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Three full-length cDNAs encoding lipoprotein homologs were identified in Tigriopus kingsejongensis, a newly
identified copepod from Antarctica. Structural and transcriptional analyses revealed homology with two
vitellogenin-like proteins, Tik-Vg1 and Tik-Vg2, which were 1855 and 1795 amino acids in length, respectively,
along with a third protein, Tik-MEP, which produced a 1517-residue protein with similarity to a melanin engag-
ing protein (MEP) in insects Phylogenetic analysis showed that Vgs inMaxillopods including two Tik-Vgs belong
to the arthropod vitellogenin-like clade, which includes clottable proteins (CPs) in decapod crustaceans and
vitellogenins in insects. Tik-MEP clustered together with insect MEPs, which appear to have evolved before the
apoB-like and arthropod Vg-like clades. Interestingly, no genes orthologous to those found in the apoB clade
were identified in Maxillopoda, suggesting that functions of large lipid transfer proteins (LLTPs) in reproduction
and lipid metabolism may be different from those in insect and decapod crustaceans. As suggested by phyloge-
netic analyses, the two Tik-Vgs belonging to the arthropodVg-like clade appear to playmajor roles in oocytemat-
uration, while Vgs belonging to the apoB clade function primarily in the reproduction of decapod crustaceans.
Transcriptional analysis of Tik-Vg expression revealed a 24-fold increase in mature and ovigerous females
comparedwith immature female, whereas expression of Tik-MEP remained low through all reproductive stages.
Acute temperature changes did not affect the transcription of Tik-Vg genes, whereas Tik-MEP appeared to be
affected by temperature change. Among the three hormones thought to be involved in molting and reproduction
in arthropods, only farnesoic acid (FA) induced transcription of the two Tik-Vg genes. Regardless of developmental
stage andhormone treatment, Tik-Vg1 and Tik-Vg2 exhibited a strong positive correlation in expression, suggesting
that expression of these genes may be regulated by the same transcriptional machinery.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Copepods are a diverse group of small crustaceans, consisting of
~13,000 marine and 2800 freshwater species, divided into ten orders
(Geoff and Danielle, 2008).

As these organisms are among themost numerousmetazoans in the
aqueous environment, and play a key role in the marine food chain,
copepods have received considerable attention in marine ecological
studies (Turner, 2004). Several of these species are currently being
used as models for aquatic toxicology due to their short life span and
extreme sensitivity to environmental toxins (LeBlanc, 2007). Tigriopus
kingsejongensis is a newly identified copepod species originally collected
e Biology, Pukyong National
from tidal pools near the King Sejong Station on King George Island,
Antarctica (Park et al., 2014). Comparedwithmore temperate latitudes,
the Antarctic habitat represents a unique environment, not only in
terms of temperature, but also in terms of the unique photoperiod and
associated exposure to UV-radiation. Given this unique environmental
niche, T. kingsejongensis is thought to have been exposed to considerably
different evolutionary pressures relative to copepod species inhabiting
more temperate latitudes. For that reason, T. kingsejongensis is consid-
ered a promising model for studying the processes driving adaptation
to various extreme environmental stimuli in polar areas.

In order to use Antarctic copepods as a model organism, a stable
culture system needs to be established with close attention paid to the
reproductive physiology of the organism. Like other arthropods, cope-
pods deposit nutrients into growing oocytes forming the yolk, with
vitellogenins (Vg) serving as the major large lipid transfer proteins
(LLTPs) driving this process. Compared to decapod crustaceans, fewer
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Fig. 1. Image of Tigriopus kingsejongensis in different developmental and maturation
stages. Images were captured by a SZX10 Stereo Microscope (OLYMPUS Inc., Tokyo,
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Vg genes have been identified in copepods, with only eight Vg genes
from five species, Tigriopus japonicus (ABZ91537, ACJ12892),
Paracyclopina nana (ADD73551, ADD73552), Leophtheirus salmonis
(ABU41134, ABU41135), Pseudodiaptomus annandalei (AGT28481) and
Eurytemora affinis (AGH68974), currently stored in GenBank (Dalvin
et al., 2011; Hwang et al., 2009, 2010; Jiang et al., 2013; Lee et al.,
2008). Based on these results, it is generally assumed that most
copepods harbor two copies of the Vg gene. However, additional
Vg-like sequences have also been identified in L. salmonis, suggesting
that additional LLTP genes may exist.

Despite evidence of homology at the nucleotide level, little is known
regarding the function of Vg or Vg-like lipoproteins during reproduc-
tion. Recent toxicological studies in copepod species have been per-
formed under the assumption that the roles of Vg proteins in
reproduction are similar to those in decapod crustaceans and insects.
Currently, most of what is known regarding crustacean endocrine
regulation during reproduction has come from the study of decapod
crustaceans, due to their commercial importance. Since the evolution-
ary and functional relationship of LLTP genes in arthropods have not
been clearly established, and several instances of neofunctionalization
have been identified (Cheng et al., 2008b; Hall et al., 1999; Lee et al.,
2000), it is likely impossible to predict the function of each LLTP gene
based upon sequence homology alone.

The purpose of this study is to provide a basic understanding of the
role Vg-like genes play in reproduction and lipid metabolism in cope-
pods. The first goal was to determine how many copies of LLTP genes
exist in the copepod genome and to identify the role each of these
genes play in reproduction. Second, we sought to examine the role of
hormones in regulating the expression of Vg genes in copepods.
Among the major reproductive hormones, ecdysteroids, particularly
20-hydroxyecdysone (20E), have been shown to induce Vg expression
in decapod crustaceans (Subramoniam, 2000). However, other
hormones, including methyl farnesoate (MF) and farnesoic acid (FA),
may also play a role in Vg production and reproduction (Mak et al.,
2005; Nagaraju, 2007; Tiu et al., 2006a, 2006b, 2010). In the present
study, we identified three full-length cDNAs encoding lipoproteins
from T. kingsejongensis using a combination of next generation sequenc-
ing (NGS) and conventional molecular cloning. Transcriptional changes
in response to various reproduction stages, temperatures, and hor-
mones were also studied. Taken together, these results provide a basic
understanding of the relationship between reproduction and Vg-like
genes in the Antarctic copepod.
Japan). Fi, immature female; Fm, mature female; Fo, ovigerous female; Mm, mature male.
2. Materials and methods

2.1. Experimental animals and culture conditions

T. kingsejongensis used in this study was a generous gift from the
Korean Polar Research Institute (KOPRI) where their lineage had been
maintained from individuals collected from tidal pools near the King
Sejong Station on King George Island, Antarctica (Park et al., 2014).
T. kingsejongensis were cultured at a density of 40–60 individuals per
dish (100 × 40 mm) containing 100 mL of 4 °C Antarctic seawater
(salinity = 33 ppt). Seawater was filtered through a Whatman filter
(Clifton, NJ, USA; pore size = 1.2 μm), autoclaved at 121 °C for 20 min,
and stored at 4 °C until needed. The photoperiod was maintained at
16 L:8D. Copepods were fed marine alga Tetraselmis suecica once every
three days with seawater changed before each feeding. Developmental
stages and sex were determined by morphological characteristics, as
described by Park et al. (2014) Fig. 1). Briefly, mature females (Fm)
and mature males (Mm) can be differentiated by the morphological
characteristics of their antennules (Fig. 1B and D). Immature females
(Fi) were identified by their mating behavior after being caught by the
antennule of a mature male (ITÔ, 1970). Ovigerous females (Fo) were
easily recognized by the presence of external egg sacs.
As the transcription of three lipoprotein genes, vitellogenin 1 (Tik-
Vg1), vitellogenin 2 (Tik-Vg2), and melanin-engaging protein (Tik-
MEP), was below the level of detection inmales, all temperature change
experiments were performed using mature females. Individuals were
first acclimatized at 4 °C for N1 month, after which 27 individuals
were transferred to culture dishes (100 × 40 mm) containing 100 mL
of filter-sterilized Antarctic seawater adjusted to the designated
temperature (0 °C, 4 °C or 15 °C). Samples were then incubated for 12,
24, or 72 h, after which three individuals were selected at random and
pooled together for RNAextraction and qPCR. Each experimentwas rep-
licated three times. Copepods were not fed during the temperature
change experiments.

Next, we examined the effects of copepod hormones 20-
hydroxyecdysone (20E) (Santa Cruz Biotechnology Inc., Texas,
USA), methyl farnesoate (MF), and farnesoic acid (FA) (Echelon Biosci-
ences Inc., Utah, USA) on lipoprotein gene expression. Stock solutions
(10 mg/mL) for each hormone were prepared in 100% ethanol and
stored at −80 °C until needed. Test solutions (1 μg/mL) for each hor-
mone were then made by diluting stock solutions with filter-sterilized
Antarctic seawater as described previously (Kuo and Lin, 1996;
Marcial et al., 2003). Three mature females and three mature males
were transferred into each well containing 1 mL of test hormone
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solution or vehicle control. Samples were then incubated at 4 °C for
3 days, during which 50% of the test solution was changed every 24 h.
After 12 and 72 h, test animals (Fm and Mm) were selected at random
for RNA extraction. Three replicates were performed for each hormone
treatment.

2.2. Construction of T. kingsejongensis RNA-seq database and identification
of lipoprotein genes

Total RNA was extracted and subjected to poly-A selection. A cDNA
library was then constructed using a TruSeq RNA sample prep kit
(Illumina Inc., USA). RNA sequencing was performed on an Illumina
Miseq platform (Illumina Inc., USA) using a 600-cycle sequencing
strategy according to the manufacturer's protocol. De novo tran-
scriptome assembly was performed using CLC Genomics Workbench
8.0 (CLC Bio Aarhus, Denmark). Contigs encoding the vitellogenin ho-
mologs were obtained by BLAST using two vitellogenin sequences
from T. japonicus, Tij-Vg1 (GenBank Accession; ABZ91537) and Tij-Vg2
(GenBank Accession; ACJ12892) as queries. Full length cDNA sequences
were obtained by RACE using sequence-specific primers (Table 1) as
described by Lee et al. (2011, 2014) and confirmed by PCR usingprimers
targeting the flanking regions of each open reading frame (ORF)
(Table 1). Multiple amino acid sequence alignment of putative LLTPs
from T. kingsejongensis andother homologswas performed usingClustal
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Phylogenetic trees
were constructed using the minimal evolution method with 1000
replications of bootstrapping using Molecular Evolutionary Genetics
Analysis (MEGA5) software (Tamura et al., 2011). LPD-N domain was
Table 1
Primers for Tik-Vgs and MEP study.

Primer Sequence (5′–3′) Description

Tik-Vg1 F1 ATGAAGGTTTTCTTCGCTTTGGCTC Cloning for Tik-Vg1
Tik-Vg1 F2 TGCACCAACAAGAAGGATGTGGCCA Cloning for Tik-Vg1
Tik-Vg1 F3 TGGTCAAGACTTTCGTGGACCT Cloning for Tik-Vg1
Tik-Vg1 R1 GGAACAGCTCCTCGGCGCTCA Cloning for Tik-Vg1
Tik-Vg1 R2 CTTGAGGAGCGACTCCAGATTCCA Cloning for Tik-Vg1
Tik-Vg1 R3 TTAATATCTGGGAGTGGTTCGGTAG Cloning for Tik-Vg1
Tik-Vg2 F1 ATGAAGCTTCTTGGTCTTTTCTGCCTCGT Cloning for Tik-Vg2
Tik-Vg2 F2 CGTGGCTTCTCCCTGCTCACCAA Cloning for Tik-Vg2
Tik-Vg2 F3 TACACCAAGATGGTGTACATGCTGG Cloning for Tik-Vg2
Tik-Vg2 F4 AGGTTGAGAGTGGTGCTGCCATCACT Cloning for Tik-Vg2
Tik-Vg2 R1 TGTACTTCTTGACCACCATGACGTT Cloning for Tik-Vg2
Tik-Vg2 R2 AGGGACTCCCTCAGCTGACCATAGA Cloning for Tik-Vg2
Tik-Vg2 R3 GTCCTTGCCTTCGAGATTGATGGACCA Cloning for Tik-Vg2
Tik-Vg2 R4 CAATCTGCTTCTTGAGGAGAGCATCCTC Cloning for Tik-Vg2
Tik-Vg2 3′RACE
F1

CTTCACACCGCCACGAGATC Cloning for Tik-Vg2

Tik-Vg2 3′RACE
F2

TTCACACCGCCACGAGATCATC Cloning for Tik-Vg2

Tik-MEP F1 ATGAAACTCTTTCTTGGGATCGCCAT Cloning for
Tik-MEP

Tik-MEP F2 TGGTCAAGGAATTCGAGGCCCTTTTG Cloning for
Tik-MEP

Tik-MEP F3 GTCAACGACCGCATCTACCACAAGCA Cloning for
Tik-MEP

Tik-MEP R1 CATGGCCTCGGCGGACATGAAGGGA Cloning for
Tik-MEP

Tik-MEP R2 TGGAGGTTGGAGCCTCGGACCATGAC
GCT

Cloning for
Tik-MEP

Tik-MEP R3 TCAGCATTTCCACTGCCAGTTCTCAACCA Cloning for
Tik-MEP

M13F(-20) GTAAAACGACGGCCAGT DNA sequencing
M13R(-20) GGAAACAGCTATGACCATG DNA sequencing
Tik-Vg1 F CTACATTGGTGTCCTGGAGAAG qPCR for Tik-Vg1
Tik-Vg1 R ACGATCTTGAGTGGCGATATTA qPCR for Tik-Vg1
Tik-Vg2 F CATCGTGTTTGCTGTGTTCAG qPCR for Tik-Vg2
Tik-Vg2 R CCTTGACAGCCTTCATCATGG qPCR for Tik-Vg2
Tik-MEP F GCCTCTGGAACTTCTGGATTC qPCR for Tik-MEP
Tik-MEP R GTTCTCGCAATCCTCAGTGTG qPCR for Tik-MEP
Tik-18S rRNA F ACGCTTGAATCTTCGTGCATGG qPCR for 18S rRNA
Tik-18S rRNA R GCCTGGTGAGATTTCCCGTG qPCR for 18S rRNA
used to exclude potential errors originating from the different lengths
of the proteins. Domains of each lipoprotein were predicted by the
SMART algorithm (Letunic et al., 2012).

2.3. Quantitative analysis of Tik-MEP & Tik-Vgs

Functional analysis of each Tik-Vg gene was performed using end-
point-RT PCR and qPCR. Primers were designed using Oligo Analyzer
3.1 software (http://sg.idtdna.com/calc/analyzer) and purchased from
Macrogen Co. (Daejeon, Korea) (Table 1). In order to minimize individ-
ual differences, three individuals from each group (Fi, Fm, Fo, and Mm)
were pooled together for RNA isolation. Total RNA was isolated using
TRIzol reagent according to themanufacturer's instructions (Invitrogen,
USA). The integrity of isolated RNA was determined by 1% agarose gel
electrophoresis and quantified by spectrophotometry (Nanodrop Tech-
nologies, Inc., USA). Qualified RNAs were aliquoted and stored at –80 °C
until needed. cDNAwas synthesized usingM-MLV reverse transcriptase
(Invitrogen, USA). qPCR was performed using SYBR Green premix Ex
Taq II (TakaRa Bio Inc.) with 500 ng cDNA as template, and run on a
DNA Engine Chromo 4 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA) under the following conditions: denaturation at
94 °C for 1 min, followed by 40 cycles of 9 °C for 30 s, 60 °C for 30 s,
and 72 °C for 30 s (Kim et al., 2005). Standard curves were constructed
to confirm the efficiency of primers and to quantify copy numbers, as
described previously. Sample copy numbers were normalized to 18S
rRNA according to the equation: (actual copy numbers of sample/actual
copy number of 18S rRNA) × 1010, as described previously (Lee et al.,
2011, 2014). Differences in transcription levelwere analyzed by indepen-
dent two-sample t-tests using MINITAB software (version 12.1, Minitab
Inc., USA). Correlation and regression analyses were performed using
the Statistical Package for the Social Sciences (SPSS) software (version
12.0.1, SPSS Inc., USA). The results were considered significant at P b 0.05.

3. Results

NGS sequencing, followed by PCR-based cloning revealed three full-
length cDNAs encoding proteins homologous to vitellogenins (Fig. 2).
The first cDNA encoded a 1855 amino acid protein, which exhibited
the highest similarity to Vg1 proteins from T. japonicus (80%) and
L. salmonis (55%). The sequence was therefore named Tik-Vg1. The
second full-length cDNA was 5388 nucleotides in length, producing a
protein 1795 amino acids in length. The highest sequence similarities
for this protein were seen against Vg2s from T. japonicus (82%) and
P. nana (58%); the sequence was therefore named Tik-Vg2. Finally, the
third transcript, encoding a 4554-bp sequence 1517 amino acids in
length, exhibited the highest sequence similarity to a vitellogenin-like
protein from the parasitic copepod L. salmonis (66%). Phylogenetic
analyses suggested these two copepod proteins were most closely
related to the melanin-engaging proteins (MEPs) found in insect
species, clustering together as an ancestral arthropod clade (Fig. 3).
Given this strong sequence similarity, we named this large lipid transfer
protein (LLTP) sequence Tik-MEP.

In insects, MEP is known to enhance the synthesis of melanin by
activating phenoloxidase (PO) in the presence of dopamine, a
major part of the immune response in insects (Lee et al., 2000).
The smaller size of Tik-MEP relative to the two Tik-Vg proteins is
mainly due to the short carboxyl-terminal region immediately
following the von Willebrand factor type D domain (VWD) (Fig. 2).
Signal peptide sequences were identified in all three Vg homologs
from T. kingsejongensis, with cleavage occurring after residues 17, 16,
and 19, respectively (Fig. 2). Sequence analyses also revealed well-
conserved domains consistent across LLTP family members, including
a lipoprotein N-terminal domain (LPD-N) at the amino terminus and a
VWD domain at the carboxyl domain (Dalvin et al., 2011; Lee et al.,
2000; Smolenaars et al., 2007). In addition to the higher amino acid se-
quence identity between Tik-Vg1 and Tik-Vg2 (40%), overall domain
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Fig. 2.Multiple alignment of large lipid transport proteins (LLTPs) from copepods. Alignment of copepod LLTPswas constructed by Clustal Omega program. Three conservedmotifs includ-
ing signal peptide sequence, ligand binding domain (LPD-N), and VonWillebrand factor type D (VWD) domain were boxed. Broken lines indicate the gaps. The analyzed lipoproteins in-
clude Tik-Vg1 from T. kingsejongensis (KT367518), Tik-Vg2 from T. kingsejongensis (KT367519), Tik-MEP from T. kingsejongensis (KT367520), Pan-Vg1 from P. nana (ADD73551), Pan-Vg2
from P. nana (ADD73552), Tij-Vg1 from T. japonicus (ABZ91537), Tij-Vg2 from T. japonicus (ACJ12892), Les-Vg1 from L. salmonis (ABU41134), Les-Vg2 from L. salmonis (ABU41135), Les-
MEP from L. salmonis (ABU41136) and Pas-Vg2 from P. annandalei (AGT28481).

41S.R. Lee et al. / Comparative Biochemistry and Physiology, Part B 192 (2016) 38–48

Image of Fig. 2


Fig. 2 (continued).

42 S.R. Lee et al. / Comparative Biochemistry and Physiology, Part B 192 (2016) 38–48
organization showed that Tik-Vg1 and Tik-Vg2 were paralogous each
other.

In order to predict the relationship between structure and function
in lipoprotein genes from T. kingsejongensis, a phylogenetic tree was
constructed using LLTP sequences from various arthropod species
(Fig. 3). Phylogenetic analyses showed that LLTPs were divided into
two clades. The first is the apolipoprotein B (apoB)-like clade, including
Vgs from decapod crustaceans, apolipophorins (ApoLps) from insects,
and apolipoprotein B (apoB) in vertebrates, all of which are involved
in general lipid metabolism and reproduction. Within this clade, the

Image of Fig. 2
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arthropod LP of L. salmonis (ABU41136), T. kingsejongensis 3 (KT367520), Drosophila melanogaster 1 (AAM50129) and Tenebrio molitor (BAB03250).
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Vgs of mollusks and vertebrates have evolved to the point where they
form their own distinct subclade (Fig. 3), while Vgs in insects, clottable
proteins (CPs) in decapod crustaceans, and Vgs in copepods, including
Tik-Vg1 and Tik-Vg2, formed an arthropod Vg-like clade. This result
indicates that Tik-Vgs are orthologous with Vgs in insects and CPs in
decapod crustaceans within the arthropod Vg-like clade. In contrast,
Tik-MEP clustered with MEPs from insects, which appear to be the
ancestral genes of the two clades. Interestingly, no ortholog belonging
to the apoB-like clade was identified in copepod lipoprotein genes
(Fig. 3). Both Vg1 and Vg2 in copepods, including Tik-Vg1 and
Tik-Vg2, clustered together in each group, suggesting that a Vg
duplication event may have occurred before the emergence of the
copepod species (Fig. 3).

Relative expression levels of each of the three lipoprotein sequences
were measured across different maturation stages by qPCR (Fig. 4).
Tik-Vg1 and Tik-Vg2 transcript levels were 25- and 24-fold higher in
mature and ovigerous females, respectively, relative to those in imma-
ture females (Fig. 4A). In contrast, no statistically significant differences
were observed between the transcription levels of Tik-Vg1 and Tik-Vg2
in mature and ovigerous females (Fig. 4A). This strong co-regulation is
particularly striking given the dynamic expression patterns of Vg
genes, which are upregulated during vitellogenic states and decrease

Image of Fig. 3
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in the ripe stage (Okumura et al., 2004; Santhoshi et al., 2009).
Expression of both Tik-Vg1 and Tik-Vg2 in immature females was
45-fold higher than that ofmales, showing that regardless ofmaturation
stage, these two Vg genes can be used as potential sex markers in
T. kingsejongensis. In contrast, Tik-MEP expression was reduced ~450-
fold relative to Tik-Vgs inmature femaleswith no statistically significant
differences in Tik-MEP transcription levels among different sex and
maturation stages (Fig. 4B).

Next, we examined the effect of temperature on Tik-Vgs/MEP gene
expression. Expression levels were assessed at both increased (15 °C)
and decreased (0 °C) incubation temperatures relative to baseline
(4 °C). Acute temperature changes for up to 72 hdid not affect transcrip-
tional levels of Tik-Vg genes (Fig. 5A and B). In contrast, incubation at
15 °C did increase the expression of Tik-MEP 3-fold at 72 h (Fig. 5C),
though no effects were seen at lower temperature (0 °C; Fig. 5C).
Despite this clear distinction in transcriptional regulation between
Tik-Vgs and Tik-MEP, the relatively small change in gene expression
was too little to determine the biological function of Tik-MEP in
response to temperature changes.

Since neither the evolutionary nor functional relationships between
crustacean Vg homologs are clearly understood, we assessed the effects
of three putative copepod hormones on Tik-Vgs/MEP gene expression.
Transcription of Tik-Vg1 was upregulated in mature females at both
12 and 72 h in response to 1 μg/mL FA (Fig. 6A). Transcription of Tik-
Vg2 was also significantly upregulated 72 h after FA incubation
(Fig. 6B). Interestingly, MF, a relative of FA, did not affect the expression
of Tik-Vgs genes in mature females (Fig. 6). A third hormone, 20E, also
failed to affect Tik-Vg transcription. Expression of both Tik-Vg1 and
Tik-Vg2 was below the detection limit in mature males before and
after hormone incubation (data not shown)with the overall expression
of Tik-MEP extremely low regardless of hormone treatment (Fig. 7).We
also failed to identify any notable transcriptional changes in Tik-MEP
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when incubated in the presence of three putativemolt and reproductive
hormones (Fig. 7A and B).

Since there were no statistically significant differences in transcrip-
tion levels between Tik-Vg1 and Tik-Vg2, a simple linear regression
analysis was performed (Fig. 8). This analysis revealed a strong positive
correlation between Tik-Vg1 and Tik-Vg2 (R2 = 0.8682), with a strong
similarity in transcription levels (slope = 1.010). Although a positive
correlation was evident between the two Tik-Vg genes and Tik-MEP,
this relationship was not statistically significant (R2 = 0.4511 and
0.2949 for Tik-Vg1 and Tik-Vg2, respectively; Fig. 8).

4. Discussion

T. kingsejongensis is a recently identified species of copepod, original-
ly collected from tidal pools near the King Sejong Station onKingGeorge
Island, Antarctica. Since the establishment of a stable culture system,
this species has been considered a promising model for studying the
physiology of crustacean species inhabiting polar areas. Here, we
describe three genes homologous to Vgs in an Antarctic copepod
species. These genes exhibit unique characteristics in terms of evolu-
tionary phylogeny and their roles in species maturation. Furthermore,
the transcriptional regulation of these genes in response to temperature
and reproductive hormones differed from that of other crustaceans, par-
ticularly themorewell-studied decapod crustaceans. To our knowledge,
this is the first report examining the relationship between Vg
transcription and reproductive characteristics in copepod species.
Future studies will be necessary to determine if these characteristics
are unique to T. kingsejongensis or can be applied to copepods inhabiting
other environmental conditions. For example, we identified consistent
coexpression of Tik-Vg1 and Tik-Vg2 regardless of maturation stage or
hormone treatment, suggesting that their expression is subject to the
same control mechanism (Fig. 8). While two Vg genes are also found
in decapod crustaceans, there is usually only one gene that plays a
major role in reproduction while the second copy is expressed at low
levels (Jeon et al., 2011). Further studies will be necessary to determine
if these two Vg paralogs have different functions.

Three cDNAs predicted to encode LLTPs were identified from a
transcriptomic database constructed from a whole organism lysate of
T. kingsejongensis. The presence of three Vg homologs appears to be a
common characteristic of copepod genomes, with orthologs to
Tik-Vg1, Tik-Vg2, and Tik-MEP also present in L. salmonis (order
Siphonostomatoida; Fig. 2) (Dalvin et al., 2011; Eichner et al., 2008).
Furthermore, we failed to identify any genes with homology to other
currently known copepod Vg-like lipoprotein genes, including two
from order Harpacticoida, two from order Cyclopoida, and one from
order Calanoida, supporting the notion of three Vg homologs as the
standard in copepod genomes. Phylogenetic analyses failed to identify
any LLTP gene belonging to the apoB clade, which includes apoLps in
insects and Vgs in decapod crustaceans (Fig. 3). Considering the fact
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that LLTPs belonging to apoB clades are involved in general lipid
metabolism and reproduction in both vertebrates and invertebrates, it
is interesting to see that no such orthologous genes exist in Maxillopoda.
In fact, Avarre et al. (2007) suggested that Vgs in decapod crustaceans
were an inappropriate classification of these proteins from an evolution-
ary standpoint, instead suggesting the name apolipocrustacein. This dis-
tinction is not without merit, given that Vgs in decapod crustaceans
were originally named based upon their functions in reproduction, not
their evolutionary relationship with Vgs from other species (Kung et al.,
2004; Mak et al., 2005; Tiu et al., 2006a). ApoLps in insects and Vgs in
decapod crustaceans are orthologous, with no notable functional
differences having been reported in terms of their roles in reproduction.

Despite their similarity to genes found in the apoB clade, Tik-Vg
genes appear to form an evolutionally distinct clade of LLTPs, playing a
major role in copepod reproduction. The paralogs of Tik-Vgs include
Vgs in insects and CPs in decapod crustaceans, which instead belong
to the arthropod Vg-like clade (Fig. 3). Although Vg is involved in oocyte
maturation in insects, additional functions have been reported, includ-
ing important roles in innate immunity and the regulatory control of
somatic maintenance functions (Amdam et al., 2004; Zhang et al.,
2011). Similarly, in addition to their role in oocyte maturation, CPs in
decapod crustaceans appear to play a role in innate immunity by
clotting hemolymph (Cheng et al., 2008a; Maningas et al., 2013).
Consistent with these observations, Tik-MEP was shown to cluster
with immune-related genes. However, its role in copepod immunity
has yet to be identified. Similarly, we failed to find any relationship
between Tik-MEP and reproduction in T. kingsejongensis, suggesting
further analyses will be necessary to understand the relationship
between evolution and function in arthropod Vg-like proteins in cope-
pods. This will likely involve developing strategies for controlling gene
expression, such as RNAi, in copepod species. While targeted gene inhi-
bition has been successful in both insects and decapod crustaceans
(Pamuru et al., 2012; Treerattrakool et al., 2011; Zhang et al., 2013),
its application in copepods is still largely unknown. Injection of long
dsRNA is the most widely used strategy (Lee et al., 2015; Sagi et al.,
2013) but difficult to implement in tiny copepods. Oral administration
of dsRNA has been successful in both insect and decapod crustaceans
(Coy et al., 2012; Treerattrakool et al., 2013), Despite several tests, we
were unable to achieve detect any considerable gene suppression in
T. kingsejongensis (data not shown).

Since temperature is one of the major physical factors affecting lipid
composition and physical properties in crustaceans (Chapelle, 1978;
Lahdes et al., 2000), the reproductive physiology of T. kingsejongensis
represents a good model for understanding cold adaptation. The re-
sponse to increased temperature has generally been an increase in Vg
synthesis (Berg et al., 2004), with hepatic VgmRNA levels accumulating
more rapidly at 15 °C than at 9 °C in rainbow trout Oncorhynchusmykiss
(Mackay and Lazier, 1993). Conversely, a 4- to 7-fold upregulation of Vg
expression at lower temperature (10 °C) was observed in the branchio-
pod crustacean Daphnia pulex (Schwerin et al., 2009), highlighting the
potential for significant variation depending on the species in question.
In the present study, we observed no effect in terms of the transcription
levels of two Tik-Vg genes in response to acute temperature changes
(Fig. 5). However, we cannot exclude the possibility of indirect effects
due to temperature changes, as temperature and salinity are among
the most important physical factors affecting growth and reproduction
in aquatic animals. For example,maturation of shrimphas been induced
by changing water temperature (Cripe, 1994) with Vg synthesis
mediated by an estrogen receptor and heat shock protein 90 (Hsp90)
(Wu and Chu, 2008).

No significant differences in Tik-Vg expression were observed
between mature and ovigerous females (Fig. 4). This result may have
been due to the relatively long spawning period in T. kingsejongensis,
during which maturation and spawning occur simultaneously.
Transcription of Vg genes usually increases during the early maturation
stages in single spawners and decrease during the ripe stage once the
egg yolk has fully accumulated (Okumura et al., 2004; Santhoshi et al.,
2009). Further studies will be necessary to address the relationship be-
tween Vg levels in ovigerous and spent females, and to determine
whether a common maturation strategy exists in copepod species.

It is noteworthy that only FAupregulated Tik-Vg expression,with only
minimal expression changes seen in response toMF or 20E (Fig. 6). 20E is
one of the most well-known ecdysteroid hormones, controlling ecdysis
(molting) and reproduction in arthropods (Subramoniam, 2000), while
MF and FA are sesquiterpenoids and derivatives of insect juvenile hor-
mone (JH III). Since crustaceans lack epoxidase and juvenile hormone
acid methyltransferase (JHAMT) (Daimon and Shinoda, 2013; Hui et al.,
2010), JH III is absent in decapod crustaceans. FA is the substrate of
farnesoic acid O-methyltransferase, which produces MF. It is noteworthy
that MF did not induce the transcription of Tik-Vgs, despite its obvious
structural similarity to FA.

MF is responsible for enhancing reproductive maturation, maintain-
ing juvenile morphology, and influencing male sex determination
(Homola and Chang, 1997; Laufer et al., 1993; Rotllant et al., 2000).
Additionally, injection of MF accelerated molting in both females and
males of the crab Oziotelphusa senex senex (Reddy et al., 2004). Feeding
Cherax quadricarinatus femaleswithMF also inducedmolting frequency
(Abdu et al., 2001) in addition to stimulating the gonads in
Macrobrachium rosenbergii (Wilder et al., 1995), Macrobrachium
malcolmsonii (Nagaraju et al., 2004), O. senex senex (Reddy et al.,
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2004), and Penaeus indicus (Nagaraju et al., 2002). In a separate study,
feed containing MF induced maturation in Procambarus clarkii (Laufer
et al., 1998).

The first step in determining the mechanism of hormone activity in
T. kingsejongensis would be to perform a comparative analysis of
putative steroid and sesquiterpenoid receptors, the majority of which
are nuclear receptors. Ecdysone receptors and ultraspiracles (USPs)
have already been identified in both insects and decapod crustaceans
(Asazuma et al., 2007; Chan, 1998; Maestro et al., 2005; Ogura et al.,
2005). Analysis of these nuclear receptors in copepods would help us
understand the relationship between hydrophobic hormones, such as
MF, and reproduction in copepods.

Taken together, the results presented here provide strong evidence
regarding the presence of three functional lipoprotein genes in the
Antarctic copepod T. kingsejongensis. Based on high expression levels dur-
ingmaturation and the transcriptional upregulation induced by the puta-
tive reproductive hormone, two of these proteins, Tik-Vg1 and Tik-Vg2,
belong to an arthropod Vg-like clade. These proteins play a major role
in yolk production during maturation, a clear divergence from that of
other arthropods, including insects and decapod crustaceans. Further
studies will be necessary to clarify the evolutionary and functional rela-
tionships among the lipoproteins in arthropod species. Such a study
would not only provide important details regarding the roles of lipopro-
teins in T. kingsejongensis reproduction, but would also help extend our
knowledge of reproductive physiology in model copepod systems.

Acknowledgment

This work was supported by the Antarctic organisms:
Cold-Adaptation Mechanisms and its application grant (PE15070)
funded by the Korea Polar Research Institute.

References

Abdu, U., Barki, A., Karplus, I., Barel, S., Takac, P., Yehezkel, G., Laufer, H., Sagi, A., 2001.
Physiological effects of methyl farnesoate and pyriproxyfen on wintering female
crayfish Cherax quadricarinatus. Aquaculture 202, 163–175.

Amdam, G.V., Simoes, Z.L., Hagen, A., Norberg, K., Schroder, K., Mikkelsen, O., Kirkwood,
T.B., Omholt, S.W., 2004. Hormonal control of the yolk precursor vitellogenin regu-
lates immune function and longevity in honeybees. Exp. Gerontol. 39, 767–773.

Asazuma, H., Nagata, S., Kono, M., Nagasawa, H., 2007. Molecular cloning and expression
analysis of ecdysone receptor and retinoid X receptor from the kuruma prawn,
Marsupenaeus japonicus. Comp. Biochem. Physiol. B Biochem.Mol. Biol. 148, 139–150.

Avarre, J.C., Lubzens, E., Babin, P.J., 2007. Apolipocrustacein, formerly vitellogenin, is the
major egg yolk precursor protein in decapod crustaceans and is homologous to insect
apolipophorin II/I and vertebrate apolipoprotein B. BMC Evol. Biol. 7, 3.

Berg, A., Westerlund, L., Olsson, P.-E., 2004. Regulation of Arctic char (Salvelinus alpinus)
egg shell proteins and vitellogenin during reproduction and in response to
17β-estradiol and cortisol. Gen. Comp. Endocrinol. 135, 276–285.

Chan, S.-M., 1998. Cloning of a shrimp (Metapenaeus ensis) cDNA encoding a nuclear recep-
tor superfamily member: an insect homologue of E75 gene. FEBS Lett. 436, 395–400.

Chapelle, S., 1978. The influence of acclimation temperature on the fatty acid composition
of an aquatic Crustacean (Carcinus maenas). J. Exp. Zool. 204, 337–346.

Cheng, W., Chiang, P.-C., Lai, C.-Y., Yeh, M.-S., 2008a. Expression of clottable protein of
tiger shrimp (Penaeus monodon) in gonads and its possible role as nutrient source
for the embryo. Dev. Comp. Immunol. 32, 1422–1429.

Cheng, W., Tsai, I.H., Huang, C.J., Chiang, P.C., Cheng, C.H., Yeh, M.S., 2008b. Cloning and
characterization of hemolymph clottable proteins of kuruma prawn (Marsupenaeus
japonicus) and white shrimp (Litopenaeus vannamei). Dev. Comp. Immunol. 32,
265–274.

Coy, M., Sanscrainte, N., Chalaire, K., Inberg, A., Maayan, I., Glick, E., Paldi, N., Becnel, J.,
2012. Gene silencing in adult Aedes aegyptimosquitoes through oral delivery of dou-
ble‐stranded RNA. J. Appl. Entomol. 136, 741–748.

Cripe, G.M., 1994. Induction of maturation and spawning of pink shrimp, Penaeus
duorarum, by changing water temperature, and survival and growth of young. Aqua-
culture 128, 255–260.

Daimon, T., Shinoda, T., 2013. Function, diversity, and application of insect juvenile hor-
mone epoxidases (CYP15). Biotechnol. Appl. Biochem. 60, 82–91.

Dalvin, S.T., Frost, P., Loeffen, P., Skern-Mauritzen, R., Baban, J., Rønnestad, I., Nilsen, F.,
2011. Characterisation of two vitellogenins in the salmon louse Lepeophtheirus
salmonis: molecular, functional and evolutional analysis. Dis. Aquat. Org. 94, 211–224.

Eichner, C., Frost, P., Dysvik, B., Jonassen, I., Kristiansen, B., Nilsen, F., 2008. Salmon louse
(Lepeophtheirus salmonis) transcriptomes during post molting maturation and egg
production, revealed using EST-sequencing and microarray analysis. BMC Genomics
9, 126.
Geoff, A.B., Danielle, D., 2008. Global diversity of copepods (Crustacea: Copepoda) in
freshwater. Hydrobiologia 595, 195–207.

Hall, M., Wang, R., van Antwerpen, R., Sottrup-Jensen, L., Soderhall, K., 1999. The crayfish
plasma clotting protein: a vitellogenin-related protein responsible for clot formation
in crustacean blood. Proc. Natl. Acad. Sci. U. S. A. 96, 1965–1970.

Homola, E., Chang, E.S., 1997. Methyl farnesoate: crustacean juvenile hormone in search
of functions. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 117, 347–356.

Hui, J.H., Hayward, A., Bendena, W.G., Takahashi, T., Tobe, S.S., 2010. Evolution and func-
tional divergence of enzymes involved in sesquiterpenoid hormone biosynthesis in
crustaceans and insects. Peptides 31, 451–455.

Hwang, D.S., Lee, K.W., Lee, J.S., 2009. Cloning and expression of Vitellogenin 2 gene from
the intertidal copepod Tigriopus japonicus. Ann. N. Y. Acad. Sci. 1163, 417–420.

Hwang, D.S., Lee, K.W., Han, J., Park, H.G., Lee, J., Lee, Y.M., Lee, J.S., 2010. Molecular char-
acterization and expression of vitellogenin (Vg) genes from the cyclopoid copepod.
Paracyclopina nana exposed to heavy metals. Comparative biochemistry and physiol-
ogy. Comp. Biochem. Physiol. Toxicol. Pharmacol.:CBP 151, 360–368.

ITÔ, T., 1970. The biology of a harpacticoid copepod, Tigriopus japonicus Mori. J. Fac. Sci.
Hokkaido Univ. Ser. VI Zool. 17, 474–500.

Jeon, J.-M., Kim, B.-K., Kim, Y.-J., Kim, H.-W., 2011. Structural similarity and expression dif-
ferences of two Pj-Vg genes from the pandalus shrimp Pandalopsis japonica. Fish
Aquat. Sci. 14, 22–30.

Jiang, J.L., Wang, G.Z., Mao, M.G., Wang, K.J., Li, S.J., Zeng, C.S., 2013. Differential gene ex-
pression profile of the calanoid copepod, Pseudodiaptomus annandalei, in response
to nickel exposure. Comparative biochemistry and physiology. Comp. Biochem. Phys-
iol. Toxicol. Pharmacol.:CBP 157, 203–211.

Kim, H.W., Chang, E.S., Mykles, D.L., 2005. Three calpains and ecdysone receptor in the
land crab Gecarcinus lateralis: sequences, expression and effects of elevated
ecdysteroid induced by eyestalk ablation. J. Exp. Biol. 208, 3177–3197.

Kung, S.Y., Chan, S.M., Hui, J.H., Tsang, W.S., Mak, A., He, J.G., 2004. Vitellogenesis in the
sand shrimp, Metapenaeus ensis: the contribution from the hepatopancreas-specific
vitellogenin gene (MeVg2). Biol. Reprod. 71, 863–870.

Kuo, C.-M., Lin, W.-W., 1996. Changes in morphological characteristics and ecdysteroids
during the molting cycle of tiger shrimp, Penaeus monodon Fabricus. Zool. Stud. 35,
118–127.

Lahdes, E., Balogh, G., Fodor, E., Farkas, T., 2000. Adaptation of composition and biophys-
ical properties of phospholipids to temperature by the Crustacean, Gammarus spp.
Lipids 35, 1093–1098.

Laufer, H., Ahl, J.S., Sagi, A., 1993. The role of juvenile hormones in crustacean reproduc-
tion. Am. Zool. 33, 365–374.

Laufer, H., Biggers, W.J., Ahl, J.S., 1998. Stimulation of ovarian maturation in the crayfish
Procambarus clarkii by methyl farnesoate. Gen. Comp. Endocrinol. 111, 113–118.

LeBlanc, G., 2007. Crustacean endocrine toxicology: a review. Ecotoxicology 16, 61–81.
Lee, K.M., Lee, K.Y., Choi, H.W., Cho, M.Y., Kwon, T.H., Kawabata, S., Lee, B.L., 2000. Activat-

ed phenoloxidase from Tenebrio molitor larvae enhances the synthesis of melanin by
using a vitellogenin-like protein in the presence of dopamine. Eur. J. Biochem./FEBS
267, 3695–3703.

Lee, K.W., Hwang, D.S., Rhee, J.S., Ki, J.S., Park, H.G., Ryu, J.C., Raisuddin, S., Lee, J.S., 2008. Mo-
lecular cloning, phylogenetic analysis and developmental expression of a vitellogenin
(Vg) gene from the intertidal copepod Tigriopus japonicus. Comparative biochemistry
and physiology. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 150, 395–402.

Lee, S.O., Jeon, J.M., Oh, C.W., Kim, Y.M., Kang, C.K., Lee, D.S., Mykles, D.L., Kim, H.W., 2011.
Two juvenile hormone esterase-like carboxylesterase cDNAs from a Pandalus shrimp
(Pandalopsis japonica): cloning, tissue expression, and effects of eyestalk ablation.
Comparative biochemistry and physiology. Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 159, 148–156.

Lee, J.H., Kim, B.K., Seo, Y.I., Choi, J.H., Kang, S.W., Kang, C.K., Park,W.G., Kim, H.W., 2014. Four
cDNAs encoding lipoprotein receptors from shrimp (Pandalopsis japonica): structural
characterization and expression analysis during maturation. Comparative biochemistry
and physiology. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 169, 51–62.

Lee, J.H., Momani, J., Kim, Y.M., Kang, C.K., Choi, J.H., Baek, H.J., Kim, H.W., 2015. Effective
RNA-silencing strategy of Lv-MSTN/GDF11 gene and its effects on the growth in
shrimp, Litopenaeus vannamei. Comparative biochemistry and physiology. Comp.
Biochem. Physiol. B Biochem. Mol. Biol. 179, 9–16.

Letunic, I., Doerks, T., Bork, P., 2012. SMART 7: recent updates to the protein domain
annotation resource. Nucleic Acids Res. 40, D302–D305.

Mackay, M., Lazier, C., 1993. Estrogen responsiveness of vitellogenin gene expression in
rainbow trout (Oncorhynchus mykiss) kept at different temperatures. Gen. Comp.
Endocrinol. 89, 255–266.

Maestro, O., Cruz, J., Pascual, N., Martín, D., Bellés, X., 2005. Differential expression of two
RXR/ultraspiracle isoforms during the life cycle of the hemimetabolous insect Blattella
germanica (Dictyoptera, Blattellidae). Mol. Cell. Endocrinol. 238, 27–37.

Mak, A.S., Choi, C.L., Tiu, S.H., Hui, J.H., He, J.G., Tobe, S.S., Chan, S.M., 2005. Vitellogenesis in
the red crab Charybdis feriatus: hepatopancreas-specific expression and farnesoic acid
stimulation of vitellogenin gene expression. Mol. Reprod. Dev. 70, 288–300.

Maningas, M.B., Kondo, H., Hirono, I., 2013. Molecular mechanisms of the shrimp clotting
system. Fish Shellfish Immunol. 34, 968–972.

Marcial, H.S., Hagiwara, A., Snell, T.W., 2003. Estrogenic compounds affect development of
harpacticoid copepod Tigriopus japonicus. Environ. Toxicol. Chem./SETAC 22,
3025–3030.

Nagaraju, G.P.C., 2007. Is methyl farnesoate a crustacean hormone? Aquaculture 272,
39–54.

Nagaraju, G., Ramamurthi, R., Reddy, P., 2002. Methyl farnesoate stimulates ovarian
growth in Penaeus indicus. Recent Trends in Biotechnol. Agrobios, India 1 pp. 85–89.

Nagaraju, G.P.C., Suraj, N., Reddy, P.S., 2004. Methyl farnesoate stimulates gonad develop-
ment inMacrobrachium malcolmsonii (H. Milne Edwards)(Decapoda, Palaemonidae).
Crustaceana 76, 1171–1178.

http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0005
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0005
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0010
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0010
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0015
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0015
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0015
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0020
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0020
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0020
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0025
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0025
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0025
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0030
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0030
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0035
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0035
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0040
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0040
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0040
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0045
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0045
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0045
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0045
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0050
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0050
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0055
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0055
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0055
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0060
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0060
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0330
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0330
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0070
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0070
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0070
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0070
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0075
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0075
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0080
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0080
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0080
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0085
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0085
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0090
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0090
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0090
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0100
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0100
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0095
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0095
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0095
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0095
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0105
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0105
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0110
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0110
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0110
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0115
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0115
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0115
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0115
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0120
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0120
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0120
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0125
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0125
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0125
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0130
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0130
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0130
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0135
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0135
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0135
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0140
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0140
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0145
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0145
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0150
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0165
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0165
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0165
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0165
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0170
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0170
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0170
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0170
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0175
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0175
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0175
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0175
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0155
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0155
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0155
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0155
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0160
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0160
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0160
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0160
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0180
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0180
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0185
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0185
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0185
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0190
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0190
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0190
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0195
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0195
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0195
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0200
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0200
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0205
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0205
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0205
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0215
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0215
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0335
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0335
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0220
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0220
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0220


48 S.R. Lee et al. / Comparative Biochemistry and Physiology, Part B 192 (2016) 38–48
Ogura, T., Minakuchi, C., Nakagawa, Y., Smagghe, G., Miyagawa, H., 2005. Molecular clon-
ing, expression analysis and functional confirmation of ecdysone receptor and
ultraspiracle from the Colorado potato beetle Leptinotarsa decemlineata. FEBS J. 272,
4114–4128.

Okumura, T., Yoshida, K., Nikaido, H., 2004. Ovarian development and hemolymph vitel-
logenin levels in laboratory-maintained protandric shrimp, Pandalus hypsinotus:
measurement by a newly developed time-resolved fluoroimmunoassay (TR-FIA).
Zool. Sci. 21, 1037–1047.

Pamuru, R.R., Rosen, O., Manor, R., Chung, J.S., Zmora, N., Glazer, L., Aflalo, E.D., Weil, S.,
Tamone, S.L., Sagi, A., 2012. Stimulation of molt by RNA interference of the molt-
inhibiting hormone in the crayfish Cherax quadricarinatus. Gen. Comp. Endocrinol.
178, 227–236.

Park, E.-O., Lee, S., Cho, M., Yoon, S.H., Lee, Y., Lee, W., 2014. A new species of the genus
Tigriopus (Copepoda: Harpacticoida: Harpacticidae) from Antarctica. Proc. Biol. Soc.
Wash. 127, 138–154.

Reddy, P.R., Nagaraju, G.P.C., Reddy, P.S., 2004. Involvement of methyl farnesoate in the
regulation of molting and reproduction in the freshwater crab Oziotelphusa senex
senex. J. Crustac. Biol. 24, 511–515.

Rotllant, G., Takac, P., Liu, L., Scott, G.L., Laufer, H., 2000. Role of ecdysteroids and methyl
farnesoate in morphogenesis and terminal moult in polymorphic males of the spider
crab Libinia emarginata. Aquaculture 190, 103–118.

Sagi, A., Manor, R., Ventura, T., 2013. Gene silencing in crustaceans: from basic research to
biotechnologies. Genes 4, 620–645.

Santhoshi, S., Sugumar, V., Munuswamy, N., 2009. Serotonergic stimulation of ovarian
maturation and hemolymph vitellogenin in the Indian white shrimp, Fenneropenaeus
indicus. Aquaculture 291, 192–199.

Schwerin, S., Zeis, B., Lamkemeyer, T., Paul, R.J., Koch, M., Madlung, J., Fladerer, C., Pirow,
R., 2009. Acclimatory responses of the Daphnia pulex proteome to environmental
changes. II. Chronic exposure to different temperatures (10 and 20 °C) mainly affects
protein metabolism. BMC Physiol. 9, 8.

Smolenaars, M.M., Madsen, O., Rodenburg, K.W., Van der Horst, D.J., 2007. Molecular
diversity and evolution of the large lipid transfer protein superfamily. J. Lipid Res.
48, 489–502.
Subramoniam, T., 2000. Crustacean ecdysteriods in reproduction and embryogenesis.
Comparative biochemistry and physiology. Comp. Biochem. Physiol. Toxicol.
Pharmacol.:CBP 125, 135–156.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5:
molecular evolutionary genetics analysis using maximum likelihood, evolutionary
distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 2731–2739.

Tiu, S.H., Hui, J.H., He, J.G., Tobe, S.S., Chan, S.M., 2006a. Characterization of vitellogenin in
the shrimpMetapenaeus ensis: expression studies and hormonal regulation of MeVg1
transcription in vitro. Mol. Reprod. Dev. 73, 424–436.

Tiu, S.H., Hui, J.H., Mak, A.S., He, J.-G., Chan, S.-M., 2006b. Equal contribution of hepatopan-
creas and ovary to the production of vitellogenin (PmVg1) transcripts in the tiger
shrimp, Penaeus monodon. Aquaculture 254, 666–674.

Tiu, S.H., Chan, S.M., Tobe, S.S., 2010. The effects of farnesoic acid and 20-hydroxyecdysone
on vitellogenin gene expression in the lobster,Homarus americanus, and possible roles
in the reproductive process. Gen. Comp. Endocrinol. 166, 337–345.

Treerattrakool, S., Panyim, S., Udomkit, A., 2011. Induction of ovarian maturation and
spawning in Penaeus monodon broodstock by double-stranded RNA. Mar. Biotechnol.
13, 163–169.

Treerattrakool, S., Chartthai, C., Phromma-in, N., Panyim, S., Udomkit, A., 2013. Silencing
of gonad-inhibiting hormone gene expression in Penaeus monodon by feeding with
GIH dsRNA-enriched Artemia. Aquaculture 404, 116–121.

Turner, J.T., 2004. The importance of small planktonic copepods and their roles in pelagic
marine food webs. Zool. Stud. 43, 255–266.

Wilder, M.N., Okada, S., Fusetani, N., Aida, K., 1995. Hemolymph profiles of juvenoid
substances in the giant freshwater prawn Macrobrachium rosenbergii in relation to
reproduction and molting. Fish. Sci. 61, 175–176.

Wu, L.T., Chu, K.H., 2008. Characterization of heat shock protein 90 in the shrimp
Metapenaeus ensis: evidence for its role in the regulation of vitellogenin synthesis.
Mol. Reprod. Dev. 75, 952–959.

Zhang, S., Wang, S., Li, H., Li, L., 2011. Vitellogenin, a multivalent sensor and an antimicro-
bial effector. Int. J. Biochem. Cell Biol. 43, 303–305.

Zhang, H., Li, H.C., Miao, X.X., 2013. Feasibility, limitation and possible solutions of RNAi‐
based technology for insect pest control. Insect Sci. 20, 15–30.

http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0225
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0225
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0225
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0225
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0230
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0230
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0230
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0230
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0235
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0235
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0235
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0240
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0240
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0240
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0245
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0245
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0245
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0250
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0250
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0250
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0255
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0255
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0260
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0260
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0260
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0340
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0340
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0340
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0265
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0265
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0265
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0270
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0270
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0270
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0275
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0275
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0275
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0285
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0285
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0285
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0290
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0290
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0290
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0280
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0280
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0280
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0300
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0300
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0300
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0295
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0295
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0295
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0305
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0305
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0310
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0310
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0310
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0315
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0315
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0315
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0325
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0325
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0320
http://refhub.elsevier.com/S1096-4959(15)00208-0/rf0320

	Three cDNAs encoding vitellogenin homologs from Antarctic copepod, Tigriopus kingsejongensis: Cloning and transcriptional a...
	1. Introduction
	2. Materials and methods
	2.1. Experimental animals and culture conditions
	2.2. Construction of T. kingsejongensis RNA-seq database and identification of lipoprotein genes
	2.3. Quantitative analysis of Tik-MEP & Tik-Vgs

	3. Results
	4. Discussion
	Acknowledgment
	References


