp and harboured one single open reading
frame encoding a protein of 613 amino acids with a calcu-
lated molecular weight of 67.5 kDa. As shown in Fig. 1a,
the deduced amino acid sequence displayed a considerable
degree of homology with already identified members of the
SNW/SKIP protein family. The A. thaliana gene was
therefore designated as AzSKIP. On the basis of the amino
acid sequence alignments, at least three distinct domains
were detected within the SNW/SKIP homologues: a central
domain harbouring the so-called SN'W box; a less well-con-
served N-terminal domain that has so far not been linked to
a specific function, but which contains a glycine-rich
box that was also identified in AtSKIP (Fig. 1b); and a

New Phytologist (2010) 185: 103-113
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Fig. 1 Alignment of full-length deduced amino acid sequences of AtSKIP and SNW/SKIP orthologues from different phylogenetic origins. (a)
Shown are the sequences of AtSKIP (At1g77180), Homo sapiens NcoA62/SKIP (HsSKIP; U51432), Caenorhabditis elegans SKIP (CeSKIP;
Z74045), Drosophila melanogaster Bx42 (DmBx42; X64536) and Schizosaccharomyces pombe Snw1p (SpSNW1p; AL032824). Black and grey
shading indicate identical and similar amino acids, respectively. Gaps were introduced to optimize the alignment. (b) The structure of the
conserved regions of the AtSKIP protein. The primary structure contains, beginning at the N-terminus, the following remarkable motifs (http://
myhits.isb-sib.ch/cgi-bin/motif_scan): glycine-rich box (63-70), SNW/SKIP domain (186-352) and bipartite nuclear localization signal (396-429).

C-terminal domain involved in homodimer formation and
in the interaction with the small subunit of splicing factor
(Ambrozkova et al., 2001). Based on its amino acid sequence
features, AtSKIP seems to be encoded by only one gene in
the Arabidopsis genome and can be clearly assigned to the
SN'W/SKIP family of transcriptional regulators.

AtSKIP expression in Arabidopsis

To obtain clues regarding the function of AtSKIP, we
initially assessed its expression pattern. Northern blot experi-

New Phytologist (2010) 185: 103-113
www.newphytologist.org

ments demonstrated that AzSKIP was expressed in every
developmental stage and within the entire plant (Fig. 2a),
especially the roots, inflorescence stems, rosette leaves and
flowers, with a small amount of the transcript being
detected in the seeds and siliques (Fig. 2b). Genome-wide
expression analysis in Arabidopsis revealed that the expres-
sion of AtSKIP was induced by ABA, senescence, salinity,
drought, osmotic stress and cold (Gene Investigator,
https://iii.genevestigator.ethz.ch/at; AtGenExpress visualiza-
tion tool, http://jsp.weigelworld.org; Bae eral, 2003).
Next, in an effort to determine the in vivo functions of
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AtSKIP, we assessed the accumulation of AtSKIP RNA in
10-d-old Arabidopsis seedlings during salt, mannitol and
ABA treatment using qPCR. As shown in Fig. 2c, ArSKIP
was induced slightly in Arabidopsis seedlings within 3 h of
salt or ABA treatment, and continued with time. A
mannitol concentration of 400 mM resulted in a slight
induction of AtSKIP in the whole parts of 10-d-old
seedlings within 6 h of mannitol treatment, with a
marginal decline after 12 h. The induction in AsSKIP
expression was sustained for at least 24 h after mannitol
treatment (Fig. 2¢). AtSKIP was also induced steadily dur-
ing mannitol treatment, in contrast with the control
RESPONSIVE TO DESICCATION 294 (RD29A) gene
(Nakashima e# al., 2006), which was induced quickly and
transiently (Fig. 2d). However, AfSKIP expression was
induced to a lesser degree, on average, compared with
salt- and ABA-treated samples.

AtSKIP is a nuclear-localized protein

To determine the subcellular localization of AtSKIP, a
green fluorescent protein (GFP) reporter gene was fused in-
frame to the AtSKIP coding region to generate a GFP-At-
SKIP fusion protein in onion cells and transgenic Arabidop-
sis plants. As shown in Fig. 3, the fluorescence signal of the
GFP-AtSKIP construct was detected in the nuclei of the
onion cells (Fig. 3a) and in transgenic Arabidopsis (Fig. 3b);
however, the majority of the GFP protein was located in the
cytoplasm of the onion cells, and the GFP fluorescence sig-
nal was weak (Fig. 3a). These results are consistent with the
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identity of AtSKIP as a nuclear-localized protein, which is
in agreement with its predicted function as a putative tran-
scription factor.

AtSKIP shows transcriptional activation activity in the
C-terminal domain

To determine whether AtSKIP could display transcriptional
activation activity, full-length cDNA of AzSKIP was fused
to the GAL4 DNA-binding domain and the resultant con-
struct, AtSKIP613 (Fig. 4a), was introduced into yeast
strain Y190. The AtSKIP613 protein was capable of induc-
ing JacZ expression by itself in yeast cells (Fig. 4a), indica-
tive of a putative transcriptional activator function for the
full-length AtSKIP protein. To further define the regions
corresponding to the transcriptional activation domain, we
constructed mutants with deleted portions of the AtSKIP
protein (Fig. 4a). When part of the N-terminus was deleted
(construct AtSKIP430), a positive colour reaction devel-
oped within 1 h on the X-Gal filter assay (Fig. 4a). As was
the case with construct AtSKIP430, constructs AtSKIP253
and AtSKIP83 also conferred a high level of lacZ expression
within 1 h (Fig. 4a). When the C-terminal end was deleted,
leaving only the N-terminal region (construct AtSKIP183)
or central peptides with the N-terminal region (constructs
AtSKIP530 and AtSKIP360), no lacZ expression was evi-
dent, even on overnight incubation (Fig. 4a), implicating
the C-terminal domain as crucial for transcriptional activa-
tion activity. As the X-Gal filter assay does not provide a
quantitative measure of the /zcZ expression level, a second

(b)
Sd Rt St Lf  Fr Sl
AtSKIP L —
(d)
1601 Rp29A
140 o

)]
=3

o

0 61224 (h)
Mannitol

NaCl ABA

Fig. 2 Expression of the AtSKIP gene in Arabidopsis thaliana. (a) RNA levels were determined by Northern hybridization using total RNA iso-
lated at the indicated ages. (b) Northern blotting of AtSKIP expression. Lane Sd, seed; lane Rt, root; lane St, stem; lane Lf, leaf; lane Fr, flower;
lane SI, silique. (c, d) Quantitative real-time polymerase chain reaction (qPCR) analysis of the expression of AtSKIP (c) and RD29A (d) involved
in abiotic stresses. All quantifications were made in three independent isolated RNA samples obtained from plants treated with 150 mm NacCl,
100 pm abscisic acid (ABA) and 400 mm mannitol at the indicated times. Error bars indicate standard deviations of three independent biological
samples. Differences between the expression of AtSKIP or RD29A in 10-d-old Arabidopsis seedlings untreated and treated with various abiotic
stresses are significant at the 0.005 > P > 0.001 (*) or P < 0.001 (**) levels.
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set of experiments was conducted in which B-galactosidase
activity was assayed in the lysates of yeast cells expressing
these deletion constructs of the AtSKIP protein. Figure 4b
shows the B-galactosidase activity recovered from yeast cells
expressing the AtSKIP deletion proteins. Fundamentally,
the results of this analysis were consistent with those
obtained from the filter assay.

Knockdown of AtSKIP leads to altered plant develop-
ment

Furthermore, in an effort to evaluate the functional conse-
quences of the loss of AtSKIP, atskip antisense lines were
generated using full-length ¢DNA  sequences. The
SNW/SKIP protein performs an essential function as a
transcriptional activator in all eukaryotes; for example,
knockout of this gene is lethal, as has been demonstrated in
Saccharomyces  cerevisiae and  Schizosaccharomyces  pombe
(Diehl & Pringle, 1991; Ambrozkova et al., 2001). In this
study, because the expression of ASKIP was only partially
abolished, as shown by the results of RT-PCR (Fig. 5a), we
successfully obtained arskip antisense transgenic lines. Pleio-
tropic abnormal developmental phenotypes were observed
in these antisense lines, including reduced inflorescence
stems and smaller rosette leaves (Fig. 5b). In addition, and-
sense lines showed markedly reduced seed production, as
indicated by the observation of shortened siliques with
fewer seeds (data not shown). These results strongly bolster
the concept that the AtSKIP gene may perform a crucial
function in the regulation of the plant development of Ara-

bidopsis.

New Phytologist (2010) 185: 103-113
www.newphytologist.org

Fig. 3 Nuclear localization of AtSKIP. (a)
Green fluorescent protein (GFP) and GFP
fusion with AtSKIP were transiently
expressed in onion cells (Methods S1, see
Supporting Information). Bars, 100 um. (b)
GFP-AtSKIP green fluorescence in the nuclei
of the root cells of transgenic Arabidopsis
thaliana. Bars, 100 pum.

Overexpression of AtSKIP confers high tolerance to
abiotic stress

To assess its function iz vivo, we induced AtSKIP over-
expression in Arabidopsis under the control of the 35S pro-
moter. Eight homozygous lines (T3 generation) were
obtained, and two lines (OX-9 and OX-11) that displayed
high levels of transgene expression (Fig. 6a) were selected
for phenotypic characterization. The comparison of
AtSKIP-overexpressing lines with wild-type (WT) plants
demonstrated no morphological alterations or retardation
of growth.

We attempted to determine whether salt, mannitol or
ABA stress tolerance could be influenced by the levels of
AtSKIP expression. AtSKIP expression was assessed via
RT-PCR in two randomly selected independent azskip (ar-
skip2 and arskipll) antisense lines. AtSKIP expression was
knocked down in the antisense lines (Fig. 6b). To evaluate
the effects of AtSKIP expression on germination with ABA
treatment, the seeds of WT, atskip and AtSKIP-overexpress-
ing plants were germinated on Murashige and Skoog (MS)
medium (Murashige & Skoog, 1962). The germination
ratio among WT, azskip and AtSKIP-overexpressing plants
was similar and acceptable on MS medium (Fig. 6¢). As the
seeds of WT, atskip and AtSKIP-overexpressing plants ger-
minated on MS medium containing 2.5 um ABA, the coty-
ledon greening efficiency of WT was only slightly above
35% at 10 d after germination; less than 25% of the atskip
mutant plants (line 11) remained alive and only 5% of the
atskip cotyledons (line 2) expanded and turned green,
compared with 95% in OX-9 and OX-11 (Fig. 6¢). These

© The Authors (2009)
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Fig. 4 Structure of AtSKIP deletion mutants in pAS2-GAL4 used for
transactivation activity. (a) The NH,- and COOH-terminal deletion
mutants were constructed by PCR. Self-transactivation, as illustrated
by the colour reaction in the 5-bromo-4-chloro-3-indolyl-B-p-galac-
topyranoside (X-Gal) assay (shown on right), occurred within 1 h for
AtSKIP613, AtSKIP430, AtSKIP253 and AtSKIP83 constructs.
Overnightincubation failed to produce a self-activation reaction with
the AtSKIP530, AtSKIP360 and AtSKIP183 constructs. (+) indicates
that a positive reaction was detected in the X-Gal assay. () indicates
that no X-Gal reaction was detected. (b) Assay of B-galactosidase
activity. The values shown are the averages of three independent
experiments. Error bars indicate standard deviations. The asterisk
denotes a statistically significant difference compared with the
AtSKIP613 construct (P < 0.005). Letters denote the structures of
the AtSKIP deletion mutants in the pAS2 plasmid. a, AtSKIP613; b,
AtSKIP430; ¢, AtSKIP253; d, AtSKIP83; e, AtSKIP530; f, AtSKIP360;
g, AtSKIP183.

results indicate that the azskip mutant is more likely than
the WT to be sensitive to ABA. However, the AtSKIP-over-
expressing plants were demonstrated to be more resistant to
exogenous ABA than were the WT and azskip mutant
plants.

To evaluate the effects of AtSKIP expression on germina-
tion with elevated salinity or mannitol, the seeds of the
WT, atskip and AtSKIP-overexpressing plants were germi-
nated in MS medium supplemented with 150 mm NaCl or
400 mM mannitol, and then permitted to grow for 10 d
before assessment of the survival rates of the AtSKIP-over-
expressing plants in response to salt or dehydration stress.
At 150 mM NaCl, ¢. 80% of the WT leaves expanded and

© The Authors (2009)
Journal compilation © New Phytologist (2009)

Research © 109

(@) atskip

AtSKIP

atskip

Fig. 5 Phenotypes of atskip mutant plants. (a) Expression levels of
AtSKIP in wild-type (WT) and three atskip antisense transgenic lines
determined by reverse transcription polymerase chain reaction
(RT-PCR) using total RNA isolated from 2-wk-old seedlings. Actin
was used in RT-PCR as an internal control. Lane WT, wild-type; lane
Mi, mild atskip phenotype; lane Mo, moderate atskip phenotype;
lane St, strong atskip phenotype. (b) Five-week-old WT and atskip
antisense mutants with different phenotypes.

turned green, compared with more than 90% of the OX-9
and OX-11 lines (Fig. 7a,b). By contrast, 10-20% of two
atskip transgenic lines remained alive at 10 d after germina-
tion (DAG) (Fig. 7a,b). Osmotic stress also resulted in dras-
tic differences in the survival rate after 10 d: 70-90% of
two AtSKIP-overexpressing seeds generated pale green or
green leaves, compared with ¢. 50% of the WT controls
(Fig. 7c,d), whereas less than 15% of the antisense trans-
genic plants remained alive at 10 DAG (Fig. 7c,d). These
results are consistent with AtSKIP being a necessary compo-
nent for the regulation of developmental growth under abi-
otic stress.

New Phytologist (2010) 185: 103-113
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Fig. 6 Abscisic acid (ABA) sensitivity of AtSKIP-overexpressing and
atskip antisense transgenic plants. (a) Expression levels of AtSKIP in
wild-type (WT) and two independent transgenic lines overexpress-
ing AtSKIP (OX-9 and OX-11). The blot was probed with 3P-AtSKIP
cDNA. Ethidium bromide-stained rRNAs were utilized as a loading
control (bottom section). (b) Expression levels of AtSKIP in WT and
two independent atskip antisense transgenic lines (atskip2 and at-
skip11) were determined by reverse transcription polymerase chain
reaction (RT-PCR). Actin was used in RT-PCR as an internal control.
(c) Effect of ABA treatment on cotyledon greening. Seeds were
sown on Murashige and Skoog (MS) agar plates without (=) or with
(+) 2.5 pm ABA and permitted to grow for 5 or 10 d, respectively,
and seedlings with green cotyledons were counted (triplicates,

n = 50 each). Error bars represent standard deviations. Differences
between WT and transgenic plants grown in the same conditions
are significant at the 0.005 > P > 0.001 (*) or P < 0.001 (**) levels.

Effects of salt, mannitol and ABA on stress-related
genes

It has been relatively well established that the expression of
the Rd29A, Rd29B and Cold-regulated 15A (Corl5A) genes
is induced by stress (Ishitani ez al, 1998; Rosado ez al.,
2006). Rd29A and RA29B are also induced under drought,
ABA and salt stress conditions (Abe et /., 1997; Nakashima
et al., 20006). In addition, the CorI5A gene is induced by
ABA, high salinity, cold and osmotic stress (Ishitani e al.,

New Phytologist (2010) 185: 103-113
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1998). Figure S3(see Supporting Information) shows that
the transcript levels of stress-inducible genes, including
Rd29A, Rd29B and Cor154, displayed enhanced induction
in AtSKIP-overexpressing OX-9 and WT plants than in az-
skip2 mutant plants following ABA or mannitol treatment,
as the expression of the three genes was slightly less induced
by salt treatment in the asskip2 mutant than in the WT and
AtSKIP-overexpressing OX-9 plants. These observations
support the concept that AtSKIP regulates the expression of
these stress marker genes under salt, dehydration and ABA
stress conditions. However, the expression levels of RZ294
and Rd29B in WT and AtSKIP-overexpressing plants under
ABA or salt stress seem to be very similar. This probably
indicates that the overexpression of AtSKIP by itself is not
sufficient for the induction of stress-related genes and may
require additional components.

Discussion

Recently, we conducted a yeast screen to identify salt toler-
ance genes in a maize kernel cDNA library. During screen-
ing, we isolated a partial maize cDNA (SAT2) displaying
high homology with known members of the SN'W/SKIP
protein family (Fig. S2). The SNW/SKIP domain has been
suggested to be involved in transcriptional activity and
interaction with other proteins, as well as in yeast cell
viability (Prathapam ez al., 2001; Martinkova ez al., 2002;
Folk et al, 2004). To identify the novel components
involved in abiotic stress tolerance in Arabidopsis, we
characterized the stress tolerance gene, designated AtSKIP,
which functions as a putative stress-inducible transcription
factor. The sequence of AtSKIP was found to display a high
degree of similarity to the human SNW/SKIP protein. Its
biological role has yet to be elucidated in any plant,
although the human SN'W/SKIP protein is a crucial part of
the nuclear regulatory complex as an essential spliceosomal
component and a transcriptional coregulator (Folk ez al,
2004).

In this study, we observed that A¢SKIP mediated
responses to ABA, salinity and dehydration stress during
germination and seedling stages. Our study also demon-
strated a distinct difference in the expression of Rd294,
Rd29B and Corl5A genes between the AtSKIP-overexpress-
ing transgenic line and the azskip antisense line on exposure
to exogenous abiotic stresses (Fig. $3). AtSKIP-overexpress-
ing plants showed enhanced insensitivity to ABA in com-
parison with the WT, whereas the antisense lines showed
enhanced sensitivity to ABA during germination and cotyle-
don greening (Fig. 6¢), implying that AtSKIP is a crucial
component in the regulation of ABA or ABA-mediated
stress signalling pathways in Arabidopsis. It has been
reported previously that ABA accumulates in different plant
tissues in response to water deficit and salinity stresses, and
is believed to function as a signal for the initiation of

© The Authors (2009)
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Fig. 7 Influence of AtSKIP transgenic lines on
salt and osmotic stress tolerance. (a) Effect of
salt treatment on leaf growth. (b) Effect of
salt treatment on plant growth. Seeds were
sown on Murashige and Skoog (MS) agar
plates supplemented with 150 mm NaCl (a,
b) and permitted to grow for 10 d, and the
surviving plants were scored (triplicates, (©)
n = 50 each). Error bars represent standard
deviations. The asterisk denotes a statistically
significant difference compared with the
wild-type (P < 0.01). (c) Effect of mannitol
treatment on leaf growth. (d) Effect of man- 'gfsh'ipz B
nitol treatment on plant growth. Seeds were oy
sown on MS agar plates supplemented with
400 mm mannitol (c, d) and permitted to
grow for 10 d, and the surviving plants were
scored (triplicates, n = 50 each). Error bars
represent standard deviations. The asterisk
denotes a statistically significant difference
compared with the wild-type (P < 0.01).
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acclimation to these stresses (Pla ef /., 1993; Robertson &
Chandler, 1994).

As shown in Fig. 7, the influences of NaCl and mannitol
on AtSKIP-overexpressing plants were apparent in the sur-
vival assay, compared with that of azskip or WT plants. The
atskip plants displayed hypersensitivity to salinity or osmo-
tic stresses, whereas AtSKIP-overexpressing plants displayed
enhanced salt or mannitol insensitivity (Fig. 7), thereby
supporting the notion that AtSKIP is a component of resis-
tance against the dehydration-triggered defective develop-
mental process. A growing body of evidence is bolstering
the concept that the transcriptional signalling cascade con-
stitutes a complex signalling network between abiotic stress
and ABA signalling pathways in plants (Yamaguchi-Shino-
zaki & Shinozaki, 2006). Apparently, the transcription fac-
tors perform crucial functions in these processes. Similar to
ASKIP, Glycine max basic/leucine zipper protein 44
(GmbZIP44), GmbZIP62 and GmbZIP78 are active under
conditions of reduced ABA sensitivity, and confer signifi-
cant tolerance to salt stresses when they are overexpressed
(Liao et al., 2008).

Mechanistically, transcription factors control gene
expression via interaction with the cis-elements of targeting
gene promoters, whereas transcriptional coregulators assist
in the control of gene expression via interaction with tran-
scription factors (Riano-Pachon ez al., 2008). The crucial
difference between transcription coregulators and transcrip-
tion factors centres on whether or not they can bind to
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DNA. This study shows that AtSKIP not only displays self-
transcriptional activation activity, but can also bind to sin-
gle- and double-stranded DNA (data not shown), which is
a general characteristic of transcription factors. However,
the conclusion that AtSKIP functions as a putative tran-
scription factor remains controversial. Firstly, recent
research has shown that SNW/SKIP proteins work by facil-
itating the assembly or regulating the rearrangements of
‘nuclear machines’, such as the ternary complexes of tran-
scription factors or spliceosomes (Folk ez al, 2004).
Secondly, the specificity of the DNA sequence to which
AtSKIP binds also remains in question, even though
ASKIP can bind to both single- and double-stranded
DNA.

In summary, this study has identified and physiologically
characterized the gene involved in the ABA signal cascade in
Arabidopsis; this gene not only influences the development
and growth of Arabidopsis, but also enhances anti-abiotic
stress ability via the regulation of ABA signal transduction,
although its physiological mechanisms have yet to be char-
acterized completely. Further analysis, including the identi-
fication of interaction partners, may provide novel insights
into AtSKIP-mediated abiotic stress tolerance, as the human
SNW/SKIP protein performs functions crucial to human
life, including pre-mRNA processing and steroid hormone
signalling via protein—protein interactions. Overall, the
physiological functions of AtSKIP appear to be worthy of
further elucidation.
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. . Fig. S3 Expression of stress-regulated genes: RD29A (a),
Supporting Information RD29B (b) and CorI5A (o).
Additional supporting information may be found in the

online version of this article. Table S1 Clones and primers for AtSKIP deletion mutants

Methods S1. Detailed Materials and Methods. Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting information sup-

Fig. S1 Tolerance enhancement to salt stress in yeast by  plied by the authors. Any queries (other than missing mate-

overexpression of SAT2. rial) should be directed to the New Phyrologist Central
Office.

Fig. S2 Alignment of partial length deduced amino acid

sequences of maize SAT2 and SN'W/SKIP homologue from

Arabidopsis.
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Scavenger receptors (SRs) constitute a family of membrane-bound receptors that bind to multiple li-
gands. The SR family of proteins is involved in removing cellular debris, oxidized low-density lipopro-
teins, and pathogens. Specifically, class C scavenger receptors (SR-C) have also been reported to be
involved in phagocytosis of gram-positive and -negative bacteria in Drosophila and viruses in shrimp.
However, reports are unavailable regarding the role of SR-C in antifungal immune mechanisms in insects.
In this study, a full-length Tenebrio molitor SR-C (TmSR-C) sequence was obtained by 5'- and 3’-Rapid
amplification of cDNA ends-polymerase chain reaction (RACE-PCR). The TmSR-C full-length cDNA
comprised 1671 bp with 5’- and 3’-untranslated regions of 23- and 107-bp, respectively. TmSR-C encodes
a putative protein of 556 amino acid residues that is constitutively expressed in all tissues of late instar
larvae and 2-day-old adults, with the highest transcript levels observed in hemocytes of larvae and
adults. TmSR-C mRNA showed a 2.5-fold and 3-fold increase at 24 and 6 h after infection with Candida
albicans and B-glucan, respectively. Immunoassay with TmSR-C polyclonal antibody showed induction of
the putative protein in the cytosols of hemocytes at 3 h after inoculation of C. albicans. RNA interference
(RNAi)-based gene silencing and phagocytosis assays were used to understand the role of TmSR-C in
antifungal immunity. Silencing of TmSR-C transcripts reduced the survivability of late instar larvae at 2
days post-inoculation of C. albicans, Escherichia coli, or Staphylococcus aureus. Furthermore, in TmSR-C-
silenced larvae, there was a decline in the rate of microorganism phagocytosis. Taken together, results of
this study suggest that TmSR-C plays a pivotal role in phagocytosing not only fungi but also gram-
negative and -positive bacteria in T. molitor.

Keywords:

Tenebrio molitor
Scavenger receptor class C
Phagocytosis

Innate immunity

© 2017 Published by Elsevier Ltd.

1. Introduction

Insects lack an adaptive immune system, but a potent innate
immune system efficiently protects the host against invasion by a
plethora of microorganisms, including fungi, bacteria, and viruses.

* Corresponding author.
E-mail address: hanys@jnu.ac.kr (Y.S. Han).
! These authors contributed equally to the work.

http://dx.doi.org/10.1016/j.ibmb.2017.08.007
0965-1748/© 2017 Published by Elsevier Ltd.

Innate immunity in insects encompasses both humoral and cellular
immune systems. The humoral immune system includes effector
antimicrobial peptides (AMPs) (Tanji et al., 2007), which are pre-
dominantly synthesized in fat bodies and released into the hemo-
lymph. It also includes proteins in the prophenoloxidase (proPO)
cascade (Kim et al., 2008) and reactive oxygen and nitrogen species
(Schmidt et al,, 2001; Zhang et al., 2012). Toll and immune defi-
ciency (IMD) pathways constitute the major humoral immune
signaling pathways. These signaling pathways are initiated by
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pattern recognition receptors (PRRs) that sense pathogen associ-
ated molecular patterns (PAMPs) such as bacterial peptidoglycan,
mannose, and lipopolysaccharide (Zhang et al., 2012). In Drosophila,
Toll pathway is activated by gram-positive bacteria and fungi, while
IMD pathway is activated by gram-negative bacteria, resulting in
the expression of effector AMPs drosomycin and diptericin,
respectively (Kim et al., 2008). The cellular immune system (or cell-
mediated immunity), on the other hand, entails phagocytosis,
nodulation, and encapsulation (Lamprou et al., 2005; Mavrouli
et al., 2005; Nappi et al., 2004; Schmidt et al., 2001; Sideri et al.,
2008).

Scavenger receptors (SRs) constitute a family of multifunctional
proteins that, on the basis of their multi-domain structures, are
grouped into nine heterogeneous classes (SR-A—SR-I). Of the many
functions attributed to SRs, growing evidence suggests their roles
in innate immunity as PRRs, as well as their involvement in
phagocytic clean-up of pathogens and other modified proteins
(Areschoug and Gordon, 2009; Mukhopadhyay and Gordon, 2004).
SRs have been reported to recognize a wide assortment of PAMPs,
including lipopolysaccharide (LPS), lipoteichoic acid (LTA), bacterial
CpG DNA, and yeast zymosan/f-glucan (Areschoug and Gordon,
2009; Mukhopadhyay and Gordon, 2004), and to mediate non-
opsonic phagocytosis of pathogenic microbes. Among the nine SR
classes, scavenger receptor class A (SR-A) and class B (SR-B) have
been well studied. SR-A, expressed in macrophages, contains five
different subtypes, including SR-A1, macrophage receptor with
collagenous structure (MARCO), cellular stress response protein 1
(CSR-1), scavenger receptor with C-type lectin (SR-CL), and scav-
enger receptor class A member 5 (SCARAS) (Areschoug and Gordon,
2009; Canton et al., 2013), and plays roles in non-opsonin-
mediated phagocytosis (Areschoug and Gordon, 2009; Arredouani
et al., 2006; Peiser et al., 2000, 2002). SR-B includes at least four
members: cluster of differentiation 36 (CD36), CD163, SR-B1, and
lysosome membrane protein 2 (LIMP2)-related genes. CD36, the
phagocyte receptor, is expressed in macrophages and is important
for the initiation of phagocytosis and Toll-like receptor (TLR) 2/6
signaling in response to Staphylococcus aureus infection (Areschoug
and Gordon, 2009; Stuart et al., 2005). The well-studied SR-B1 is
expressed in macrophages, hepatocytes, dendritic cells, and ste-
roidogenic tissues (Murphy et al., 2005), and is considered a target
receptor for hepatitis C virus (Barth et al., 2008; Dubuisson et al.,
2008).

There are several studies for SRs in marine invertebrates such as
shrimp and crab. Marsupenaeus japonicus SR-B2 (MjSR-B2) and
Portunus trituberculatus SR-B (PtSRB) have antimicrobial functions
in initiating phagocytosis and the expression of AMPs (Bi et al.,
2015), and in sensing and phagocytizing bacterial pathogens
(Yang et al., 2016b), respectively. Interestingly, it was also reported
that MjSR-C plays a critical role in antiviral phagocytic function
against white spot syndrome virus (WSSV) in shrimp (Yang et al.,
2016a).

In insects, the Drosophila scavenger receptor class C (DmSR-C)
functions as a broad polyanionic ligand binder similar to
mammalian SR-A. It acts as a pattern recognition molecule with the
ability to phagocytize both gram-positive and gram-negative bac-
teria. Generally, SR-C in insects has been implicated as a major
phagocyte receptor involved in bacterial recognition (Ramet et al.,
2001). With the identification of SR-C and its isoforms in in-
vertebrates, the multidimensional facets of the receptor are
becoming apparent. Apart from a few existing reports, SR-C re-
mains an interesting gene to explore for innate immune functions
in insects. This is even more significant in the case of the coleop-
teran insect Tenebrio molitor, which has been used as an efficient
model to elucidate immune signaling pathways such as the Toll
pathway (Jo et al., 2017; Patnaik et al., 2014; Yu et al., 2010), pro-PO

cascade (Cerenius et al.,, 2008), and cell-mediated immune re-
sponses (Lee et al., 2015; Tindwa et al., 2015a, 2015b).

In this study, we identified the full-length cDNA sequence of the
SR-C gene from T. molitor and designated it as TmSR-C. Using
quantitative PCR (qPCR), we studied the tissue-specific expression
of TmSR-C after the inoculation of microorganisms such as Escher-
ichia coli, S. aureus, and Candida albicans. Analysis of mortality assay
following RNAi-based TmSR-C gene-silencing in hemocytes
revealed that the protein was required for the survival of the insect.
Further, the phagocytic activity of dsTmSR-C-treated T. molitor he-
mocytes against pathogens was investigated. Our findings suggest
that TmSR-C plays a role in the phagocytosis of microorganisms
such as E. coli, S. aureus, and C. albicans.

2. Materials and methods
2.1. Animals

Healthy T. molitor larvae (mealworms) were obtained from
Pusan National University (Pusan, South Korea) and maintained at
26 + 1 °C and 60 + 5% relative humidity. The animals were reared
under dark conditions and fed daily with an artificial diet. The diet
contained 4.4 g of NeoVita (Samwoo median Co., Chungnam, Ko-
rea), 0.5 g of chloramphenicol (Sigma Aldrich, St. Louis, USA), 0.4 g
of L-ascorbic acid (Sigma Aldrich, St. Louis, USA), 0.5 g of sorbic acid
(Sigma Aldrich, St. Louis, USA), 0.5 ml of propionic acid (Sigma
Aldrich, St. Louis, USA), 2.2 g of yeast dry powder (HNH, Seoul,
Korea), 2.2 g of bean powder (Dongrang food, Daejeon, Korea), 7.6 g
of agar (Miryang agar-agar, Miryang, Korea), 4.4 g of wheat powder
(Qone, Seoul, Korea), 73.3 g of wheat bran, and 200 ml of distilled
water autoclaved at 121 °C for 15 min. The animals were selected
randomly for each experiment.

2.2. Microbial cultures and immune challenge of insects

The pathogenic microorganisms used in this study were E. coli
K12 and S. aureus RN4220, both donated by Prof. Bok Leul Lee,
Pusan National University (Pusan, South Korea), and C. albicans
procured from Hoseo University (Asan, South Korea). Luria-Bertani
(LB) broth was used for E. coli and S. aureus culture, whereas Sab-
ouraud dextrose broth was used to culture C. albicans. All standard
media used for culturing the microorganisms were purchased from
Becton Dickinson, and Company (Franklin Lakes, USA). Cells
cultured overnight were harvested, washed, and suspended in
1 x phosphate buffered saline (1 x PBS, 130 mM NaCl, 7 mM
Nap;HPO4, 3 mM NaH,PO4-H;0; pH 7.2). After centrifugation at
3500 x g for 10 min at 4 °C, the concentration of suspended cells
was measured by spectrophotometry at an optical density of 600
(ODggg). The cells were diluted in PBS to reach a concentration of
10° cells/ml of E. coli and S. aureus and 5 x 107 cells/ml of C. albicans.

For immune challenge experiments, a 1 ul suspension of E. coli
(10° cells), S. aureus (108 cells), or C. albicans (5 x 10* cells) was
microinjected into T. molitor larvae using a Picospritzer III micro-
dispense system (Parker, Hollis, NH). PBS-injected T. molitor
larvae were used as a negative control.

2.3. Full-length cDNA cloning and sequencing

Partial cDNA sequence of SR-C was obtained from T. molitor
expressed sequence tag (EST) and RNASeq database (unpublished)
and designated as TmSR-C. The T. castaneum SR-C protein sequence
was used as a query for identification of TmSR-C using local-blastn
searches. Subsequently, the full-length cDNA sequence of TmSR-C
was obtained using a SMARTer RACE ¢DNA amplification kit
(Clontech Laboratories, Mountain View, USA) according to
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manufacturer's instructions. Briefly, the first PCR reaction was
conducted using a universal primer mix and gene-specific primers
(TmSR-C 5-RACE GSP1 and TmSR-C 3’-RACE GSP1), followed by
nested gene-specific primers (TmSR-C 5’-RACE GSP2 and TmSR-C
3’-RACE GSP2). A list of primers used in the RACE-PCR step is
shown in Table 1. PCR was conducted under the following reaction
conditions: denaturation at 94 °C for 30 s, annealing at 55 °C for
30 s, and extension at 72 °C for 30 s for 30 cycles. The nested PCR
products were purified using an AccuPrep PCR purification kit
(Bioneer, Daejeon, Korea), cloned into TOPO TA cloning vector
(Invitrogen Corporation, Carlsbad, CA), and subsequently trans-
formed into competent E. coli DH54. cells for sequence evaluation.

2.4. Sequence analysis of TmSR-C

The deduced amino acid sequence of TmSR-C was used to
analyze conserved domains and evolutionary relationships with
orthologs. Domain architecture of the protein was predicted using
InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/) and BLAST
(http://blast.ncbi.nlm.nih.gov/) programs (Altschul et al., 1990;
Quevillon et al., 2005; Zdobnov and Apweiler, 2001). The amino
acid sequences of TmSR-C orthologs were obtained by BLAST search
in GenBank (http://www.ncbi.nlm.nih.gov/) and analyzed in Clus-
talX2 (Larkin et al, 2007). A phylogenetic analysis using the
maximum likelihood method was constructed in MEGA (ver. 6)
(Tamura et al., 2013). A percentage identity matrix was constructed
using ClustalX2 (Larkin et al., 2007).

2.5. Tissue-specific distribution and expression profiles of TmSR-C

To determine the tissue-specific distribution of TmSR-C, the gut,
integument, fat body, Malpighian tubules, and hemocytes from
T. molitor late instar larvae and adult, and ovaries, and testes of
adults were used (n = 3). Quantitative PCR (qPCR) method was used
to investigate the temporal expression of TmSR-C mRNA after in-
jection of E. coli (10° cells per larvae), S. aureus (10° cells per larvae),
C. albicans (5 x 10 cells per larvae), and B-1,3-glucan (1 pg per
larvae). The primers used for qPCR analysis are shown in Table 1.
The expression of TmSR-C transcripts was evaluated at 6, 12, and
24 h after challenge with the microorganisms. Further, to

Table 1
Primer sequences used in the present study.

investigate hemocyte-specific expression patterns of TmSR-C,
C. albicans (5 x 10% cells per larvae) or B-1,3-glucan (1 pg per larvae)
were injected into T. molitor larvae. Hemocytes were isolated from
T. molitor larvae at 1, 3, 6, 12, and 24 h after microbial injection.
Hemocytes isolated from PBS-injected T. molitor larvae were used
as a negative control. Total RNAs were immediately isolated from
collected hemocytes using Trizol. cDNAs were synthesized with
1 pg of total RNA using AccuPower RT Pre Mix (Bioneer, Daejeon,
South Korea) and an Oligo (dT);2—1s primer on a PTC-200 PCR
machine (M] Research, USA). AccuPower 2 x Green Star qPCR
master mix (Bioneer, Daejeon, South Korea) and gene-specific
primers (TmSR-C qPCR Fw and Rv) were used to detect TmSR-C
signals by real-time PCR (Exicycler 96, Bioneer Co., Daejeon, South
Korea). qPCR was performed under conditions of initial denatur-
ation at 95 °C for 20 s, followed by 40 cycles at 95 °C for 5 s and
60 °C for 20 s. T. molitor 60S ribosomal protein L27a (TmL27a;
TmL27a qPCR Fw and Rv) was used as an internal control. Primers
used in the gPCR studies are shown in Table 1. For the qPCR analysis,
the data from three independent experiments were recorded and
presented as the mean + SE (n = 3). The datasets were analyzed
statistically using Student's t-test. Differences at a level of p < 0.05
were considered significant.

2.6. RNAi analysis and bioassays

TmSR-C transcripts were silenced by RNA interference (RNAi)
assay using TmSR-C specific dsRNA synthesized with primers
(dsTmSR-C-F and dsTmSR-C-R incorporating a T7 promoter)
designed with SnapDragon dsRNA design software (http://www.
flyrnai.org/cgi-bin/RNAi_find_primers.pl). Primer sequences are
provided in Table 1. The primers attached to T7 oligonucleotide
sequences were used to PCR amplify a 380-bp TmSR-C fragment.
Partial enhanced green fluorescent protein (EGFP) genes were
amplified from a pEGFP-C1 plasmid vector (Clontech Laboratories,
CA, USA), which served as a negative control. dsRNAs for TmSR-C
and EGFP were synthesized the same way using an AmpliScribe T7-
Flash transcription kit (Epicentre Biotechnologies, Madison, USA).
Then, 1 pg of dsRNA (either TmSR-C or EGFP) was injected into
T. molitor late instar larva using a disposable needle mounted on a
microapplicator (Picospritzer Il micro-dispense system, Parker).

Name

Primer sequences

TmSR-C 5'-RACE GSP1
TmSR-C 5'-RACE GSP2
TmSR-C 3’-RACE GSP1
TmSR-C 3’-RACE GSP2
TmSR-C qPCR Fw
TmSR-C qPCR Rev
TmL27a qPCR Fw
TmL27a qPCR Rev
TmSR-C-BamHI-Fw
TmSR-C-HindlIlI-Rev
dsTmSR-C Fw
dsTmSR-C Rev
dsEGFP Fw

dsEGFP Rev

E. coli rrn-Fw

E. coli rrn-Rv

S. aureus SalS-Fw

S. aureus SalA-Rv

C. albicans ITS1-Fw

C. albicans ITS2-Rv
LM-hly-Fw
LM-hly-Rv

5'- GAAAGGAGTTGTCCCACTT-3’

5'- GAGGGTGTAAACGAGAA-3'

5’- GCTCCACCGACGTAGAAGAG-3’

5'- CGGTGTTTTGTTCAGTGTGG-3'

5'- CGGTGTTTTGTTCAGTGTGG-3'

5'- TCAAGAAGCGAACGTCACTC-3'
5'-TCATCCTGAAGGCAAAGCTCCAGT-3'
5'-AGGTTGGTTAGGCAGGCACCTTTA-3’
5'-CGCGGATCCTTCCGCTATCCCCAGGA-3’
5'-CCCAAGCTTCACGCCGAAGACTCGATGTAG-3'
5'-TAATACGACTCACTATAGGGAGAACAAGTGGTACCGAGGGTTG-3’
5'-TAATACGACTCACTATAGGGAGACTCTTCTACGTCGGTGGAGC-3’
5'-TAATACGACTCACTATAGGGTACGTAAACGGCCACAAGTTC-3'
5'-TAATACGACTCACTATAGGGTTGCTCAGGTAGTGGTTGTCG-3'
5'-GCTACAATGGCGCATACAAA-3'
5'-TTCATGGAGTCGAGTTGCAG-3'
5'-ACAAATAATAAAGGTGGC-3'

5'-GCATGTTAATAACTCCAA-3’
5'-TTTATCAACTTGTCACACCAGA-3'
5'-ATCCCGCCTTACCACTACCG-3'
5'-CATGGCACCACCAGCATCT-3'
5'-ATCCGCGTGTTTCTTTTCGA-3'

xUnderlining indicates T7 promotor sequences.
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Treated larvae were observed for gene-silencing efficiency daily for
a period of 5 consecutive days.

After confirming sufficient TmSR-C gene knockdown, S. aureus
(10% cells) E. coli (108 cells), or C. albicans (5 x 10* cells) were
injected into dsEGFP- and dsTmSR-C-treated larvae (n = 10),
respectively. Then, larval mortality was recorded daily for five
consecutive days. The experiments were conducted with three
biological replications. Wilcoxon-Mann-Whitney test was used to
check for statistical significance of the differences in survival rates
between dsTmSR-C and dsEGFP-treated larval groups.

2.7. Peptide-specific antibody and recombinant protein expression

To generate polyclonal antibody (pAb), the extracellular domain
peptide of TmSR-C was synthesized and purified (AbFrontier, Seoul,
Korea). Synthesized TmSR-C peptide was conjugated with keyhole
limpet hemocyanin (KLH) and injected into rabbits as a primary
dose, followed by a series of booster immunizations based on a
standard antibody production protocol. Antiserum against the
TmSR-C peptide was purified using TmSR-C peptide-conjugated
beads.

To confirm the specific binding of TmSR-C pAb, recombinant
TmSR-C (rTmSR-C) was expressed in an E. coli system. Specific
primers, including the restriction enzyme site (TmSR-C-BamHI-Fw
and TmSR-C-HindIlI-Rev; Table 1) was used to amplify the cDNA
fragment encoding the extracellular domains of the protein. The
PCR product was cloned into a pET28a expression vector (Promega,
Madison, USA) and subsequently transformed into E. coli BL21
(DE3) cells. Cloned bacteria were selected by plating onto LB agar
plates containing kanamycin, and recombinant TmSR-C protein was
induced with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG;
Bioneer, Korea). The purified rTmSR-C protein and hemocyte lysates
from T. molitor late instar larvae were used for western blot analysis.
Briefly, the samples were harvested by centrifugation at 1200 x g at
4 °C, washed, and suspended in PBS. Protein samples were collected
by homogenization followed by centrifugation at 15,000 rpm at
4 °C for 15 min to remove cell debris. The concentration of the
collected protein was calculated by measurement at OD,gg using an
EPOCH machine (BioTek Instruments, Inc., USA). Diluted protein
samples were mixed with 5 x protein sample buffer (255 mM Tris-
HCl [pH 6.8], 50% glycerol, 5.1% SDS, 5% p-mercaptoethaol, and
0.01% bromphenol blue) and boiled at 100 °C for 5 min. Proteins
were separated under denaturing conditions and were subse-
quently transferred to a polyvinylidendifluoride (PVDF) membrane
incubated with levamisole (0.1%) to block endogenous phospha-
tase. Blocking was carried with 5% Difco skim milk (BD Labora-
tories) in Tris-buffered saline with 0.1% Tween 20 (TBST; 10 mM
Tris-HCl, 150 mM NaCl, 0.1% Tween 20 [pH 7.5]) at 4 °C for 1 h,
followed by incubation with primary antibody against anti-TmSR-C
antibody diluted in blocking buffer (1:5000) at 4 °C for 3 h. After six
washes in TBST for 10 min each, membranes were incubated with
alkaline peroxidase-conjugated secondary antibody diluted in TBST
(1:5000) at 4 °C for 1 h. After washing the membrane, signals were
detected using NBT/BCIP solution (B5655, Sigma-Aldrich Co., St.
Louis, USA). Anti-His-monoclonal antibody (Applied Biological
Materials Inc., Canada) and fB-actin monoclonal antibody (Santa
Cruz Biotechnology, Inc. U.S.A.) were used as loading controls.

2.8. Immunohistochemistry

To detect the subcellular localization of TmSR-C in hemocytes of
larvae challenged with the fungus C. albicans, an immunocyto-
chemical analysis was performed. Briefly, the hemolymph was
extracted from last instar larvae and injected into an anti-
coagulation buffer (98 mM NaOH, 186 mM NaCl, 12 mM EDTA, and

8.6 mM citric acid; pH 4.5) mixed with Grace's insect medium (Life
Technologies, Carlsbad, USA). Hemocytes were harvested, washed,
and suspended in PBS by centrifugation at 1200 x g at 4 °C. Sus-
pended hemocytes were allowed to settle for 30 min on glass slides
at room temperature. The hemocytes were rinsed with PBS and
fixed with 4% paraformaldehyde diluted in PBS. After washing three
times with PBS, hemocytes were blocked with 1% BSA in 1 x PBS
containing 0.1% Triton-X100 (PBT) for 1 h and then incubated with
anti-TmSR-C pAb (1:300 in PBT) for 1 h. Following washing with
PBT, the hemocytes were treated with Alexa Fluor 488-conjugated
secondary antibodies (Molecular Probes, 1:300 in PBST) for 1 h.
Nuclei were detected using TO-PRO-3 lodide (Molecular Probes,
1:300 in PBS). Samples were mounted with DakoCytomation
fluorescent mounting medium (Dako, Carpentaria, USA) and
observed using a FluoView 500 system (Olympus, Ina, Japan).

2.9. Phagocytosis assay

To measure the in vivo phagocytosis rate, dsTmSR-C- and
dsEGFP-treated larvae were immune-challenged by injections of
E. coli (108 cells), S. aureus (108 cells), or C. albicans (10 cells). PBS-
injected group was included as a negative control. After incubation
for 5 min post injection, hemocytes were collected into anti-
coagulation buffer and purified by centrifugation at 200 x g.
Genomic DNA was isolated using a G-spin total DNA extraction kit
(iNtRON Biotechnology, Inc., Korea) according to the manufac-
turer's instructions. The relative mumbers of microorganisms
(E. coli, S. aureus, or C. albicans) phagocytized by Tenebrio hemocytes
were determined using a relative quantitative PCR method with
primers specific for the target microorganisms (Table 1). The tem-
plate DNAs were normalized using TmL27a.

3. Results
3.1. Molecular characterization of TmSR-C

The full-length cDNA sequence of TmSR-C (GenBank accession
no. KY977453) is 1801-bp long, containing a 23-bp 5’-untranslated
region (UTR), a 1671-bp open reading frame (ORF), and a 107-bp 3’-
UTR. The putative protein contains 556 amino acid residues. A
polyadenylation signal (AATAAA) was found 20 bp upstream of the
poly (A) sequence in the 3/-UTR (Fig. 1). Two sushi domains (also
called the complement control protein [CCP] or short consensus
repeats [SCR]), one MAM domain (a domain in meprin, A5, receptor
protein tyrosine phosphatase), one somatomedin B-like domain
(SMB domain; CxCxxxCxxxxxCCxxxxxC), and one transmembrane
domain at the C-terminus were identified in the protein. A serine/
threonine-rich sequence was found between the SMB and trans-
membrane domain. Four N-glycosylated asparagines (Asn-Xaa-Ser/
Thr), putative N-glycosylation sites, were also found in the TmSR-C
sequence. Further, a cleavage site between the amino acids G and W
in the ORF suggests the presence of a 16-amino acid signal peptide
sequence. The putative TmSR-C protein was found to be most
similar to Drosophila melanogaster scavenger receptor-C-I1I (DmSR-
C-II), as shown in Fig. 2. Among the four DmSR-C isoforms, only
DmSR-C-1 and DmSR-C-II showed a single-span transmembrane
receptor-like structure. DmSR-C-IIl and DmSR-C-1V are extracellular
proteins, and a domain analysis suggested that TmSR-C is a stable
outer membrane protein involved in the recognition of several
types of bacterial patterns.

A multiple sequence alignment and phylogenetic tree were
constructed using SR-C protein sequences of insects in the orders
Diptera, Coleoptera, Hemiptera, and Lepidoptera (Fig. 3). This
revealed the evolutionary relationships between TmSR-C and other
insect SR-Cs. As shown, insect SR-Cs are organized into four major
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Fig. 1. Nucleotide and deduced amino acid sequences of TmSR-C. The open reading frame (ORF) bears a signal peptide region (cleavage site between G and W [|)]), two sushi
domains (green), one MAM domain (purple), one somatomedin B-like domain (orange), and one transmembrane domain (blue). Putative N-glycosylated asparagines are highlighted
in red. A polyadenylation signal (AATAAA) is found 83 bp downstream of the termination codon. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Structural analysis of TmSR-C. The deduced amino acid sequence of TmSR-C was analyzed using the programs InterProScan, SignalP4.1, Phobius, and BLAST. TmSR-C, TcSR-C,
DmSR-C-1, and DmSR-C-II contain a signal peptide, two sushi domains, one MAM domain, one somatomedin B-like domain, and one transmembrane domain.
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RpSR-C 1.167 1.083 1.083 1.049 1.205 1155 1.218 1.155 1438 1218 1.167 1.245 9
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Fig. 3. Sequence analyses of TmSR-C and its orthologs. (A) Phylogenetic analysis of the amino acid sequences of TmSR-C and SR-C orthologs. Amino acid sequences of the
orthologs of TmSR-C were obtained from GenBank, a multiple sequence alignment was obtained using ClustalX2, and a phylogenetic tree was constructed using the maximum
likelihood method in MEGA 6.0. Bootstrap values generated from 1000 replications are shown at nodes. (B) Percent identity and distance matrix of eSR-C with SR-C orthologs.
Maximum identities are circled. The identity between the DmSR-C isoforms is boxed. The orthologs are abbreviated as follows: TmSR-C, T. molitor scavenger receptor class C
(KY977453); TcSR-C, T. castaneum scavenger receptor class C-like protein (XP_001812043.1); AmSR-C, Apis mellifera hypothetical protein LOC411253 (XP_394726.3); SfSR-C, Spo-
doptera frugiperda scavenger receptor class C-like protein (ABB92836.1); DmSR-C-I, D. melanogaster scavenger receptor class C, type I (NP_477102.1); DmSR-C-II, D. melanogaster
scavenger receptor class C, type II, isoform B (NP_001188908.1); DmSR-C-III, D. melanogaster scavenger receptor class C, type Ill (NP_524747.1); DmSR-C-1V, D. melanogaster scavenger
receptor class C, type IV (NP_608789.1); RpSR-C, Riptortus pedestris class C scavenger receptor (BAN21313.1); CqSR-C, Culex quinquefasciatus scavenger receptor class C, type I
(XP_001847563.1) AaSR-C; Aedes aegypti hypothetical protein AaeL_AAEL006361 (XP_001651940.1); AgSR-C, Anopheles gambiae str. PEST AGAP011974-PA (XP_320557.4); BmSR-C,
B. mori scavenger receptor type C precursor (NP_001128387.1).

groups/clusters. TmSR-C clustered with Tribolium castaneum SR-C cluster. The hemipteran Riptortus pedestris SR-C (RpSR-C) formed its
(TcSR-C), whereas SR-Cs in the Coleoptera order clustered own clade. The predicted TmSR-C amino acid sequence showed
together and were closely associated with another Lepidoptera highest identity (68%) with TcSR-C, with a minimum distance of
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0.302. The identity of TmSR-C with other insect SR-Cs ranged
21-37%. The clustered D. melanogaster SR-Cs had low identity with
one another (40—55%).

3.2. TmSR-C expression in different tissues

The expression of TmSR-C transcripts in T. molitor larval and
adult tissues was analyzed by qPCR. An analysis of the tissue-
specific distribution of TmSR-C transcripts in both life stages
showed significantly higher expression (p < 0.05) in hemocytes
compared to that in the other tissues studied. In the larval stage, the
expression of TmSR-C transcripts in hemocytes was more than 40-
fold higher than that in other tissues (Fig. 4A). TmSR-C expression
was approximately 4-fold higher in hemocytes dissected from
T. molitor adults than from other tissues in adults (Fig. 4B). This
suggests that SR-C transcripts are mainly expressed in hemocytes,
compared to other tissues.

3.3. Temporal expression patterns of TmSR-C after immune
challenge

To identify the temporal expression patterns of TmSR-C,
T. molitor late instar larvae were challenged with E. coli, S. aureus,
C. albicans, or fungal cell-surface protein B-1,3-glucan. The qPCR
analysis showed that TmSR-C was down-regulated (0.4-fold) at 6 h
post-challenge with E. coli (Fig. 5A). Upon challenge with S. aureus,
TmSR-C was significantly (p < 0.05) down-regulated after 12 h
(Fig. 5B). The temporal expression pattern also showed that TmSR-C
was specifically induced at 24 h post-challenge with C. albicans
(Fig. 5C) and was highly expressed at 6 h post-injection with -1,3-
glucan (Fig. 5D). Because of the clear trend of upregulation of TmSR-

>
3

(P <0.05)

g & 2
'l L Il

Fold change (TmSR-C/Tml27a)
=
L

10 1

(p < 0.05)

Fold change (TmSR-C/TmL27a)

IT GT FB HC MT oV TE

Fig. 4. Tissue-specific expression patterns of TmSR-C. Relative expression of TmSR-C
mRNA in tissues from late instar larvae (A) and 2-day-old adults. TmL27a served as
internal control to normalize the concentration of templates between samples. Vertical
bars represent standard errors (n = 3). IT, integument; FB, fat body; MT, Malpighian
tubule; HC, hemocyte; OV, ovary; TE, testis.

C transcripts after challenge with the fungus C. albicans and fungal
cell-surface molecule B-1,3-glucan, we attempted to understand
the expression of these transcripts in hemocytes (Fig. 5E). Results of
the gRT-PCR analysis showed that TmSR-C was significantly
induced by C. albicans and B-1,3-glucan in hemocytes. Interestingly,
in hemocytes, TmSR-C expression was highly induced at 3 h
following injection of both B-1,3-glucan and C. albicans, and tran-
script levels decreased thereafter.

3.4. Polyclonal antibody generation and subcellular localization of
TmSR-C in hemocytes

To confirm the subcellular localization of TmSR-C in hemocytes,
a peptide-based TmSR-C polyclonal antibody was generated in a
rabbit. The antibody was used to confirm rTmSR-C expression using
a pET28a plasmid and bacterial expression system. rTmSR-C
(~23 kDa) and putative native TmSR-C protein (~90 kDa) signals
were detected by western transfer and subsequent immunoblot-
ting with TmSR-C pAb (Fig. 6A).

The subcellular localization of TmSR-C in hemocytes collected
from C. albicans-challenged T. molitor late instar larvae was
observed by confocal microscopy. TmSR-C was strongly induced in
the cytosol at 3 h post injection of C. albicans, relative to that of the
uninjected control (Fig. 6B). We presume, therefore, that TmSR-C
protein was involved in phagocytosis after challenge with
C. albicans, which resulted in strong signals in the cytosol.

3.5. RNAi and mortality analysis

To investigate the function of TmSR-C in response to infection by
pathogenic microorganisms, an RNAi study was conducted. The
RNA:i silencing efficiency of TmSR-C transcripts in whole larvae was
over 90% (p < 0.05) (Fig. 7A). dsTmSR-C at a concentration of 1 pg/ul
per larva was found sufficient to significantly silence TmSR-C
transcripts. Mortalities of 90 and 70% following immune challenge
by E. coli and S. aureus, respectively, were observed in TmSR-C
silenced larvae (Fig. 7B and C). In the larval group challenged with
C. albicans, 100% mortality was observed within 2 days of challenge
(Fig. 7D). Increased mortality of TmSR-C-silenced individuals
following immune challenge by gram-positive and gram-negative
bacterial and fungal infections indicate that transcript of this pro-
tein are required for immune function in this insect.

3.6. TmSR-C functions in the phagocytosis of microorganisms in
T. molitor

To further investigate the potential phagocytic role of TmSR-C in
T. molitor hemocytes, we analyzed the rate of phagocytosis in he-
mocytes of TmSR-C silenced larvae as compared to dsEGFP- treated
larvae. gPCR analysis revealed that silencing of TmSR-C decreased
the ratio of phagocytosed microorganisms (Fig. 8). Compared to the
dsEGFP-treated larvae, the phagocytic rate in dsTmSR-C was
significantly (p < 0.05) reduced to 37, 28, and 55% after challenge
with E. coli (Fig. 8A), S. aureus (Fig. 8B), and C. albicans (Fig. 8C),
respectively.

4. Discussion

This study was conducted to identify the immune functions of
TmSR-C in T. molitor. The study was based on the hypothesis that
TmSR-C may be a required phagocytic receptor for bacteria- and
fungus-specific ligands on hemocytes in T. molitor. We found that
silencing of TmSR-C transcripts inhibited phagocytosis of microor-
ganisms. Hence, we speculate that TmSR-C promotes phagocytosis
and inhibits the multiplication of microorganisms in the insect. The
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Fig. 5. Time-course expression analysis of TmSR-C after challenge with (A) E. coli (B) S. aureus (C) C. albicans, or (D) p-1,3-glucan. Pathogen-dependent expression patterns
were measured by qPCR with cDNA synthesized from T. molitor late instar larval whole bodies and 6, 12, and 24 h after pathogens were injected. “C” indicates the uninjected control.
(E) Hemocyte-specific expression patterns of TmSR-C after C. albicans and B-1,3-glucan challenge. Hemocytes were isolated after injecting C. albicans and p-1,3-glucan at 1, 3, 6, 12, or
24 h TmL27a-specific primers were used for an internal control to calculate relative expression using the delta-delta-Ct method. PBS-injected T. molitor larvae were used as a
negative control. TmSR-C expression, induced by injecting B-1,3-glucan (gray) and C. albicans (black), was normalized by a PBS-injected control (dot line). The data from three
biological replications were recorded and are represented as the mean + SE. The data were significant at p < 0.05.

mechanistic pathway through which phagocytosis is promoted by
TmSR-C should be studied further.

The TmSR-C identified in this study showed structural similarity
with the D. melanogaster SR-C isoform II receptor, DmSR-C-II. The
extracellular arm of DmSR-C-II is shorter than that of DmSR-C-],
although both the SR-C isoforms and TmSR-C contain a signal
peptide region, sushi domain, MAM domain, somatomedin B-like
domain, and transmembrane domain. The two sushi domains (CCP
domain) and MAM domain were shown to be sufficient for binding
of DmSR-C-I to bacterial ligands in vitro (Ramet et al., 2001). While
the sushi domain promotes the formation of oligomers, the MAM

domain mediates protein-protein interactions (Cismasiu et al.,
2004; Niranjan et al., 2016). TmSR-C showed high amino acid
sequence identity with TcSR-C. This was confirmed by a phyloge-
netic analysis of TmSR-C and other insect SR-C genes, in which
TmSR-C and TcSR-C were placed in a single branch with high
bootstrap values.

TmSR-C transcripts were constitutively expressed in all devel-
opmental stages and tissues in T. molitor. However, these transcripts
were conspicuously expressed in hemocytes. In another study,
MjSR-C, the shrimp SR-C, was also found to be expressed in he-
mocytes, and the arrestin protein was found to be responsible for
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Fig. 6. TmSR-C antibody specificity (A) and confocal microscopic analysis of TmSR-C (B). (A) Polyclonal TmSR-C antibody specificity was assayed using recombinant TmSR-C
(rTmSRC) protein expressed in an E. coli expression system with pET28a + plasmid. Western blot analysis with anti-His mAb used as a positive control. U, uninduced competent cell
lysates; I, IPTG-induced cell lysates; N: native hemolymph lysates. (B) Hemocytes were isolated from C. albicans-challenged T. molitor late instar larvae 3 h after infection. TmSR-C
(green) was detected using anti-TmSR-C polyclonal antibody. Nuclei were detected using TO-PRO-3 iodide (blue signal). Scale bar = 10 um. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

clathrin-mediated endocytosis of WSSV (Yang et al., 2016a).
Further, a high level of TmSR-C expression in hemocytes is related to
faster response to microbial pathogens. We conducted a time-
course experiment and quantified TmSR-C transcripts using qPCR
after challenge of the insect with bacterial and fungal isolates and a
cell surface carbohydrate. This was done in order to understand
TmSR-C expression in response to multiple ligands. Surprisingly,
high levels of TmSR-C expression were observed in T. molitor larvae
challenged with the C. albicans and the fungal cell surface carbo-
hydrate -1,3-glucan. Although the binding affinity of SR-C protein
for polyanionic ligands has been reported for DmSR-C-I, the high
affinity towards fungal isolates is shown for the first time in this
study. Earlier, SCARF1 (scavenger receptor class F, member 1) was

found to mediate recognition of the yeast Cryptococcus neoformans
and induce antifungal peptides in the nematode Caenerhabditis
elegans (Means, 2010). gqPCR analysis of specific tissues of the insect
after challenge with C. albicans and B-1,3-glucan showed that both
the fungus and the molecule were sufficient to elicit TmSR-C
expression.

Detection of rTmSR-C using TmSR-C polyclonal antibody sug-
gested that the antiserum would be useful for determining the
subcellular localization of TmSR-C in hemocytes. The induction of
TmSR-C protein in the cytosol of hemocytes 3 h post-infection with
C. albicans suggested phagocytosis of the fungus.

Significant mortality in TmSR-C silenced larvae relative to that in
negative control larvae (dsEGFP) 2 days after infection with
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Fig. 7. RNA interference-based functional study of TmSR-C in T. molitor larvae. (A) Efficiency of dsTmSR-C treatment and TmSR-C mRNA levels in dSEGFP- and dsTmSR-C injected
larvae monitored by qPCR. TmSRC protein induction analyzed by western blot, with anti-TmSR-C pAb and B-actin mAb used as loading controls. The data represent the mean + SE of
three independent biological replicates. (B—D) The time-dependent survival rate of Tenebrio larvae after inoculation of E. coli (B), S. aureus (C), or C. albicans (D) into dsTmSR-C-
treated T. molitor larvae was examined and mortality recorded until 5 days after injection. E, dsEGFP-treated T. molitor larval hemocytes; S, dsTmSR-C-treated T. molitor larval
hemocytes.
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Fig. 8. Phagocytosis assay of pathogenic microorganisms by dsTmSR-C-treated T. molitor larvae. Phagocytosed microorganisms, (A) E. coli, (B) S. aureus, and (C) C. albicans, were
detected by qPCR with microorganism-specific primers. The results show that the ratio of phagocytosed microorganisms decreased in the dsTmSR-C-treated group relative to that in
the dsEGFP-injected group.

microorganisms suggested an innate immune function for these S. aureus phagocytosis were also considerably less in the TmSR-C
transcripts. In Drosophila S2 cells, DmSR-C-I was found to mediate silenced condition. The rate of phagocytosis of the fungus
the endocytic dsRNA uptake (Ulvila et al., 2006). Further, in TmSR-C C. albicans was reduced to 50% in the TmSR-C silenced individuals.
silenced conditions, the ratio of phagocytosed microorganisms was Results of the qPCR analysis indicated a possible role for TmSR-C in
significantly less than that in the control. The rates of E. coli and phagocytosis and innate immunity. Previously, Ramet et al. (2001)
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emphasized that DmSR-C-I contributes to phagocytosis of gram-
negative and gram-positive bacteria, but not of yeast (Ramet
et al., 2001). Although not reported, it is possible that one of the
other Drosophila SR-Cs, such as DmSR-C-II, DmSR-C-III, or DmSR-C-
IV is involved in fungal recognition and phagocytosis. In the cases of
other SR-Cs such as TmSR-C in insects where only one SR-C has
been identified, phagocytosis of both bacterial and fungal ligands is
possible. In this context, our finding that TmSR-C is necessary for
the efficient phagocytosis of bacteria and fungi are novel. Although
the exact mechanism of phagocytosis remains unclear, it could be
speculated that, like other pathogen recognition receptors such as
SR-A, Toll, and G-protein coupled receptors (GPCRs), TmSR-C may
get oligomerized upon recognition of pathogens and be internal-
ized to the cytosol. The intracellular signaling components of TmSR-
C should be explored in further detail.

5. Conclusions

This was a novel study to characterize the immune function of
TmSR-C using RNA interference and qPCR assays. We found that
TmSR-C functions in the phagocytosis of bacterial and fungal
pathogens. SR-C was identified using a T. molitor RNA-Seq database
and characterized using a bioinformatics approach. The character-
istic sushi and MAM domains are likely responsible for ligand
binding. A high amino acid sequence similarity with TcSR-C was
observed, and high expression of TmSR-C mRNA was observed in
hemocytes. Silencing of the TmSR-C transcripts strongly increased
microbial susceptibility. This is because TmSR-C is required for
binding to microbial ligands and internalizing the pathogens.
Overall, our results suggest that TmSR-C plays a critical role in
antibacterial and antifungal immunity in T. molitor.

Acknowledgements

This work was supported by the Basic Science Research Program
of the National Research Foundation of Korea, which is funded by
the Ministry of Science, ICT and Future Planning [grant number
2015R1A2A2A01005301].

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.ibmb.2017.08.007.

References

Altschul, S.E, Gish, W., Miller, W., Myers, EW., Lipman, D.J., 1990. Basic local
alignment search tool. J. Mol. Biol. 215, 403—410.

Areschoug, T., Gordon, S., 2009. Scavenger receptors: role in innate immunity and
microbial pathogenesis. Cell Microbiol. 11, 1160—1169.

Arredouani, M.S., Yang, Z., Imrich, A, Ning, Y., Qin, G., Kobzik, L, 2006. The
macrophage scavenger receptor SR-Al/Il and lung defense against pneumococci
and particles. Am. J. Respir. Cell Mol. Biol. 35, 474—478.

Barth, H., Schnober, E.K, Neumann-Haefelin, C., Thumann, C., Zeisel, M.B.,
Diepolder, H.M., Hu, Z.., Liang, TJ., Blum, H.E.,, Thimme, R., Lambotin, M.,
Baumert, T.F,, 2008. Scavenger receptor class B is required for hepatitis C virus
uptake and cross-presentation by human dendritic cells. ]J. Virol. 82,
3466—3479.

Bi, W], Li, D.X,, Xu, Y.H., Xu, S., Li, J., Zhao, X.E, Wang, ].X., 2015. Scavenger receptor
B protects shrimp from bacteria by enhancing phagocytosis and regulating
expression of antimicrobial peptides. Dev. Comp. Immunol. 51, 10—21.

Canton, J., Neculai, D., Grinstein, S., 2013. Scavenger receptors in homeostasis and
immunity. Nat. Rev. Immunol. 13, 621—634.

Cerenius, L., Lee, B.L., Soderhall, K., 2008. The proPO-system: pros and cons for its
role in invertebrate immunity. Trends Immunol. 29, 263—-271.

Cismasiu, V.B., Denes, S.A., Reilander, H., Michel, H., Szedlacsek, S.E., 2004. The MAM
(meprin/A5-protein/PTPmu) domain is a homophilic binding site promoting the
lateral dimerization of receptor-like protein-tyrosine phosphatase mu. J. Biol.
Chem. 279, 26922—-26931.

Dubuisson, J., Helle, F., Cocquerel, L., 2008. Early steps of the hepatitis C virus life

cycle. Cell Microbiol. 10, 821—827.

Jo, Y.H., Kim, Y., Park, K.B., Seong, J.H., Kim, S.G., Park, S., Noh, M.Y., Lee, Y.S.,
Han, Y.S., 2017. TmCactin plays an important role in Gram-negative and -posi-
tive bacterial infection by regulating expression of 7 AMP genes in Tenebrio
molitor. Sci. Rep. 7, 46459.

Kim, C.H., Park, EW.,, Ha, N.C,, Kang, H.J., Lee, B.L., 2008. Innate immune response in
insects: recognition of bacterial peptidoglycan and amplification of its recog-
nition signal. Bmb Rep. 41, 93—101.

Lamprou, I, Tsakas, S., Theodorou, G.L, Karakantza, M., Lampropoulou, M.,
Marmaras, V.J., 2005. Uptake of LPS/E. coli/latex beads via distinct signalling
pathways in medfly hemocytes: the role of MAP kinases activation and protein
secretion. Biochim. Biophys. Acta 1744, 1-10.

Larkin, M.A. Blackshields, G., Brown, N.P, Chenna, R., McGettigan, PA.,
McWilliam, H., Valentin, F,, Wallace, LM., Wilm, A., Lopez, R., Thompson, ].D.,
Gibson, T.J., Higgins, D.G., 2007. Clustal W and clustal X version 2.0. Bioinfor-
matics 23, 2947—-2948.

Lee, J.H., Jo, Y.H., Patnaik, B.B., Park, K.B., Tindwa, H., Seo, G.W., Chandrasekar, R.,
Lee, Y.S., Han, Y.S., 2015. Cloning, expression analysis, and RNA interference
study of a HORMA domain containing autophagy-related gene 13 (ATG13) from
the coleopteran beetle, Tenebrio molitor. Front. Physiol. 6, 180.

Mavrouli, M.D., Tsakas, S., Theodorou, G.L., Lampropoulou, M., Marmaras, V.J., 2005.
MAP kinases mediate phagocytosis and melanization via prophenoloxidase
activation in medfly hemocytes. Biochim. Biophys. Acta 1744, 145—156.

Means, T.K., 2010. Fungal pathogen recognition by scavenger receptors in nema-
todes and mammals. Virulence 1, 37—41.

Mukhopadhyay, S., Gordon, S., 2004. The role of scavenger receptors in pathogen
recognition and innate immunity. Immunobiology 209, 39—49.

Murphy, J.E., Tedbury, P.R., Homer-Vanniasinkam, S., Walker, J.H., Ponnambalam, S.,
2005. Biochemistry and cell biology of mammalian scavenger receptors.
Atherosclerosis 182, 1-15.

Nappi, AJ., Vass, E., Malagoli, D., Carton, Y., 2004. The effects of parasite-derived
immune-suppressive factors on the cellular innate immune and autoimmune
responses of Drosophila melanogaster. J. Parasitol. 90, 1139—1149.

Niranjan, S.K., Goyal, S., Dubey, P.K., Vohra, V., Singh, S., Kathiravan, P., Kataria, R.S.,
2016. Molecular characterization of buffalo haptoglobin: sequence based
structural comparison indicates convergent evolution between ruminants and
human. Anim. Biotechnol. 27, 30—37.

Patnaik, B.B., Patnaik, H.H., Seo, G.W., Jo, Y.H., Lee, Y.S.,, Lee, B.L., Han, Y.S., 2014. Gene
structure, cDNA characterization and RNAi-based functional analysis of a
myeloid differentiation factor 88 homolog in Tenebrio molitor larvae exposed to
Staphylococcus aureus infection. Dev. Comp. Immunol. 46, 208—221.

Peiser, L., De Winther, M.P., Makepeace, K., Hollinshead, M., Coull, P, Plested, ].,
Kodama, T., Moxon, E.R., Gordon, S., 2002. The class A macrophage scavenger
receptor is a major pattern recognition receptor for Neisseria meningitidis
which is independent of lipopolysaccharide and not required for secretory re-
sponses. Infect. Immun. 70, 5346—5354.

Peiser, L., Gough, PJ., Kodama, T., Gordon, S., 2000. Macrophage class A scavenger
receptor-mediated phagocytosis of Escherichia coli: role of cell heterogeneity,
microbial strain, and culture conditions in vitro. Infect. Immun. 68, 1953—1963.

Quevillon, E., Silventoinen, V., Pillai, S., Harte, N., Mulder, N., Apweiler, R., Lopez, R.,
2005. InterProScan: protein domains identifier. Nucleic Acids Res. 33,
W116—W120.

Ramet, M., Pearson, A., Manfruelli, P, Li, X., Koziel, H., Gobel, V., Chung, E.,
Krieger, M., Ezekowitz, R.A., 2001. Drosophila scavenger receptor CI is a pattern
recognition receptor for bacteria. Immunity 15, 1027—-1038.

Schmidt, O., Theopold, U., Strand, M., 2001. Innate immunity and its evasion and
suppression by hymenopteran endoparasitoids. Bioessays 23, 344—351.

Sideri, M., Tsakas, S., Markoutsa, E., Lampropoulou, M., Marmaras, V.J., 2008. Innate
immunity in insects: surface-associated dopa decarboxylase-dependent path-
ways regulate phagocytosis, nodulation and melanization in medfly haemo-
cytes. Immunology 123, 528—537.

Stuart, L.M., Deng, ]., Silver, .M., Takahashi, K., Tseng, A.A., Hennessy, El].,
Ezekowitz, R.A., Moore, K.J., 2005. Response to Staphylococcus aureus requires
CD36-mediated phagocytosis triggered by the COOH-terminal cytoplasmic
domain. ]. Cell Biol. 170, 477—485.

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGAG6: molecular
evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725—2729.
Tanji, T., Hu, X., Weber, A.N., Ip, Y.T., 2007. Toll and IMD pathways synergistically
activate an innate immune response in Drosophila melanogaster. Mol. Cell Biol.

27, 4578—-4588.

Tindwa, H., Jo, Y.H., Patnaik, B.B., Lee, Y.S., Kang, S.S., Han, Y.S., 2015a. Molecular
cloning and characterization of autophagy-related gene TmATGS8 in Listeria-
invaded hemocytes of Tenebrio molitor. Dev. Comp. Immunol. 51, 88—98.

Tindwa, H., Jo, Y.H., Patnaik, B.B., Noh, M.Y,, Kim, D.H., Kim, I, Han, Y.S,, Lee, Y.S.,
Lee, B.L., Kim, NJ,, 2015b. Depletion of autophagy-related genes ATG3 and ATG5
in Tenebrio molitor leads to decreased survivability against an intracellular
pathogen, Listeria monocytogenes. Archives insect Biochem. physiology 88,
85-99.

Ulvila, J., Parikka, M., Kleino, A., Sormunen, R., Ezekowitz, R.A., Kocks, C., Ramet, M.,
2006. Double-stranded RNA is internalized by scavenger receptor-mediated
endocytosis in Drosophila S2 cells. J. Biol. Chem. 281, 14370—14375.

Yang, M.C,, Shi, X.Z., Yang, H.T., Sun, ].J., Xu, L, Wang, X.W., Zhao, X.F,, Wang, ].X,,
2016a. Scavenger receptor C mediates phagocytosis of white spot syndrome
virus and restricts virus proliferation in shrimp. PLoS Pathog. 12.

Yang, N., Zhang, D.F, Tao, Z., Li, M., Zhou, S.M., Wang, G.L., 2016b. Identification of a

129/188


http://dx.doi.org/10.1016/j.ibmb.2017.08.007
http://dx.doi.org/10.1016/j.ibmb.2017.08.007
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref1
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref1
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref1
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref2
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref2
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref2
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref3
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref3
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref3
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref3
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref4
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref4
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref4
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref4
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref4
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref4
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref5
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref5
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref5
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref5
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref6
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref6
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref6
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref7
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref7
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref7
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref8
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref8
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref8
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref8
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref8
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref9
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref9
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref9
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref10
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref10
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref10
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref10
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref11
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref11
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref11
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref11
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref12
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref12
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref12
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref12
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref12
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref13
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref13
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref13
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref13
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref13
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref14
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref14
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref14
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref14
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref15
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref15
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref15
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref15
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref16
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref16
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref16
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref17
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref17
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref17
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref18
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref18
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref18
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref18
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref19
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref19
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref19
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref19
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref20
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref20
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref20
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref20
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref20
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref21
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref21
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref21
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref21
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref21
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref22
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref22
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref22
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref22
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref22
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref22
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref23
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref23
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref23
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref23
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref24
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref24
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref24
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref24
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref25
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref25
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref25
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref25
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref26
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref26
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref26
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref27
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref27
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref27
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref27
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref27
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref28
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref28
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref28
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref28
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref28
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref29
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref29
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref29
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref30
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref30
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref30
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref30
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref31
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref31
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref31
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref31
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref32
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref32
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref32
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref32
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref32
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref32
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref33
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref33
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref33
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref33
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref34
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref34
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref34
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref35

42 S.G. Kim et al. / Insect Biochemistry and Molecular Biology 89 (2017) 31—42

novel class B scavenger receptor homologue in Portunus trituberculatus: mo- acid-type peptidoglycan in insects. J. Biol. Chem. 285, 32937—32945.
lecular cloning and microbial ligand binding. Fish. Shellfish Immunol. 58, Zdobnov, E.M., Apweiler, R., 2001. InterProScan - an integration platform for the
73-81. signature-recognition methods in InterPro. Bioinformatics 17, 847—-848.

Yu, Y., Park, JW., Kwon, H.M., Hwang, H.O., Jang, I.H., Masuda, A., Kurokawa, K., Zhang, Z., Long, Q.X., Xie, ].P,, 2012. Roles of peptidoglycan recognition protein
Nakayama, H., Lee, W.J., Dohmae, N., Zhang, ]., Lee, B.L., 2010. Diversity of innate (PGRP) in immunity and implications for novel anti-infective measures. Crit.
immune recognition mechanism for bacterial polymeric meso-diaminopimelic Rev. Eukaryot. Gene Expr. 22, 259—268.

130/188


http://refhub.elsevier.com/S0965-1748(17)30128-5/sref35
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref35
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref35
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref35
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref36
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref36
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref36
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref36
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref36
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref37
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref37
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref37
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref38
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref38
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref38
http://refhub.elsevier.com/S0965-1748(17)30128-5/sref38

=LL

ni0
ar

8

<
E

.

0
—

B
wo
100
o0
8r

g1
ol

mi

81
ofr
E

131/188



13 a5A7He d79%F &4 A3

P u&ATH IAABEEA ¢ =2 T A9

FEATS T4 AR $5 ATAYY FFATE ool

- AT BAZ Bopld 2] BAL WI b RNA WEsy) 4 A% 9 sEds w8
gt /%S P ATE TS $rATASMY FEATE Fit ATYFS
g2 AR,

- RNA wWE3 x=Ho] #oIst= miRNA2] &S 813]7] 98], miRNA biogenesisoll ¥l
FAA EAWlAE BYsE ATFE dAMUsty FAS nFe FFSE F3ste, RNA
WE3-mRNA A3 A#AHEL Zo] 731 Nucleic Acid Research 5 ¢ Ao =E&

TEd A,

pu
L
pu
L

N

RNA W37t A& AF g 2Ef 2 §Ego #oqst= 75S Wile A7 E d= University
of Nottinghame] Rupert Fray m ¢ E5 08 F£83le], RNA wWE3lo] BofsdlE= writerE 9
o

7154 Zo] FHslx Plant Cell 5 $4 A4

- Z2E# 2 3ol RNA wWEs7E of9A Ws=AE Met-IP-RNA-seq & 7IWHE& ©] &3t
National University of Singapore®] Hao Yu 9} FFo2 F33ta I AFE Molecular

Plant § 4 A'de] =2 WET A9,

2EY 2 ¥-g Fof RNA WEsr 2Eg 2 dgo] #AAsts fAAESY 2d, IAHAH 2
HYAGo| ALA IS PIA=AE FH3= AFE F= Jangsu Normal Universitye] Xu
Tao 1 Q7374 ZZ o8 $33le] Nature Communication 5 ¢4 Ado] =F& Wxd

2 Mg F2% BAR tlew Qe sHE 2E¥2

- Tkt 37 B
8o #AAsE FHAEY 7]1%S CRISPR/Cas systeme &3] ZEoA TRt
ggote A7 B uSdATE FAusd PHES wee 4 F5o=E 495t Nature
Biotechnology & < #'dol 22 A<

o AT
- %= Huazhong Agricultural University2] Xuelu Wang n<¢} 35 d72 %3}o] Soybean crop
development under abiotic stress: The crosstalk between drought and BR signaling pathways
ATFAHE ¢ %22 Molecular Plant JCR A9 0.018%)o] &S A F <.

- g A T FeFE A"l o7 w3 dilFA ] R 1A 7 old mE AE
Az g Ase] WMsl, 2E8Y 9 AASHFT dAAES] WS AE AEE gAA W 59
ATE 433t Journal of Experimental Botany % - A do] =&S @3 A 9.

132/188



Yo}

3L
ol

2l

ik
- vl=re] UC-Davis <=9l Aki
2 if Eskalen w49 ZA|EF5A
FEATE Tt v= AR A

1

k<]
hil

[e]

,m Ma_m "2 2 —
= o A 3 o5 TN ok
= o T g 5 27 INf= § I TEEEYS ,
e S A 2 30 o ALl ERS ™ 3 H,wad_au o T
E_Elx_.o S = 1%._ ,M o Ec 1%._ = _.A.LIOﬂOM — =
g - ok - "o XOMMEﬂ - i J@ovxmﬂ]&‘ "
T T B T - E so M o o O by 2 TNlg e T T T
S o = H o ® 7o T 7 o
o o IR Mo T oF of = ™ = i = o W o M w °
° Ho o)’ WV I~ % o, B Mo T o ol i ur = = o M- & fop- ®
s A Cl ) o P i ® T rEw = P
o n ) ﬁlmﬂ 1o —_— X ¢ =7 KX O_EJ. ~N
o 8 . 5 - iy o)) X = = T W X HH
o ENCE 528 o B O s % W WK gy )
iy v S nw_wwﬁ Mol N R — b o_ma_ L_,_HT_A o1 O
i N o oo E ST W FE " cl o TS x X
S & T o oF - A R K ol e
o T o - w O g o 3. I ) 0 X T oo —
2 2% Zw g WS = _ |z X £ i Mg W oo T
5 ¢Er gl gk 7zc o5 2 UerTS L
- newx gz " o o i 2Ty B ~
T s > 0 oo of B oF K o oF X o il P = Noomr
22 = 2o : o of AF oo = X X
G ) 5 & = o 2 mh <° i zmﬂ do o Er w " v _ BTG
3 = =) Z _ Z I ﬂ.loj“ ~ J.LuG _—_ © - =
T Ex® SCEn 2:E TV Foow  ZEZRIT R
i g " E2%w EFS 3T T we w4 TEAR 2
" = -7 B &8 gzgm Smk =M Mo ~ & = B - o T
v&,m_lut M.Wgn_. o o) ‘Amn.ﬂ:iPL ol —_ X 1F,mwo N
s DT 2 £ X - i ol o W< TWT oY T 3
= s Eg gl EVE ENvs ZF We i ETEG 5 7
ey ERT g ¥ =@ o RS i T T2
3 s 0 5 e 6N -5 ] o = = o w H = -
= a__oo —_ ﬁT:.I.AC O.QIJI ,lon__o q,@ldﬂ_ ].z
2 ©x — “Qmaa T o & eI I = I N B o] = o w.ow
= _ ﬂ [, ) = C._O ot m ;o#o “nx_wo ‘OI _IT Wi EW ﬂ o 0 ~X wﬁ ‘Mﬂ 0
g T W N 28 REPT ww TP T a1
= Nuro# m_mdq_o.;._. qwﬁ__ﬂw LﬂoE_aar_uﬁ Ho = B H.Vaﬁﬁe_eo. = <
I B T g e No o T | o Ho & Mo ﬂ A I T do
Hw 24 BE gy w . X + a2 M T S bw T
™ T T X S W= e X 4= & ol e M ~| o ¥ < oo o e o syl
Hoes s S = T = NI " N = _ﬁ
o e S 5 ES a2 I NI oo A A i o) BT
© 353 mmwo% MM%MT _vf.zf%zf =R wnﬂ%n_cnﬂe B wK
O~ o — Ut hal — o i
JF i EIES SR, EpAr f] 8% fRiifgl
1) 2 = — ol &= ~
25 Bor 8%z ,u3f 13gi I oo rThiz.5s %
LA =Ry o 5 § HM e BEEY e [y _l%%_qw_%evﬂ °| ™
) 5T® S ga S Mool o W g __mﬂua e = o
SIE - o 52 % 8 R T T ®C e wEaePt T e
~ | — 0 —
<H R = = Ho ,EGmﬁuw 3 ;ﬁm@ AM N To| <R M)A uh_ﬂ_m n_rmﬁ ﬁtmﬁr‘_t ) T o
| _ AWEE  Rul® o @l A I -
_ o x| E B ok IR
I

Ay

o]
.

< AF

Ao wE

ol AFAN= GuiAA R Y

s

133/188

Fol =wAZ o= 9

)

B AxLAAL A

=
=

=7 A7




> FF F= R&D AFHAS AE@ #7148 AAE T3 F

- geuRle 1H AN role AT ATl telel s2AER A4E v 8 7
AER oA FAA AL FAFeIY o

THskal S ol F53 318 FEA

ol

-r
=2
=i
o\
o
k]
Jo
oX
2
g fo
o
—o
2N
)
i
ro
w
Q.
%)
=
=
=
=
2)
L]
S
=2
e,
FH
et
2,
ot o
ol

R ol |ox B |g
4 oft flol i ol

T A )

vtolel 20 szt F5Sel] wet upolgl A-AE-3) T3t

il g Fo ugtY FEATY =5A4 dFERY e AFAe

TE B3t 5 A7E IPstuA . AEvtolg s WY 7FRE F3 AERS

| )8t Pradeep Kachroo n4=¢} Aardra Kachroo, ©]= 23lo]2FHd Ye

Xia et FFATE T3 d7Y 2F FFEs A . = AEvutold 2 AA

kel B2 RNAi-y = delivery systeme o] &35l d= B AN John Carr o9}t
Sol7 wolg s AAA A% ATE AWSHTA T,

N,
o
o
oy
®
ot
2
=
it
1>
il

o
l'ﬁ

- 20209%E FEAFH oM FAZ c;Pulelz AW AW AL AAE
om AAAHCE AWHAA ¢gd tA™Y PCRE ol§¥ 1Y
Wake] FAH O 59 FaHo] WET o HY.

- 202047 FEAER oA FAZ “HFoA WAL wolds Y= B HAES
FEAT AW Fo| Yor sFoldusle] wE W wlolHs yi BF U 22 T3
AERTO| FoT ARE £E3] TA S5 Ao WESFTAG

- 20200 %-E 5dzF PET A AFFHAZ “RNAI 7|9 34 FHE A 71& Ad” & 33
ol ow AAZA AAAHeR s FHE AL VeRe dnpolH A, A E S
Hastlon vpolg 2 JA a80] Yol e 7|s =940 At & FAdA EUdH=
Vg2 AAAASE AS =Y Zlsolrld A FHE AL 7jed g4 3l ¢Fdoes

71t .

RN
e
Fi
0%1.'4
R
3
Lo

B EQ Adue MG AR RD AYES BEF Jx AT S8 AT 4714
B8 AUA EAE FUAT Y. BY 2Ed 2 B
AMEY 9 An 2 Bo ~E
3, 7hE, AL,
AF

shel, A7l 4

_0|L
i)
o
o)
2
>
M
2
N
)
ot rr
>
e

FAgF wrol dAE wre JAAZ SR Hiolzlx JAA HAE A AAMHA=EEY S
Sodpole s AAA JHEE CARAERIelH A Wi F(RIRE) HHTd AFE 9 I
edAZIE el o AFFAR FHATEAEE AA B Ade Tt I8FAE
Hoj2l 2 gl & & WAA AEe S AR 4% AT ERstA &

134 /188




o
IS

Metabolites

. _ Biosurfactants
J Interaction
\ ‘ Small peptides

Toxin B. thuringiensis

Plant Disease Virus

Ao plef o7 [ MEgEER

s PORA-AC | PORPAL ermooe! FoRELCS
! 1 Eytosal ROSB/ANS  insidin signating TWRS PORPLE ity Hemocoel
Wydss Mo i | Cyasal
I ) i
Tube ' \ AMPK —= TORJLstEfrmpion
I 1
Peite bt s !r:cl{ FADD \A\u.‘mguhumunvzw }
| : ' o
' I
hl;lrw “‘H/ iy e 15 R nmuwws:llfmuumua
mln i um/ Agziagsiagis Mombeane source
Cactin Rl ' wguagio S N\ amsphpniang
acu? | i o e -
™ bitfoorsal Mk Reah AgS/ALRAIGIEL  AGBIVE
B i " i 2
Lo e | W e e - .
M p -+ FIGIE 7|8k M ZE 4 MY (phagocytosis/ Identification of Development of
« FIGIE 7€k MY ® S Toll/imD) HT autophagy) 715 78 Aphid-specific dsRNA-based Aphid
| lethal gene specific pesticide

67
-
o
1
fot
fr
i
oft
e
57
-
B
A
L
o
AN
S

A e 10% 29 WA AT 1ES wg 199 259 FEOE FGHaE Uriw, A4 w
19019 29 AP AF90E IA W 19173 3 ~ 4% FFo s S| vz A

o AA Aol e AWl ¢ AT IFSERH ATHS AV =St HE nd
AEE =Ysty, U 71 A749] HAE/E AR AFY9eE 2H5lY 7|2 2 §8 ATE
BPgozH ¢4 =S LTI AY

StRA A Zbo] =28 (Undergraduate Core Learning for Research)S £ 93te] stRAIE 0]
FANE FERS AFHNA FAHoZ AFE FYPsiH, AT AFJE =E3to] distde
AT F Jdu BV 2A4sH, o HJAHAA Axug HEHS F7|d FATOEHN
ZAERS A7 grstaz g

S AAmKIY ARe Bol E4 A7 Pl XEIRe estel wls 5

o |t

4 He

oz |2

135/188




2. LhAALR|Of et 7|0

2.1 LA ZH o2 7|0 25

136/188



3 aF 43

1)

A=
=

!

=

A% <13

o

=

MOU

1

Ie]
pi

A &2

h=}

FHEAYE 9

K]« AL

A
«

>

2.1 2 - A EA S2 7)o A3

KBS 94|

A

" TP T T T T oo g P Sl
" h b T T R o T = @ G F T
e o ohy ﬂv ol c} ﬂ o5 Ao 2 R
Mo =0 o = < 9 <
i = _Pp n H TR B T o o
R & < R R R
4 T o AR = o 7 B
X {2 x 2 % Hp sl wa BN 2 oo 5 op B
N m R T EE 63 X0 X grogp BR 5 <R
To! o = al7) 3L T o e z > o B T
F = BT g do W g T 22
Ho® BT b TN M )
o L) NN i Al B il
4 T M % N ~ B < 3 o ! =~ ﬂ 0
s | ~ © mo = — IS 0
i . wnﬂw.au% T LIRS Mos ®
W o — =0 =
: T R o o R BT E S
4@ =3 %Mwﬂﬂog T S G
Yo Mo 2 < uch E| o T < X o =3 L_Mo } B o
- & Z.O — . = o ) m_ L.E
RO T ow pwnfas P r e 25
o or 40 i ald 0 iy M- O jok (= Wﬂo
o dr dy W T T R o = °F ~ ™
H o o° — N B N
= = ARy W Mo %o RO o Mo o oW
= D RE T W ow Y S T I
H_OW ‘._._Al.._ B N ﬂ_W - <r 1__/l 5.0 UT M_HH =T ,._Mo O_E wmo z_o ﬂ‘Vl =K Mro
A - I A A e i "
P o T o 5 o) =K _ W oo AL it Po
A A%%Hﬁwﬁoﬁ%zrlﬂﬂM Ewmwﬁ%?ﬁ TN
* mhvﬂﬁ%%iwoﬂmﬂo%ﬂ\duo SRR T LN
oF = W wnm jolo 5 B og oL W & oF 7o
3 Mlzsagez®o Tl TiEs_%gy W B T
% NeEes g 2w el 28N 0ol o
—_ | T = o ﬂ 0 =K ..__,m x = Vo =)
< moﬂ%wm_xaﬁmﬂ;iﬂ%ﬂ um.mﬂﬂ%a o B
3 o T el T ok ) T w| W T = - " 5 = e
L ok B M — ol &% 9 g X M T K =1l Mo gl N
5 FEw _ iz P23 PR o O N oo W
= S Er5SSESe ST ¥R m HFLs
3 TR p, nE ® 2 Mo
ar o o oy o = ) = o X
- g © ~— N Q To oo _ = T
A wmﬂb%mwﬁ?ﬂﬂ%ﬁﬂ #MMMWU b Mw_%wg
o O_U 3 = o io _-w_ ‘mw —_— = ) - A plo
h =) T - Ho o ﬂ}l _ﬂ_ g
b B4 Ty F B Ted Hemwens 5 T4 T
i I o N S S = o ol N T T E
o TR HggogrRERA HPIard 5 TRwdx
N N S o
| | | I I | | <7 |
[e] (¢] > [e]

O~
—

1
I

ZO]-EHH

KBS A+

=
o

-

137/188

HEE vk 92016 94

).

h=%

o

© g A&l

2018 10¢ YTIN w2




B

UYS oty yBIREY 24

Tie1 BN S SRR UE M 3 H| HEN i o

O 248 @OIHLt RO A L120] RXI7t = HRULCH A AFEIE A & 8t sLch
i

o Y FhtE FF F3ld 7]

- AYF ngye x5 9 @] A e BEzvy g AAE 2@ RUHY AT FHE
Tl =l sakE FEol 719 Blxgy] RUEE A7 F3E Sl Bz A AE
21& gt FAE FE A ol&EHe AFAHYVES AAsIA o, sixae] wpEAd=Ql
7ol X5 FEF A FR ARE FEHEE vt dS(AFw2=9 53F)

- AYgF AFE W F8 B FF 4SS g 3dd AA IA RAE FdE o,
AT Ade 35940 2] 75 4 ARE ol&H ¥ 559 ¥&E 7T Ue Y
olg1g AFUEL Ao BH=H Hl AL oo Axe =AEg&EA QI Journal of Economic
Entomology(IF 1.779, ES 0.00996, A% 29%, Google scholar 7]% 13 <1-&)¢} Entomological

Researchel] 33 #F L.
- AYF e AFEFHVIsYS g FF FE F o shU Anige(
H

IR EY] FEef WAE st ol A
ol

i

©
%
ot
N
b
%
N
¥
Og‘:",
ok

. 2
el
jus)

> O
o
2
)
e
4
o

)
s ABAAY BB FA v U AD

e ANgE F2E AT 25AUNE
AAe] &5, olgdh AFYEL Ad2d REd vl 9320199 12¢Y, AAAZ 9 33)
@cgg}.—é a8 T Eo|nIME
SEAMEE X A%Y o el = E A0S, SSRGS 2y ME A

|28 7Hs 48 o7l Kl B2 o e gy

iE=TERs HULE 2 - SEEUESREE STl By 2 B S =00 HE 22 339 O 2% o
O] gy et FLjojd YiE OF 207t 252 58 ¢ OIA B0 68 HRCE

7ECE 2R E THt = BARI%0| S ol AIZ o= SFERRE

ohlE ol gyo= BEe B U 2 M)

%0 £7 4% 7Ho7Sos S

S HEE 04T HE 22 L2 08 +2 £50| 201508 510 = FHE RAUXY AHdls 040 BAR0

IR Ol TR AEE A7|= - 7HsAIG0| SiEY L S22 51 ZoR SR FGER s LN
=

138/188




- e ngE EHEX—.?_ “é%—rlﬂ ZFA 7 IEAFTYY A TGS
U o 7|EaETE ] gl Al GBS(Genome-By-Sequencing) W& ©
A% O A, 39 o|EAETYE FAFeE 5 Y8 AFE qu
Fog ZAog yed dd A= EFAVIFel Halwh A= A4ukg A g

e A ddd dFr] AHE Hold v =EE AT AFRE 9 l

AT 9 9329 A& BHEd vt 21om(2019d 9€) @A ol thd =&

rulo é
rsﬂ
re
-4
m JU
ol

C ol o

|

4.L_H *!&Illﬂﬁ?l_’lfl?l!-:-a-‘ﬂﬁl RU Yz gn '%%—'?“l?] 0H7|uuA5:_T_|_E| "o X -|x|, EI.%]:aH
A-1 QEH Ak AL 0-||:H9_u

ERTD SR CN B0 VAN AET HH el

TE=TRns wEE N -S4 FRANE RTRAETERE AT ODUEO S BUm e
AN TH R BCke TR AT RO

AUYENHBEE NGO EEYINY) PuS SR WM IGANE W8, o NS RE MY
BE B ARNM SRR SNY DU BTN A2 AN DUE WO NEE oG U WEH7| OR2NE 220 VIRLET 2 SUE CHEOl B0 DU A2 E A
~RTTR L] ¥ THe-E0| glhe @ 387 LHRIC)

SUAE MHEE SNNE ATIRANPOE PR OISR WEGE GRNN HNBO 1970
VAR T UHAN B B B4 2008 BRK) VLN T3l Bw o5 FELRTUDE Vo0l SHLHUD YUS DEYH 06INE B2 A
WFRE WA RN AT M R0 RO B Ol WS W, Mo 88 a2 ofrle

72| S T8 A o g s7On
& the== F0% Ciehds 2, w48 40 FUN HUS7) UED S8 LR S
FFHE AU AR BED 7HHE QUSSR IN 2NN 0D DUATIDRS A9 =Y 2 o
E HEo

[ VLR R E R 1

> AEEY A B =4 a7 44

SEE A FEAS Fol 2 Al
GUE ATHAME 2 184 AEnsd BEd JdA (PEs

r_;]]:ll__ 7\(:]. -
(FR=FE&ZTAT4E, (FEAY FllA Bod JVles 5o MEsa sy A

53 B
Ao ZFakedo %WE}OH iﬂl 7]
2019 2#9] 53 &L 3
A3t =2 A &3}, Scientific advisore] H&< s

i, 9 dstdale] @Rlulold aH s
W g Wl g 79,

139/188




Clear-MD* flavivirus detection gRT-PCR kit

Dengue virus
Zika virus
Japanese encephalitis
West nile virus
Yellow fever virus
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BEY APS LA ool AE PPe A NEE, A3 3
ggou, B AT™eAE sEd AgetE wdlolga Aol ohd HA J1&e BEY
SEZEWLAMP), HAY  PCR, UwEolAdA &L olgstd  =rhmglduielys
AWHE AEstel Tkl EA Hi delds A% g Ave] HEFOoEH T A
e BAE RS FHH HE 716e FuT P

o 7|$W3slol| wet FUts bpole s WAA N
- @A, V)Fo)dwstE Qs AEutely 2o iyt AX I YARE, wioll~ WAAZE A
MARCZ MdEo] QA &2 HAAY. BHAF AFe HZ RNAi-delivery systems 2 &
Stz HE}AFHoR AFuYPAES Bo|FHoE AAS = Jles MEste gt
HholE 2 AAAE NEFo] AS B UIeS o&3H ERHA wlo)ly2ES ESojzo=
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3.1 Foarre] A3 AR
O A4 steds o 43 2 IF

> A/t 2F

- BEFS AFE 20173 9¥€ FUolA MHA  “15" International Symposium on Rice Functional
Genomics” =AIgEU3] =2 9doz2 &F3

- BFES nEd= 20189 7€ 2F oA i3 = Annual Congress on Plant Science and Bio Security
A &<t s) oA “Importance of communications between chloroplasts and the nucleus in plant
development and stress responses” A &9 2AHZAAS 392

- AES nFE 20189 11¥€ B A A=A “2018 International Conference of the Korean
Society of Plant Biologists” =A|g&3|olA 2] EES] I|FoZA ZAUS FLdle
g5 39S

- SAS 2FE 20189 YEojA HlwHAYst FA A EX P Ao} “Current status of research
on Tenebrio innate immunity in Korea” ol #3F W{o2 7] A3}

- 294 aFE 20159 FalolA d8 “The 4th Asia-Pacific Congress of Sericulture and Insect
Biotechnology” =AIgt=t]3] A do =z &3

The 4" Asia-Pacific Congress of
Sericulture and Insect Biotechnology

International Committee
Chairman Ho Yong Park (President, The Korean Society of Sericultural Science)
AMember Toru Shimada (The University of Tokyo, Japan)
Yong Ping Huang (Chinese Academy of Sciences, China)
Myung Saze Han (Kyungpook National University, Korea)
Takahiro Kusakabe (Kyushu University, Japan)
Zh g Gu (Jiangsu U v of Science and Technology, China)

Academic Committee
Consultant Su Il Seong, Si Kab Noh, Young Hwan Park, Michthiro Kobayashi,
Hircaki Machu, Xijie Guo

Chairman Ho Young Park

Co-

Chai Toru Shimada

Vice -

el Myung Sae Han, Hisanon Bando, Guozheng Zhang

AMember Pil Don Kang, Jong Gill Kim, Hae Yong Kweon, Ki Hoon Lee, In Chul

Um, T Kameda, K. hi Nakajima, Tae Woon Goo, Seong Ryul
Kim, Kwang Ho Choi, Kwang Gill Lee, Masaaki Azuma, Yutaka Banno,
Takesh: Yokovama, Hyun Bok Kim, Jae Su Kim, Motoko Ikeda, Kazuhiro
Iivama, Jze Sam Hwang, Hyung Joo Yoon, Jianhong Li, Jun Kobayashi, Jae
Man Lee, Hyun Woo Park, Woo Jin Kim, Chisa Acki, Hiroko Tabunold,
Amomrat Promboon, Ningjia He, K. P. Gopinathan, Xingyou Zhu, Hyun
Woo Oh

‘Organization Committee
Chairman Sang Mong Lee (Pusan National University, Korea)
Member Byung Rae Jin (Dong-A University, Korea)
Tcsoo Kim (Chonnam National University, Korea)
Yeon Ho Je (Seoul National University, Korea)
Soo Dong Woo (Chungbuk Natonal Unaversity, Korea)
Kwang Sik Lee (Dong-A University, Korea)

Industry Cooperation, Pusan National University, Korea
ence Research Institute, Pusan National University, Korea
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- AYS w4+ 20173 Bl=olA MEE “The 5th Asia-Pacific Congress of Sericulture and Insect
Biotechnology” 2] MAE 93+ =<9 Y3 Vice-Chair & Plenary Sessione] oz 533

The 5 Avio-Focfic Congres of Sericuitue ond insect Rictechnoiogy 017 (AF
February 38 - March 2, 3017, Berghs

Internationsl Committee

The 5% Asia-Pacific Congress of Chair

& B 2 Amormral Promboon { Kasctsart Universaty, Banghkok, Thaaland )
Sericulture and Insect Biotechnology 2017
CAFSER]I Z017) Member
7 Maruy Ganden Jiotel, Rangle Ratree Wongpanya (Kasetsart University, Banghok, Thailand)
Japan)
apan)
hina)
b Arunkumar (CDFD, Hyderabad, India)
Academic Commitice
Consultant
- Supa Hannonguba (Kasctsart University, Bangkok, Thailand)
hair
Amsoerirad Promboon | Kisetsart University, Bangkok, Thasland)

Co-Chalr
<+ Toru Shimada {University of Tokyo, Tokyo, Japan)

Viee Chair
o Cringyou Xia (Southwest University, Chongging, Chima)
\..:-Ln.ln 1 Siv p saadd c*-klli‘\ﬂ ‘-\-.r ia)

/ - %  Iksoo Kim (Chonnam National University, Gwang s, Kores)
,i‘ ) 2 B
= — Member

Wannart Pormesiriwong (| Kasctsan University, Bangkok, Thailand)

- AYg me= 201998 F=oA NEE “The Sino-Korea Joint Symposium on Insect Molecular
Biology and Blotechnology” 8}3]ol 4]  “Population genetic characterization of the black-veined
white, Aporia crataegi (Lepidoptera: Pieridae), using novel microsatellite markers and
mitochondrial DNA gene sequences” A|&Ho 2 AFXA| oA A ARSI OHW, AIZAY
FHFozn =3

Wi e B T, Vimaghe T ©, A Ba By T s nm

5 a4
B!

TSI NA FHss FASteHd gLz EFste] AS eI

- AYE g+ Korea Society of Plant Pathology ((KSPP)AlA FH3 A stEt S oA
“Occurrence, distribution, and novel detection of pear viruses in Korea” A& A7 AS
SR (EF, g =),
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Concurrent Session |: Practical Plant Pathology i

’,- i B Yang bean Los (R4}

2018 International Joint Conference AL Nnatol Gop i i v
on Plant Protection e
20184 AHE RS HO}
sy %HIE**EHEI

Concurment Session I Viral Disease and clean piant materials in it trees a2
Thar D, Jae-voe G [Coungtes Mol Uneesray]
snases ancl agROs Sy on it e n Jigar

October 24 (wed) ~ 26 (Fri), 2018 " o S iy
Kimdaejung Convention Center, Gwangju, Korea l Curmant s 37 countermenures of e damage by vnse: a2 idecang mar b

Korean Society of Anplied Entomology, The Korean Society of Weed Science

Sponsors | Rural Development Adm (RDA), Kores Seed & Variety Service,
Strategic Initiative for Microbiomes i Ayzuk re and Food [

nil N

- AHYE wAFE 20199 Korea Society of Plant Pathology (KSPP)el A F& 3 <A 8t& ) 3] ol A
“Application of high-throughput sequencing for viral pathogen discovery in imported fruit tree
pollen” AF9 2AF74A A AH HFo g2 SFsAF (U, tigdl=).

Organizations | The Korean Society of Pesticide Science, Korean Society of Plant Pathology, .

Program
A7-00-18:30 Concurrent Session V & WV
Session ¥ o
Counie ooV PN Sain st B
AT00-17:30 Pyeuing B Kim (Conter for and Livestock
Dervmtcpmont of nchnigens. wmﬂmmmmmnmu
A7:20-18:00 Tong-Min Sa (Chungbulk National University)

Regutation of plant volatile emisson and compatile solutes by ACC Deamingss producing endopinits
uncer sait stress

18:00-18:30 Luk Do Maeyes (Bayor, Boighm)
Seeonade ASO", 8 rew tool 0 e compismentary control strategy of fim blight Srsindy ayinons
aead Fpociomones syragee hactoria i pome st

Sexadon VI !
| T ————— |
A7:00-17:30 Grog Michols (Acadian Plant Health, Canada)
Snaveved exiract as a usigue biostmulant in Agricufre
ET30-18:00 Yongehan Cho (BsoBalance. Korea)
Amine ncids s pepides & Dlostiralets i AgHcultune
00-18:30 Ki-Hoon Oh (Farm Hamnong Co., Korea)
ietrocuction of blopestoide developrme casm. I Industry
& 9019 KSPP Foll ntaratiorisl Conferance & Symackivm for Srart Crop Protics e o
Innovative Strategies for Smart Crop Protection
and Plant Health Enhancement
Organised by
s Tha Rasnas Lacusmy of Mot Pumslagy IAE
Supported by
wosT — @ wegam 17

P Fong A Sex Bd EF

- A%+ a4+ SCIE #3d¢l Journal of Plant Biology®] #F & o=z #5351, Plant Journal,
Plant Cell, BMC Plant Biology, Plant Cell Report, New Phytologist, Plant Molecular Biology
Reporter, Plant Physiology and Biochemistry, Physiologia Plantarum, Plant Science, Biotechnology
Journal, Gene, International Journal of Molecular Sciences, Journal of Plant Research, Frontier
Plant Science, PLoS ONE & =A|A'd2] ReviewerZ &&31% <.
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- A4 2= SCIE #'d<2l Entomological Research #Adeo] #HAUFZ o7 &53 a1, Scientific
Reports, Frontiers in Immunology, International Journal of Molecular Sciences, Entomological
Research, Journal of Asia-Pacific Entomolgoy & = A8t&#d 2] ReviewerZ &% 3}

- A4 aFE SCIE Ad<¢l Journal of Plant Biologye] #FPo = %3¢, Plant Cell
Reports, Molecular Biology Reports, Molecular Ecology, Planta, The Plant Journal, Journal of
Plant Physiology, Plant Physiology and Biochemistry, Plant Science, Genes & Genomics, Journal
of Plant Growth Regulation & = A #'d 2] Reviewerz &&53}3 5.

- 94 w4+ SCIE #'9<) Entomological Research®] Insect Molecular Phylogenetics & Population
Genetics ok} Subject Editor2 &% Fo & AzF 30-40H o9 Ad =& tja =3

- A9F w4= SCIE A<l Asia-Pacific Entomologye] Phylogeny, Diagnosis, Molecular Ecology
Hoke] Associate Editor2 &% Fo2 A7 10 ¥ #H =Fo tiE 2ZYF

818t ) 2™, PLoS One, Journal of Insect Science, Gene, Genes & Genomics & U
A 8+< 2| o] Reviewer2 &% 9.

- A¥YF w4+ Scientific Reports, Frontiers in Plant Science, The Plant Pathology Journal, Plants
5 o A& A ReviewerZ &% 5.

> A Ae 8F

- BAE¥% 24+ “Plant and Microbe Adaptations to Cold in a Changing World” (Edited by Ryozo
Imai, Midori Yoshida, and Naoyuki Matsumoto) o “Regulation of RNA metabolism in plant
adaptation to cold® A &2 A& 3% 2 (Springer, ISBN 978-1-4614-8252-9).

- A4 a4 “Short Views on Insect Biochemistry and Molecular Biology (Edited by Raman
Chandrasekar, B.K. Tyagi, Zhong Zheng Gui, Gerald R. Reeck)” # o “Molecular expression and
structure-function relationships of apolipophorin IlI in insects with special reference to innate
immunity” A& A&ES A (SBN No. 978-1-63315-205-2, USA; Published by International
Book Mission).

» =9] Grant AAk

% [L4E Poland SONATA, USA NRF & &j& 7]#olA I3 A4S

7} #Aol| Reviewerg Fat¢om, 2016Ld°ﬂt Z Y= SONATA =Z =18l Nz2 g
(Genetics, Genomics)e] <A+3A] “NTR1: a key factor involved in the regulation of
co-transcriptional splicing in Arabidopsis thaliana> 7}el Zroddte] AFaal Hrpedo=
2453

)

I
ol o
Fok

151/188




> =9 uFALEY] =% 9 Book Chapter A4}

- &% nFE 20161 EF The Australian National University®] Marlen Reichel 848 ¢] BFaLgt¢)
=i “The scope and impact of post-transcriptional gene regulation in plants-microRNAs and

the RNA-binding proteome of Arabidopsis” ¢ A Qo2 S5}

- ZFE¥%s 1= 20184@ 97] 28 Kohat University of Science & Technology®] Ali Rehman 3H4§ <]
vhALske] =8 “Effect of plant-derived smoke solution on nodule formation and proteomics of

chickpea (Cicer Arietinum L)” &) A A9|¥o 2 &53

- Z¥s 4= 20159 Austin Publishing Groupell A &%kt “Cold Shock Protein: Structural
Features, Biological Distribution and Future prospects” A& 2] H7l9jdoz2 53}
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<H 3-6> X2 5482H(2015.1.1.-20019.12.31.) =M 83 &H
Ssd7 ZOHA
o1 A= 2 ZEoa AN DOl HS/ISBN S 2&
NEAJC =2 I OIEY link =4
ESHEmMES SsAHAAK
K. Lee, J.H. Han, Y.-I. Park, C. Colas des
Francs-Small, |. Small & H. Kang (2017).
Colas des _ The mitochondrial pentatricopeptide repeat
S /The . S .
. Francs— University of protein PPR19 is involved in the
1 AES Smal |, Western stabilization of NADH dehydrogenase 1 10.1111/nph. 14528
Catherine, Australia transcripts and is crucial for
Small, lan mitochondrial function and Arabidopsis
thaliana development. New Phytologist Vol.
215, pp. 202-216.
Colas des K. Lee, S.J. Park, C. Colas des Francs—
Francs— 5% /The Small, M. Whitby, |. Small & H. Kang
Small, University of (2019). The coordinated action of PPR4 and
2 AES Catherine, Western EMB2654 on each intron half mediates trans- 10.1111/tpj . 14509
Small, lan, Australia splicing of rpsi12 transcripts in plant
Whitby, chloroplasts. Plant J. Vol. 100, pp. 1193-
Michael 1207.
=7te2l0t/
Agricultural
University of
Plovdiv
=g/
University of
Atanasova, Hamburg
Daniela; 0l=/
Husemann, University of : .
Vartin: California E. Saﬁael, M. Husemann, M. Seiedy, M.
Rethwisch Cooperat ive Rethwisch, M. Tuda, T. B. Toshova, M. J.
. J . Kim, D. Atanasova & |. Kim (2019) Global
Michael ; Extension . . . . ) . .
2014 Sanaei, 5%/ genetic diversity, lineage distribution, 10.1002/ece3.5474
Ehsan: University of and Wolbach|a |nfe§t|on of the aITaIfa
Seiedy. Queens | and weeV||_Hypera postica (Coleoptera:
S Curculionidae). Ecol. Evol., 9(17), 9546~
Mar jan; olet/ 9563
Toshova, University of )
Teodora B.; Tehran
Tuda, Midori £Jtelot/
Bulgarian
Academy of
Sciences
o=/
Kyushu
University
Bharat Ol& /Dept. of |Kim SG, Jo YH, Seong JH, Park KB, Noh MY, o
srota Bhusan | Bio-science and |cho JH, Ko HJ, Kim CE, Tindwa H, Patnaik | O+ 1010/1:10mb.2017.08.
Patnaik Biotechnology, [BB, Bang IS, Lee YS, Han YS. TmSR-C,
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<H 36> =2 542t(2015.1.1.-20019.12.31.) =H =57 AH

Ssd7 ZOHA
o b A= 2 DEoin AN DOl HS/ISBN S 2&
NEAJC =2 AT OIEY link =4
ESHEmMES SsAHAAK
scavenger receptor class G, plays a pivotal
. role in antifungal and antibacterial
Fakir Mohan . . ) .
University |mmun|Fy in Fhe coleopteraﬁ insect. _
Tenebrio molitor. Insect Biochem Mol Biol.
2017 Oct;89:31-42.
J=S. Chung, H-N. Lee, T. Leustek, D. B.
Thomas 0/= / Rutgers |Knaff, & C.S. Kim (2015) The Arabidopsis
5 CTETPN Leustek, University, Ol= |thaliana adenosine 5 -phosphosulfate 10.1007/s12374-014~
David B. / Texas Tech |reductase 2 (AtAPR2) participates in 0514-2
Knaf f University flowering time and glucose response. J.
Plant Biol., 58: 128-136
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® 9% Ut 2 AF/BHe A7TA 2F A

£~
W,
e
ot

b FAdnFo AFE T =
o A3
- &% n4E &F Western Australia University?] Jan Small 29} 35ATE 53] “The
mitochondrial pentatricopeptide repeat protein PPR19 Is involved in the stabilization of NADH
dehydrogenase 1 transcripts and is crucial for mitochondrial function and Arabidopsis thaliana
development” A &9 =&& ¢4 #3d< New Phytologistell #3£3H2017.7).

L1k

Ffu

- 3% n4E 2% University of Kashmir thgre] Riffat John m49} %
“Abiotic stress: Interplay between ROS, hormones and MAPKs“ #|&2] =&
Environmental and Experimental Botanyell 23£3H2017.5).

R
o
=

o

=
=
S A<l

- &S 1F= &F Western Australia University?] Ian Small 29} FE5A TS E3te] “The
coordinated action of PPR4 and EMB2654 on each intron half mediates trans-splicing of rpsiZ2
transcripts in plant chloroplasts® Al &2] =&& $4 @<l Plant Journalel| &3%%H2019.12).

- }44 wagE v)= California FHEHRS e /A g, Ax9 Trident School of Biotech
Sciences, Trident Academy of Creative Technologyel 3}= Bharat Bhusan Patnaik ®B}A},
gtz ole] Sokoine University of Agriculturee] <%3}+= Tindwa Hamisi n2g¢} ZSUzx1lH S
712 gt FEATE E3SF Scientific Reports (2017.4), Insect Biochemistry and Molecular
Biology (2017.9), Entomological Research (2018.1, 2016.3) 52 =A| A do] =%& w73}

- A = vFo AFA w<(California State University, San Bernardino)®t &5 dT+2
53}, TmToll-7 Plays a Crucial Role in Innate Immune Responses Against Gram-Negative
Bacteria by Regulating 5 AMP Genes in 7enebrio molitor. Front Immunol. (2019.3), TmCactin
plays an important role in Gram-negative and -positive bacterial infection by regulating
expression of 7 AMP genes in Tenebrio molitor. Sci Rep. (2017.4) 52| =& T %3}

- ¥HhF nFE=E A=9 Trident Academy of Creative Technology (TACT) thdtae] Bharat

Bhusan Patnaik x4¢} F&5AT+E F35Fo], Regulation of the expression of nine antimicrobial
peptide genes by TmIMD confers resistance against Gram-negative bacteria. Scientific Reports
(2019. 01), Molecular Cloning and Effects of Tml4-3-3 ¢ -Silencing on Larval Survivability
Against E. coli and C albicans in Tenebrio molitor. Genes (Basel) (2018. 06), TmSR-C,
scavenger receptor class C, plays a pivotal role in antifungal and antibacterial immunity in

the coleopteran insect Tenebrio molitor. Tnsect Biochem Mol Biol. (2017.10) & W9 =&&

- A4 ng+= vl= Rutgers thdtw o] Thomas Leustek w4~ % w]= Texas Tech tdtu <]
David Knaff ¢ FTEAFE E3lo “The  Arabidopsis  thaliana  Adenosine
5’ -Phosphosulfate Reductase 2 (AtAPR2) participates in flowering time and glucose
response” A|&2] =%-& Journal of Plant Biologyell 3% $H2015.4).

156 /188



- Ao e 7, 5Y, V=, g8, BlEer 5t A AT AES “Global genetic
diversity, lineage distribution, and Wolbachia infection of the alfalfa weevil Hypera postica
(Coleoptera: Curculionidae)® #|&2] =& Ecology and Evolutione] 3 %+2019.6).

o AY
- &% nFE Y= University of Nottinghame] Rupert Fray nl<4= National University of
Singapore®] Hao Yu ¢t wHFE E3t9 RNA Wgsyl & AS 2 2EfX W89

Boste 7lee Hile 78 FPs AdAE 5 =20 T AL
- Z¥% IFE $3 Jangsu Normal Universitye] Xu Tao w9t &5ATE 534, RNA
MEsy AEERE §) #d 2, 55 B 2EHs wkgdd A 9% AHE 8

e BsE FEATE FYte] T4 RS BEY A9,

F Western Australia Universitye] Ian Small w49} FsdT
RNA-Z3 w@do] A& AS 9 2Ef2x YA vixes dFS 793

- Y94 4= v= Purdue Universitye] wof 23583t 834732l Stephen L. Cameron<}
A&AQ AFE Ao 201895+ FoF g AEIFAIAW WA wrAZE 1dzE
Cameron < AT-AolA Post-docs g ¥ Us. FF Y AFHEAE FFoE
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LE NGUYEN | NGUYEN TIEU _
2020.05.14 | 49 1¥ 3 16791 el 1984 AR ahA
== TIEU NGOC NGOC LE 916 o= 98 oo f
MANDUZIO Stefano N
o] 19 o] VASCRS =L
2020.05.14 | 49 19 4 STEFANO Vanduzio 178592 9] 1990 AR F
2020.05.14 | 49 19 5 NGUYEN VAN |~ Van Tinh 166329 BEN 1983 AA5 A
TINH Nguyen
TARIKU
2020.05.14 | 49 1¥ 6 TARTRUTESFAYE TESFAYE 177878 o]l 1986 Skl 4= ykx}
EDOSA EDOSA
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A% a s EERJRER) A Asms 41 39197
i JE (YYYY)
2020.05.14 19 7 ZHUPANPAN | PANPAN ZHU 176357 1986 BEs A A}
2020.05.14 d 8 HYEJIN KO 168498 1992 A A AL
2020.05.14 d 9 NAMYEON KIM 176358 1991 A A}
2020.05.14 d 10 BOBAE KIM 186701 1994 A A AL
2020.05.14 d 11 SEOE%EON 176732 1991 i A WAL E B}
2020.05.14 o 12 SU BAE KIM 156552 1986 Helg EIAL
2020.05.14 d 13 IN WOO KIM 147720 1980 Aol EIA
2020.05. 14 o 14 CHAEEEUN 176128 1992 a5 XA
2020.05. 14 o 16 KI BEOM PARK 177031 1990 sk ukA}
2020.05.14 d 17 YOUgiEMIN 186600 1993 Eiib A}
2020.05. 14 o 15 JI-HEE MIN, 146771 1991 Ad ukA}
2020.05.14 19 18 AH RHA WANG 178591 1990 71015 EIOA
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Az | Azax| ad s PR ER s AE a5 47 9133
@2 JE (YY)

2020.05.14 | 4¥ 1 19 ol YUBEOM I 168479 =<l 1976 FAIE A A}
2020.05.14 | 49 1¥ 20 o] x4 JINSIL LEE 176270 W=el 1990 Eisibn EIOAE

° N SU YEON N ]
2020.05.14 | 4€ 14 21 qra TEONG 156425 =9l 1992 71012 PERARE!
2020.05.14 | 4€ 14 22 A4 JUﬁEgigNG 178369 ! 1992 Aol AA
2020.05.14 | 4¥ 14 23 2D JUN HO CHO 188697 =<l 1991 Bk EIOA
2020.05.14 | 4€ 14 24 geF EUNJU HWANG 176986 =<l 1933 ol A A}
2020.05.14 | 10€ 14 1 4] 2 JI-HEE MIN, 146771 il 1991 AA S HlA}
2020.05.14 | 10¢ 1 2 el SU BAE KIM 156552 W=l 1986 K A}
2020.05.14 | 109 12 3 NGUYEN VAN )~ Van Tinh 166329 1983 A5 EI

TINH Nguyen
LE NGUYEN | NGUYEN TIEU 5

2020.05.14 | 10¢¥ 1 4 16791 1984 AR 5193

s TIEU NGOC | NGOC LE I16 % ot f

KESHAVARZ MARYAM )

2020.05.14 | 10¢¥ 1 5 168662 1990 3ol HEA

=T MARYAN KESHAVARZ 566 ? N t
2020.05.14 | 109 1¥ 6 o]z JINSIL LEE 176270 1990 Eitibn HRA}
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A= | 71z9x | 9w a9 PEREER §d A= 49 59314
@2 JE (YY)
2020.05.14 | 10¢ 19 7 HU JTANZHONG | JTANZHONG HU 176396 el 1990 ES ukA}
2020.05.14 | 108 1 8 ul7| ¥ KI BEOM PARK 177031 =l 1990 3kl = HFA}
TARIKU
TARIKUTESFAYE .
2020.05.14 | 10¥€ 19 9 TESFAYE 177878 o]l 1986 Skl 4= ykx}
EDOSA
EDOSA
2020.05.14 | 108 19 10 Sfole} AH RHA WANG 178591 =2l 1990 Aol uFA}
MANDUZI0 Stefano _
2020.05.14 | 10€ 1¥ 11 178592 o] 1 AR 1A
020.05 0| 1< STEFANO Manduzio 7859 = 990 oo t
2020.05.14 | 10¥€ 19 12 CAI JING Jing Cai 187427 2= 1991 AR aRA}
2020.05.14 | 108 19 13 Aad MANIL KIM 187613 =2l 1982 A4 uFA}
2020.05.14 | 108 19 14 1A B HYEJIN KO 187652 =2l 1992 Skl 4= uFA}
2020.05.14 | 108 19 15 kA zk SUgi;gAN 187660 W=l 1985 I uFA}
2020.05.14 | 10€ 19 16 ZF3 JUN HO CHO 188697 =9l 1991 Sk 4= uFA}
o . SU YEON R )
2020.05.14 | 108 19 17 Aea TEONG 156425 W=l 1992 el A ErALE 3

178 /188




)

as | 71za%| a9 sl PERIEED B AEdS 4 CPEE
@2 GE (v
2020.05.14 | 109 1¥ 18 A4 SEOE%EON 176732 =<l 1991 AR AP HALE S
2020.05.14 | 109 1 19 e CHAEEEUN 176128 el 1992 gl A A}
2020.05.14 | 109 1¥ 20 ZHUPANPAN PANPAN ZHU 176357 9=l 1986 s A AL
2020.05.14 | 109 1Y 21 Add NAMYEON KIM 176358 =<l 1991 A At
2020.05.14 | 109 1¥ 22 g5 EUNJU HWANG 176986 =<l 1988 Aol A4t
2020.05.14 | 109 1¥ 23 ! ] UﬁlEgigNG 178369 =l 1992 Aol AL
2020.05.14 | 109 1Y 24 Hj o 71 YOUgiEMIN 186600 =<l 1993 A A At
2020.05.14 | 109 1¥ 25 7 5af BOBAE KIM 186701 =<l 1994 AR A4t
2020.05.14 | 109 12 26 TR;SENEHI Th;r?ﬁﬁng 186987 BER 1987 FES A A}
2020.05.14 | 49 14 1 A=) SU BAE KIM 156552 =<l 1986 ne)r "}
2020.05.14 | 49 12 2 NGU??EHVAN V;;;;Eh 166329 BED) 1983 A% ula}
2020.05.14 | 4¥ 1¥ 3 I{?E[N]Ggégg NGEEEE EéEU 167916 9=l 1984 FEE HhAL
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A H A
A= | 71z9x | 9w a9 PEREER §d A= 49 59314
@2 JE (YY)
KESHAVARZ MARYAM .
A 19 ¢l Bl = 12
2020.05.14 | 4¥€ 19 4 VARV AL KESHAVARY 168662 9] 1990 e F
2020.05.14 | 4¥€ 19 5 o]z JINSIL LEE 176270 =2l 1990 3kl = HFA}
2020.05.14 | 4¥€ 19 6 HU JIANZHONG | JTANZHONG HU 176396 el 1990 ES ukA}
2020.05.14 | 4¥€ 19 7 ul7| ¥ KI BEOM PARK 177031 =l 1990 3hed = HFA}
TARIKU
2020.05.14 | 49 1¥ 8 TARTRUTESFAYE TESFAYE 177878 ol =2l 1986 Skl 4= ykx}
EDOSA
EDOSA
MANDUZI0 Stefano _
2020.05.14 | 49 1Y 178592 o] 1 AR 1A
020.05 == 9 STEFANO Manduzio 7859 o= 990 exe t
2020.05.14 | 4¥ 1¥ 10 CAI JING Jing Cai 187427 2= 1991 FES aRA}
2020.05.14 | 49 1¥ 11 A MANIL KIM 187613 =2l 1982 A4 uFA}
2020.05.14 | 49 1¥ 12 1A B HYEJIN KO 187652 W=l 1992 Skl 4= uFA}
2020.05.14 | 49 1¥ 13 kA 2 SUgi;gAN 187660 =2l 1985 Bho 4= uFA}
2020.05.14 | 49 1¥ 14 T3 JUN HO CHO 188697 W=l 1991 Skl 4= uFA}
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A= | 71z9x | 9w a9 PEREER S A= 49 s9159 74
@2 JE (YY)
2020.05.14 | 4¥€ 19 15 e CHAE(I}MEUN 197738 =2l 1992 = HFA}
2020.05.14 | 49 19 16 UMME AMARA | UMME AMARA 197880 el 1994 ES ukA}
2020.05.14 | 4¥€ 19 17 A S[JJEEESN 156425 =2l 1992 a4 A HALE- 3
2020.05.14 | 49 1¥ 18 Axdd SEOE%EON 176732 W=el 1991 Sk 4= SIS Aoy
2020.05.14 | 4¥€ 19 19 ZHUPANPAN PANPAN ZHU 176357 el 1986 e 2 A}
2020.05.14 | 4¥€ 19 20 g NAMYEON KIM 176358 =2l 1991 A s A}
2020.05.14 | 4¥€ 19 21 o EUNJU HWANG 176986 =2l 1988 el AT}
2020.05.14 | 4¥€ 19 22 v YOUgiEMIN 186600 =2l 1993 ko 4= AT}
2020.05.14 | 4¥€ 19 23 71 Bonj) BOBAE KIM 186701 =2l 1994 ko 4= A}
TRINH THI Thi Huong

2020.05.14 | 4¥€ 19 24 ¢ 52

4 1d HUONG Trinh 186987 2]=9l 1987 ZES AT}
2020.05.14 | 4¥€ 19 25 Zap )| JEONGIN KIM 196672 =2l 1997 AA4 A}

SHOAIB

2 19 5

2020.05.14 | 4¥€ 19 26 SHOAIB YASIRA VASIRA 196930 2]=9l 1995 IES A}
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Az | Az94 | a4 s PN ED b SEEENRE PR
@2 JE (YY)
2020.05.14 | 4¥€ 19 27 434 HWIWON JEONG 196966 =9l 1996 A s 2 A}
2020.05.14 | 4¥€ 19 28 Aokt NARA JEONG 197346 =l 1996 el AT}
2020.05.14 | 4¥€ 19 29 ol&A HYOJEONG LEE 198457 W =rel 1996 A s 2 A}
2020.05.14 | 10€ 12 1 NGUYEN VAN |~ Van Tinh 166329 BEN 1983 AA5 A
TINH Nguyen
LE NGUYEN | NGUYEN TIEU _
9 19 o] VASCRS =L
2020.05.14 | 10¢ 19 2 TIEU NGOG NGOC. LE 167916 9] 1984 AR }
KESHAVARZ MARYAM .
2020.05.14 | 10¥€ 19 3 168662 ¢l 1990 SFod 4 Ll
=0 MARYAM KESHAVARZ 866 = I v t
2020.05.14 | 10¢¥ 19 4 HU JIANZHONG | JTANZHONG HU 176396 el 1990 ES ukA}
2020.05.14 | 108 1 5 ul7| ¥ KI BEOM PARK 177031 =l 1990 3kl = HFA}
TARIKU
2020.05.14 | 10¥€ 19 6 TARTRUTESFAYE TESFAYE 177878 9]l 1986 Skl 4= ykx}
EDOSA
EDOSA
MANDUZI0 Stefano _
2020.05.14 | 10¢€ 1¥ 178592 o] 1 pARCR 1A
020.05 0¥ 1¢ 7 STEFANO Vanduzio 7859 9]t 990 AR 8
2020.05.14 | 10¥€ 19 8 CAI JING Jing Cai 187427 2= 1991 AR aRA}
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d= | AZ9A | u 57 s EERYSES) A Awms 94 SPER
&2 JE (1Y)
2020.05.14 | 10¢ 14 9 S B HYEJIN KO 187652 =<l 1992 Eliy HFA
2020.05.14 | 109 1Y 10 D SUQIEEEAN 187660 =<l 1985 s HhAL
2020.05.14 | 108 1¢ 11 kN JUN HO CHO 188697 il 1991 ESES HlA}
2020.05.14 | 109 1¥ 12 Mﬁm}?ﬁg Jl\gg\ ﬁéﬁ%ﬁ% é 196645 9=l 1989 i ukA}
2020.05.14 | 10€ 19 13 - CHAE(I}MEUN 197738 Y=<l 1992 ElasA HkAL
2020.05.14 | 108 1¢ 14 UMME AMARA | UMME AMARA 197880 CEl 1994 FES HFAL
2020.05.14 | 109 1Y 15 Agd NAM-YEON KIM 197910 W=l 1991 R RS "}
2020.05.14 | 109 1Y 16 IR JE?&SUN 198422 =l 1991 el A
2020.05.14 | 10¥€ 1¥ 17 A4 S[JJEEI}\EISN 156425 =l 1992 710) 2= AU ALE B
2020.05.14 | 10€ 1¥ 18 A4 SEOE%EON 176732 =<l 1991 i AP HALE S
2020.05.14 | 10¥€ 1 19 A gl YOUgiEMIN 186600 =l 1993 Bk AA
2020.05.14 | 10¥ 1¥ 20 7 1) BOBAE KIM 186701 ) 1994 R B A A}
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A
A au s PERAED) g Awms 47 SRR
@2 JE (YY)
TRINH THI Thi Huong _

.05. Q) 21 , 1 7 el 1987 AR A A
2020.05.14 19 HUONG Trinh 8698 )= AR A AL
2020.05.14 o 22 Zap )| JEONGIN KIM 196672 =2l 1997 AA4 AT}

SHOAIB & o A
2020.05.14 g 23 SHOAIB YASIRA VASIRA 196930 el 1995 ES A}
2020.05.14 o 24 A3 HWIWON JEONG 196966 =2l 1996 A s AT}
2020.05.14 o 25 Aokt NARA JEONG 197346 =2l 1996 el AT}
2020.05.14 o 26 o] 718 KEON HEE LEE 197696 =2l 1994 el A}
2020.05.14 Q] 27 A5 JAEHO KIM 197706 =2l 1971 ko 4= AT}
2020.05.14 19 28 ol&A HYOJEONG LEE 198457 Y=ol 1996 A5 A A}
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W =(8)

2017 8.00 20174 1.50
2018\ 8.50 2018 2.00
A} AupALE 3
20194 10.50 20199 2.00
AR 27.00 AR 5.50
2017'd 10.50 2017'd 20.00
20184 14.50 2018 25.00
uha} A
2019 16.00 2019+ 28.50
AR 41.00 AR 73.50

9= ¢ 5

2017d 6.50
20183 8.00
2019 11.00

AA 25.50
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[HF 4] = 39z digdA wiE 44 (Y 2 ACHAE 43)

/71 = 3 (=
3 - . . (%
N =g |« B . B | ARRF [Lao e A5 | 9% | A AEIR
2= | 71ed | | — v BT T i ke - B P i W Y A3 s
I & AEAS ALE 3| A7 Ny =5 A9
B Z]

20179 | 29 1 EIPARtE PagfemKl 157906 1990 gl A2} | 201509 “j‘j =
2017d 24 2 o] |Lee Kwanuk| 138228 1985 A vkAL | 201309
20174 24 3 o] x4 |LEE JINSIL| 157060 1990 sl 4= AAE | 201503
20173 29 4 Y E CHO;%YNG 157438 1990 skl = AL | 201503
2017 2¥ 5 SQ&[%YESNY Sﬁg]ﬂg 137696 1980 A kAl | 201303
2017d 8 1 Eleests] PAR:I;ESO%UNG 157432 1991 A4 AL | 201503
2018Lf] 2 2] ARV S| KIM 710] 2= A

=l < 1 AEX JONGSEOK 167396 1991 71014 A | 201603
2018 2¥ 2 Z*ZF3% | CHO JUNHO | 166131 1991 Sk 4= AL | 201603
20184 8 1 232 | KO HYEJIN | 187652 1992 B A} | 201609
2018 8¢ 2 Gggﬁi : Gﬁi‘;ﬁf A 146218 1982 A vkA}l | 201409
2019 24 1 e KIME[CEANG 176128 1922 sk = AAAF | 201703 | A4 A AFA (A UF
20199 | 29 2 w28 |MIN JI-HEE| 146771 1991 FARS P whal | 201408 | 2 <] E?azr}.\fM nATFE | 89

1verisy
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4 I gz | as | 8w A AAR
L RO LI A e TR ] I IR e AT
ki) T A EAIE A i = 3AE Su |TT A4
2] A
20199 | 29 | 3 | A=A JEgggNéUN 178369 1992 oy A | 201703 | A9 |7 ‘ﬂ%g‘zﬂ A |29 A
KIM _ olu}o] ) =) ez
2019 | 8 Lo Added | ey | 176358 1991 EERS HAR 201709 1 AR Ty | ATA OTA]O )
FENZE
2019\ 8 2 el |KIM TAEBOK| 136004 1980 nAEF A1 12018303 | HA | A A5 Ad [AE g
3} atg)
20191 84 3 oz HVANG 176936 1988 el AL | 201709 | 7] EF
EUNJU
Jiangsu
) ] Normal
20199 | 89 4 | ZHUPANPAN | ZHUPANPAN | 176357 1986 BAEs Aab | 201709 | 2 Uniovreii | B#A | A
y
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A A} 4 A A} 3 A A} 6 A A} 13
AR uhA} 9 AA uhA} 1 AA u}A} 1 AA ukA} 4
6 4 7 5 17
44 20173 A 2018 A 2019'd A ?ﬁ A
A A} 4 A AL 3 A A} 6 A A} 13
a2 A% ks ks
A9 | what 2 A9 | wa 1 A9 | wa 1 A9 | wha 4
Al 6 Al 4 A 7 Al 17
U AR 24 0 Fu ARt 24 0
A 2 =9 A 27 0 A} A 9] AstA 27 0
20193 o 20193 o
20 A AL A=A 0 AAL 24 0
24 294 AR AR 27 2 84 E9A ACHAR 27 3
. AR 2A 0 AR &4 0
HhAL 1 uhAL 1
HCEHAA 24 0 ACHAAR &4 0
A A} 7 A A} 7
AR FX =YY F AR FX 2YY F
W, 53], A} 4 b, 5], uhA} 4
REAISAIE 23D FEAIBAIE Al
A 11 A 11
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