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Abstract

The reproductive biology of crustaceans is of great importance for the fisheries and

aquaculture industries. Vitellogenesis, the process of yolk formation, is a critical factor in

reproduction for both oviparous vertebrates and invertebrates. Vitellogenin (Vg) is the

precursor of the major egg-yolk protein, hence is used as a marker of vitellogenesis. The

kuruma prawn Marsupenaeus japonicus is an economically important fisheries species in

Japan and several Southeast Asian countries. A single Vg gene, known as Maj-Vgl, was

identified in this species, and the hepatopancreas, and ovary were recognized as Vg synthesis

sites based on its gene expression pattern. The Maj-Vgl expression in the ovary was inhibited

by the vitellogenesis-inhibiting hormone produced by the eyestalk ganglia. However, the

presence of multiple Vg genes, recently reported in some decapods, and the hormonal

regulation of Vg gene expression in the hepatopancreas is still ambiguous. Therefore, in this

thesis, the search for a novel Vg gene from the transcriptome data of the hepatopancreas was

conducted, and the relationship between its gene expression and the progression of

vitellogenesis was also examined. Furthermore, the effects of various hormones on Vg gene

expression in hepatopancreas were studied using ex-vivo assays to gain a deeper understanding

of vitellogenesis in this species.

The full-length cDNA sequence for the novel vitellogenin, Maj-Vg2 was successfully



identified. The deduced Maj-Vg2 is composed of 2,554 amino acid residues. Amino acid

sequence similarity between Maj-Vgl and Maj-Vg2 was 54%. The phylogenetic analysis

demonstrated that Maj-Vg2 forms a distinct clade with Vg2 of several Penaeus species, such

as Metapenaeus ensis, Fenneropenaeus merguiensis, and Litopenaeus vannamei, separate from

the clade containing Vg1 and Vg3 of these species.

The expression of Maj-Vg2 was restricted to the hepatopancreas. Maj-Vg2 showed low

expression during the previtellogenic stage, then increased during the early and late yolk

globule stages of wild prawns. Moreover, eyestalk ablation significantly induced Maj-Vg2

expression in immature prawns. This result was similar to the increase in Maj-Vgl expression

observed in the ovary, indicating that Maj-Vg2 is involved in vitellogenesis and may play a

complementary role in yolk protein synthesis during ovarian development.

A vertebrate-type sex steroid hormone estradiol and the crustacean homolog of insect

juvenile hormone methyl farnesoate show no significant effect on gene expression of both Maj-

Vgl and Maj-Vg2 in the hepatopancreas. However, the synthetic insulin-like peptide (ILP1)

significantly increased the expression levels of the two Vgs in the hepatopancreas of adolescent

prawns. Specifically, Maj-Vgl expression was significantly upregulated with 1 uM ILP1, 1.3-

fold higher in average relative value to control. Maj-Vg2 expression was induced with 0.1 and

I uM, 1.2- and 1.3-fold higher to control, respectively. In the ovaries of adolescent and

immature adult prawns, only 0.1 uM ILP1 upregulates Maj-Vgl expression, 1.5- and 2.2-fold
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higher than the control, respectively. These results suggest that the ovarian-specific ILP1 is

likely involved in regulating vitellogenesis in M. japonicus.

Overall, this is the first study focusing on the identification of novel vitellogenin Maj-Vg2

in M. japonicus and hormonal regulation of the gene expression of Vgs by ILP1.



1. General Introduction

Fisheries and aquaculture

Aquaculture is the practice of farming aquatic organisms such as fish, mollusks, crustaceans,

and aquatic plants. The fisheries and aquaculture sectors play a critical role in ensuring food

security and nutrition worldwide. As the global population continues to grow, the demand for

seafood increases, and the contribution of these sectors needs to be increased accordingly. From

1961 to 2019, global consumption of aquatic food increased at an annual rate of 3%, almost

double the rate of annual world population growth (1.6%) during the same period. In 2020,

aquaculture accounted for 56% of the amount of aquatic animal food products available for

human consumption (FAO 2022).

Crustacean fisheries, such as shrimp, lobsters, and crayfish, play a vital role in marine

fisheries worldwide. These fisheries are growing faster than any other seafood group (Boenish

et al. 2022). To enhance efficiency and promote sustainability, various aquaculture techniques

have been developed, including adjusting feed composition, optimizing culture systems, and

manipulating hormonal regulation in these species. The production of crustaceans has been

increasing rapidly in recent years. In 2020, approximately 17 million tons of crustaceans were

produced, which is more than double the production recorded in 2000 (FAO 2022). The kuruma

prawn Marsupenaeus japonicus (Fig. 1) is a significant penaeid species found throughout the

Indo-West Pacific (Fig. 2), with particular importance in Japanese fisheries and aquaculture
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(Hayashi 1992). Understanding the reproductive mechanisms of decapod crustaceans is critical

for promoting the sustainability of these economic species.

Reproductive biology of crustaceans

Reproduction in female crustaceans is a complex biological process that involves a multi-

linked endocrine system. Underlying the intricate processes underlying their reproductive

biology is crucial for conservation efforts and aquaculture management. One significant aspect

of crustacean reproduction is vitellogenesis, which is the production and accumulation of Vt in

the developing oocytes, is crucial for ovarian maturation (Huberman 2000; Jimenez-Gutierrez

et al. 2019). The precursor of Vt is called vitellogenin (Vg), which is synthesized in specific

tissues such as ovary and/or hepatopancreas. It is then transported to the ovary for uptake and

accumulation in the oocytes. Vg serves as a significant source of amino acids, carbohydrates,

and lipids, providing essential nutrients to the eggs. These vital nutrients are subsequently used

by the developing embryo and early larvae for their growth and development (Meusy 1980).

Thus, Vg is considered as an index of the onset of ovarian maturation.

Vitellogenesis in crustaceans is influenced by a range of factors, including endocrine

regulation, environmental cues, and nutritional status. Environmental factors, such as

temperature, photoperiod, and water quality also exerts influences on the success of

vitellogenesis (Jayasankar et al. 2020). In vertebrates, hormones coordinate the actions along

the hypothalamic-pituitary-gonadal axis (Kanda 2019) while in crustaceans, several
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neuropeptides are released by the neurosecretory tissue X-organ/sinus gland complex (XOSG)

and the central nervous system (Christie 2011; Hopkins 2012; Alfaro-Montoya et al. 2019). For

instance, the eyestalk of crustaceans secretes a group of four major neuro-endocrine hormones

known as the crustacean hyperglycemic hormone (CHH)-family. These hormones, including

CHH, molt inhibiting hormone (MIH), mandibular organ-inhibiting hormone (MOIH) and

vitellogenesis/gonad inhibiting hormone (VIH/GIH) play a significant role in the regulation of

ovarian maturation in crustaceans (Bocking et al. 2002; Nagaraju 2011; Webster et al. 2012).

In addition to these peptides, there are some peripheral factors such as gonadal hormones

(Tsutsui et al. 2018; Tsutsui et al. 2020), ecdysteroids which are produced by the Y-organ, and

methyl farnesoate which is sesquiterpenoid hormone produced by the mandibular organs also

regulates reproductive physiology in crustaceans (Fingerman and Nagabhushanam 1992;

Subramoniam 2000; Paran et al. 2010). VIH, a member of CHH family, is of particular interest

due to its inhibitory effect on vitellogenesis. VIH suppresses vitellogenin production in the

target tissues or inhibits protein uptake by the oocytes (Chen et al. 2014; Qiao et al. 2015). For

example, six CHH-family peptides from seven peptides produced by the XOSG, inhibited the

expression of Vg (currently Maj-Vgl) in the ovary of M. japonicus (Tsutsui et al. 2005a; Tsutsui

et al. 2013a). Consequently, eyestalk ablation (ESA) is a commonly employed technique in

crustacean research, particularly in studies investigating reproduction, growth, and molting as

a way of the hormonal manipulation. This procedure involves the surgical removal or partial
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removal of one or both eyestalks (Fig. 3), which contain neuroendocrine centers responsible

for synthesizing and releasing vital hormones. ESA is often used in hatcheries to improve

gonadal maturation, enhance broodstock production and optimize the timing of spawning in

crustaceans by removing the source of VIH (Okumura et al. 2006; Uawisetwathana et al. 2011).

However, this technique has negative impacts on the quality and quantity of the offspring, as

well as performance reduction and death of broodstock (Palacios et al. 1999). Specifically, the

surgical procedure itself carries the risk of injury or infection, and the recovery process

following ablation may vary among species. Additionally, the hormonal changes induced by

ESA are not always specific, as other neuroendocrine centers may compensate for the loss of

eyestalk control. As a result of ESA, not only VIH but also other hormones produced by

eyestalks may be lost or their production and release may be altered. Therefore, alternative

techniques have been explored, such as administering exogenous compounds to stimulate

vitellogenesis (Guan et al. 2014; Merlin et al. 2015; Chen et al. 2018) or using VIH antibodies

(Treerattrakool et al. 2014) and RNA interference (RNA1) (Feijo et al. 2016) to reduce levels

of the circulating inhibitory hormone by silencing VIH gene (Jayasankar et al. 2020).

Nonetheless, developing effective alternatives to ESA remains a challenge especially after the

limited success of RNAi technology in inducing ovarian maturation.

The existence of multiple Vg genes have been reported recently within a single decapod

species, such as the sand shrimp Metapenaeus ensis (Tsang et al. 2003; Kung et al. 2004), the
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morotoge shrimp Pandalus japonica (Jeon et al. 2011), the whiteleg shrimp Litopenaeus

vannamei (Wang et al. 2020), and the banana shrimp Fenneropenaeus merguiensis (Zhao et al.

2021) . To date, it is unclear if additional Vg genes are present in M. japonicus, warranting

further analysis to fully understand the regulatory mechanisms of vitellogenesis. In oviparous

vertebrates and insects, the sites of Vg synthesis have been well-established. Specifically, the

fat body is recognized as the primary site for Vg synthesis in insects (Nose et al. 1997) and the

liver fulfils this role in vertebrates (Wang et al. 2000). On the other hand, in crustaceans, the

site of Vg production was still debated until the 1990s. Recent advances in molecular biological

studies have revealed that the ovary and/or hepatopancreas serve as the sites of Vg synthesis in

crustaceans. Briefly, these studies suggest that both the hepatopancreas and ovary are involved

in Vg synthesis in shrimps and crabs, while prawns such as Macrobrachium rosenbergii and

crayfish such as Cherax quadricarinatus primarily rely on the hepatopancreas for Vg synthesis

(Subramoniam 2011).

In M. japonicus, up to now, only a single Vg gene (Maj-Vgl) has been identified previously.

This gene is expressed in the follicle cells of the ovary and the parenchymal cells of the

hepatopancreas (Tsutsui et al. 2000). Furthermore, it has been reported that the expression of

Maj-VglI was inhibited by six VIHs in the ovary when subjected to ex-vivo assay (Tsutsui et al.

2013a). However, the precise molecular mechanisms underlying the function of the

neuropeptides produced by XOSG complex in relation to vitellogenesis remains inadequately
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understood. Furthermore, the regulatory mechanism controlling the expression of Maj-Vgl in
the hepatopancreas is still ambiguous. It is unknown whether there are additional Vg genes
present in this species. Therefore, further characterization of potential additional Vg genes,
including their sites of synthesis, expression dynamics, and regulatory mechanisms would
greatly contribute to a better comprehension of vitellogenesis in M. japonicus. Focusing on
these aspects could pave the way for innovative approaches in crustacean reproductive
managements.

Therefore, this study aims to gain a comprehensive understanding of the Vg genes in M.
Japonicus through firstly, searching for a novel Vg gene from the transcriptomic data of the
hepatopancreas of M. japonicus. Secondly, studying the relationship between Vg expression
levels and the progression of vitellogenesis in this species. Thirdly, clarifying the effect of
various hormones on Vg gene expression levels in hepatopancreas using ex-vivo assays.
Through these objectives, I hope to contribute to a better understanding of the reproductive
biology of the M. japonicus, and potentially inform efforts to improve aquaculture practices

for this economically important species.
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Fig. 1. The kuruma prawn Marsupenaeus japonicus (Bate,1888)
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Fig. 2. Map for distribution of M. japonicus in the Indian and Southwestern Pacific Oceans

https://www.fao.org/fishery/en/aqgspecies/2584/en
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Fig. 3. Eyestalk ablation (ESA) of prawns. Female M. japonicus underwent unilateral (A) or

bilateral (B) ESA to artificially induce ovarian maturation.
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Chapter 1. Identification of an additional hepatopancreas-specific vitellogenin gene in

M. japonicus

1.1 Background

Vitellogenesis, a critical reproductive process in decapod crustaceans, is responsible for the

accumulation of yolk proteins and other nutrients in the ovary, leading to the growth of oocytes

(Huberman 2000; Jimenez-Gutierrez et al. 2019). This process involves the synthesis of

vitellogenin (Vg), the precursor of Vt, in specific tissues, its transportation to the ovary for

uptake, and accumulation in the oocytes as several Vt subunits (Wilder et al. 2010). Vt plays

nutritive role in embryogenesis and is involved in the importation of essential minerals, lipids

and other materials into the developing oocytes (Wilder et al. 2010). Significant progress in

understanding vitellogenesis has been achieved throughout the cloning of Vg genes/cDNAs in

crustaceans. Initially, by using the partial amino acid sequences information of Vg and Vt,

researchers successfully cloned Vg genes/cDNA in certain species. Based on this knowledge,

subsequent studies were able to clone Vg genes in some other crustacean species, with the

ovary and/or hepatopancreas being the Vg synthesis sites (Tsutsui et al. 2000; Okuno et al.

2002; Abdu et al. 2002; Mak et al. 2005a; Zmora et al. 2007; Tiu et al. 2009; Wang et al. 2020;

Zhao et al. 2021).

Although significant progress has been made in understanding vitellogenesis, the regulating

mechanisms remain poorly understood. One of the reasons hindering this progress is the lack

18



of sufficient knowledge regarding the number of vitellogenin genes and their functional

expression levels in decapods. Previous studies have reported the presence of multiple Vg

genes in a single decapod species, such as P. japonica, M. ensis, L. vannamei, and F.

merguiensis (Tsang et al. 2003; Kung et al. 2004; Jeon et al. 2011; Wang et al. 2020; Zhao et

al. 2021). However, it remains unclear whether multiple Vg genes are present in M. japonicus

and how their expression in the hepatopancreas is regulated.

In this chapter, I focused on the hepatopancreas and identified an additional Vg, designated

as Maj-Vg2, using hepatopancreas transcriptomic data and subsequent cDNA cloning. The

complete primary structure of Maj-Vg2 was determined, and its phylogenetic relationship with

Vgs from other decapod crustaceans was assessed. The identification of Maj-Vg2 contributes

to a better understanding of regulatory mechanisms of vitellogenesis in crustaceans and sheds

light on the possible presence of multiple Vg genes and their expression in the hepatopancreas.

1.2. Materials and Methods

1.2.1. Transcriptomic analysis of the hepatopancreas

In this study, adult M. japonicus were procured from local prawn farms in Okinawa

Prefecture, Japan. The hepatopancreas of a female prawn in the previtellogenic stage weighting

26.4 g with a 1.0% GSI was selected for dissection. The hepatopancreas of the prawn was

excised and stored in RNA/ater solution (Thermo Fisher Scientific, Waltham, MA, USA) at

—20°C until RNA extraction. The previtellogenic stage of the prawn’s ovaries was confirmed
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by histological analysis (Okumura et al. 2007), while its molting stage was identified as

intermolt (CO) based on the previous report (Chan et al. 1988).

Total RNA was extracted from the above tissues using a combination of Sepasol-RNA I

Super G (Nacalai Tesque, Kyoto, Japan) and the NucleoSpin RNA kit (Macherey-Nagel GmbH

& Co. KG, Diiren, Germany). The integrity of the extracted RNA was estimated by the

visualization of the clear bands. The concentration of RNA was determined by using the

NanoDrop spectrophotometer (Thermo Fisher, Waltham, MA, USA). A cDNA library was

generated from 1 pg of total RNA obtained from the hepatopancreas using the NEBNext ultra

directional RNA library prep kit for Illumina, NEBNext Poly(A) mRNA Magnetic Isolation

Module, and NEBNext multiplex oligos for Illumina (index primers set 1; New England

BioLabs, Ipswich, MA, USA). The protocols were followed according to the manufacturer's

instructions with slight modifications (Tsutsui et al. 2020). The resulting library fragment size

ranged between 223 and 1496, with an average of 565 bp as estimated using the Agilent high-

sensitivity DNA kit (Agilent Technologies, Santa Clara, CA, USA). The sequencing was

conducted with MiSeq using Reagent Kit v3 (Illumina, San Diego, CA, USA) in the paired-

end mode with a read length of 300 bases. The raw data for paired-end sequencing was

deposited in the DNA Data Bank of Japan (DDBJ) Sequence Read Archive with the accession

number DRA012835. Data was processed using the DDBJ Read Annotation Pipeline and the

supercomputer at the Research Organization of Information and Systems (ROIS), National
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Institute of Genetics (NIG), Japan. Reads with a quality score (QV < 20) were trimmed from

the 5" and 3’ ends, and reads containing > 30% of low-quality bases (QV < 14) with less than

25 bp were excluded before assembly. The preprocessed reads were de novo assembled using

the Trinity platform (Haas et al. 2013).

The assembled contigs described above were subjected to the Basic Local Alignment Search

Tool+ (BLASTH; version 2.3.0) analysis to perform a tblastn homology search and find contigs

that exhibited significant similarity with the amino acid sequence of known M. japonicus Vg

(Maj-Vgl, GenBank accession no. BAB0O1568). All Primers, excluding dT-adaptor and

N_adaptO1, were designed based on the nucleotide sequences of the contigs that encode the

putative Vg (Table 1.1) and utilized for cDNA cloning, as described below.

1.2.2. ¢cDNA cloning of Maj-Vg2

Adult M. japonicus weighting 27 g body weight and a GSI of 2.9% were procured from a

local fish market in Aichi Prefecture, Japan. The hepatopancreas was then dissected, and total

RNA was 1solated as described above. The integrity of the extracted total RNA was evaluated

and the concentration was measured by the spectrophotometer. To synthesize first-strand cDNA,

71 ng of total RNA, 66.7 pmol of dT-adapter primer, ProtoScript II Reaction Mix, and

ProtoScript II Enzyme Mix (New England Biolabs) were used following the manufacturer’s

instructions. Target DNA fragments were then amplified using different denaturation

temperatures based on the Tm of the primers, and different extension times according to the
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expected length of the amplicons, using the primer sets listed previously. The final PCR mix

included 0.2 uM of each primer, 200 uM of dNTPs, 1.25 U of DNA polymerase (New England

Biolabs), 1x buffer, and 1 pL of cDNA. PCR products were analyzed by using gel

electrophoresis (1% agarose gels). Gel-purification using FavorPrep TM PCR Clean-Up Mini

Kit (Favorgen Biotech, Japan) was performed. The resulting PCR products were ligated into

the pGEM-T easy vector (Promega, Madison, WI, USA) by overnight incubation at 4°C, and

transformed into the competent Escherichia coli cells. Plasmids containing the desired size of

inserts (Positive white colonies) were selected and sequenced by Macrogen Japan Corp. (Tokyo,

Japan). The nucleotide sequences obtained were used to reconstruct a full-length cDNA

encoding Maj-Vg2.

1.2.3. Bioinformatic analyses

The prediction of the open reading frame (ORF) of Maj-Vg2 was performed using the

ExPASy translate tool (https://web.expasy.org/translate/). To identify potential signal peptides,

the SignalP 5.0 server was utilized (http://www.cbs.dtu.dk/services/SignalP/). In addition, a

homology comparison of the deduced amino acid sequence of Maj-Vg2 with other crustacean

Vgs deposited in the GenBank database was conducted using a BLAST search

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The PROSITE database (https://prosite.expasy.org/)

was used to analyze potential functional motifs of Maj-Vg2.

1.2.4. Phylogenetic analysis of Maj-Vg2
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Several decapod Vgs with related report(s) were selected from the GenBank database (Table

1.2) and used to construct a molecular phylogenetic tree. The amino acid sequences, including

Maj-Vg2, were aligned using the ClustalW algorithm (Thompson et al. 1994) integrated into

Mega 7 software (Kumar et al. 2016). The neighbor-joining method (Saitou and Nei 1987) was

employed to construct a molecular phylogenetic tree with 1,000 bootstrap replicates.

1.3. Results

1.3.1. Characterization of full-length cDNA and deduced amino acid sequence of

Maj-Vg2

The use of BLAST analysis on the transcriptome data from M. japonicus hepatopancreas led

to the identification of three candidate contigs for Maj-Vg2, primarily derived from a single

transcript as confirmed by subsequent cDNA cloning (Fig. 1.1). The full-length cDNA was

7830 bp with 22 bp of a 5' untranslated region (UTR), an ORF of 7662 bp encoding a protein

of 2554 amino acids, and a 3' UTR of 146 bp, excluding the poly (A) tail (GenBank accession

number LC726372). Notably, the canonical polyadenylation signal AATAAA was not present,

but its variant TATAAA, reported in several animal species (Hajarnavis et al. 2004; Tian et al.

2005; Sheppard et al. 2013), was located 28 and 19 nucleotides upstream of the poly (A) tail.

The 18 amino acid residues of the N terminal were predicted to be a signal peptide. Two

potential cleavage sites (R-X-K/R-R) recognized by the endoprotease of the subtilisin family

were found (Barr, 1991) (Fig 1.2).
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Functional annotation of Maj-Vg2 revealed the presence of the vitellogenin-N domain, a

domain of unknown function 1943 (DUF1943), and the von Willebrand factor D (vVWFD)

domain. The overall domain structure and arrangement were the same for Maj-Vg2 and Maj-

Vgl. Protein BLAST analysis demonstrated high homology between other decapod Vgs and

Maj-Vg2 (Table 1.3). In particular, the Vg-like protein (XP_042857980) predicted based on

the genome project of M. japonicus (Kawato et al. 2021) exhibited the highest overall

homology to Maj-Vg2 (98.8%), thus providing evidence for the existence of Maj-Vg2. The

homology between Maj-Vg2 and Maj-Vgl was 54% for the full-length amino acid and 71%

for the region corresponding to the small subunit (Figs. 1.3 and 1.4). Similarly, comparison

with other Vgs revealed that the small subunit region containing the vitellogenin-N domain had

relatively higher homology than the full-length (Table 1.3).

1.3.2. Phylogenetic analysis of Vgs of decapods

A molecular phylogenetic analysis was conducted using deduced amino acid sequences to

examine the evolutionary relationship of Vg among various crustacean species. The resulting

phylogenetic tree indicated that Vg sequences from Penaeus species formed a large clade,

distinct from Caridea, Portunoidea, and Astacidea groups (Fig. 1.5). Notably, a separate cluster

(group 2) was formed by Vg2 of M. ensis, F. merguiensis (MeVg2), L. vannamei (LvVg2), and

Maj-Vg2 within the Penaeus species clade, which was distinct from the group consisting of

Vgl and Vg3 (group 1).
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1.4. Discussion

Research has demonstrated that, akin to various oviparous vertebrates and invertebrates,

multiple Vg genes are present within a single species among decapod crustaceans. For example,

the morotoge shrimp P. japonica possesses Pj-Vgl and Pj-Vg2 (Jeon et al. 2011), while the

banana shrimp F. merguiensis has FmVgl, FmVg2, and FmVg3 of (Zhao et al. 2021). The sand

shrimp M. ensis also possesses two Vg genes, MeVgl and MeVg2 (Kung et al. 2004; Tsang et

al. 2003). Furthermore, LvVg2 and LvVg3 have been identified in the whiteleg shrimp L.

vannamei, in addition to the previously reported LvVgl (Raviv et al. 2006; Wang et al. 2020).

In M. japonicus, a commercially significant species in the global market, I identified a new

molecular species Maj-Vg2 based on the transcriptomic data from the hepatopancreas, which

is distinct from known Maj-Vgl (Tsutsui et al. 2000). These findings suggest that multiple Vg

genes are present in many decapods.

A molecular phylogenetic analysis based on the amino acid sequences has also indicated the

existence of multiple Vgs in decapods. In penaeid shrimps, the analysis revealed two major

groups (groups 1 and 2 in Fig. 1.5), wherein two or three Vgs were observed and Vg gene

duplication was likely to have occurred. Vg duplication has also been reported in vertebrates

(Finn and Kristoffersen 2007; Babin 2008), and more recently, in decapod crustaceans (Wang

et al. 2020). Thus, the presence of multiple Vgs is strongly expected to be common in penaeids,

but it is also expected to be found in other decapods, such as brachyurans, astacideans in the
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future, for which only a single Vg has been reported until now. For instance in portunoidea, the

green mud crab Scylla paramamosain has two reported Vg sequences; however, due to the

demonstrated over 95% amino acid identity between the deduced amino acid sequences of the

two, with slight differences in length, they are believed to be two isoforms produced by

alternative splicing (Jia et al. 2013; Yang et al. 2016). Therefore, their relationship is distinct

from that between groups 1 and 2 in penaeid shrimps.

The advancement in the analysis of M. japonicus genomic DNA (Kawato et al. 2021) has

influenced the current study. Specifically, the high degree of similarity; 99.0%, observed in the

nucleotide and deduced amino acid sequences of the Vg-like protein (XP_042857980)

predicted by the genomic database and Maj-Vg2 provides strong evidence for the presence of

Maj-Vg2 on the M. japonicus genome. It is worth nothing that slight variations in nucleotide

sequences observed between the two proteins may be attributed to the populational differences

and/or geographical distance. A similar case was previously reported, wherein two Maj-Vgl

cDNAs obtained from cDNA libraries of the ovary (AB033719) and hepatopancreas

(AB176641) of separate prawns displayed 99.4% identity in their nucleotide sequences

(Tsutsui et al. 2005b). Notably, an updated genome annotation also suggests the possible

existence of a “third” Vg (XP_042867234), which shares 49% homology with Maj-Vgl and

45% with Maj-Vg2. However, most of the nucleotide sequence encoding the third Vg is not

found in the ovary (DRA010103) and hepatopancreas (DRA012835) transcriptome data used
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in the current study (data not shown). Thus, further analysis of this gene product will be a

subject for future research.

The comparison of amino acid sequences between Maj-Vgl and Maj-Vg2 revealed a

similarity of 54%. A functional domain search revealed the presence of the vitellogenin-N

domain, DUF1943, and vWFD domain in both Vgs as shown in Fig. 1.3, but the absence of the

DUF1080 domain found in some Vgs reported in other decapods (Kung et al. 2004; Wang et

al. 2020; Zhao et al. 2021). Therefore, it is reasonable to assume that Maj-Vg2 shares a similar

molecular function with Maj-Vgl. Amino acid composition analysis showed that the

differences between the two Vgs were minimal, with variations of 1.0% at most. Essential

amino acids (Teshima et al. 2002) showed even smaller differences (Table 1.4). The results

suggest that the two Vgs complement each other as a source of nutritional supplementation

during early development. A similar comparison between Pj-Vgl and Pj-Vg2 of P. japonica,

and between MeVgl and MeVg2 of M. ensis, revealed differences in amino acid compositions

of less than 1.8%, further supporting the complementary nature of Vgs in these species as a

nutritional source.
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Table 1.1 Sequences for primers and adaptors used for cDNA synthesis and cloning.

Primer Nucleotide sequence

HPVg_F01 GTGGTGACCGTGTTCT

HPVg_RO1 GGTGTTGGGAAACGGTTA

HPVg_F02 GTCACGGAACTCGAATGGTCCAAG
HPVg_R02 CTCAGTAGCCATGGATGGGTGAAC
HPVg_F03 ACAGATTCTGGCCACCAAAGCTC
HPVg_RO3 GACAATGGGTTCTCCAAGAGGCATAG
HPVg_F04 GGACGTCAGGATTCACCATGAGAAC
HPVg_R04 CACTCTTGGGCAAGACTGCTG
HPVg_FO05 GACAATGAACTCTGGAGAAGGAC
HPVg_RO05 GCTCTCAAACTCTACAGTGCAAG
HPVg_F06 TTGGTTTCGATGTGGAAATCAAG
HPVg_RO06 TCAATCAGCCACGTAAAGTCT
HPVg_F07 ATCGAGATTCCATTGCATAAACCT
dT-adaptor TATCTAGAGGCCGAGGCGGACGACATG-d(T)27VN

N_adapt01

TATCTAGAGGCCGAGGCGGAC
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Table 1.2 Species names, GenBank accession numbers, and references for the Vgs used in

the molecular phylogenetic analysis.

Species Accession no. References

Callinectes sapidus
Cherax quadricarinatus
Fenneropenaeus chinensis
Fenneropenaeus merguiensis 1
2
3
Homarus americanus
Litopenaeus vannamei 1
2

Macrobrachium rosenbergii
Marsupenaeus japonicus
Metapenaeus ensis 1

2
Pandalus hypsinotus
Pandalus japonica 1

2
Penaeus monodon
Penaeus semisulcatus
Portunus trituberculatus
Scylla paramamosain
Upogebia major

ABC41925
AAG17936
ABC86571
QXJ08926

QXJ08927

QXJ08928

ABO09863
AAP76571
ROT77686
BAB69831
BAB01568
AAN40701
AATO01139
BAD11098
ACUS51164
AHD26978
ABB89953
AAL12620
AAX94762
ACO36035
BAF91417

Zmora et al. 2007
Abdu et al. 2002
Xie et al. 2009
Zhao et al. 2021
Zhao et al. 2021
Zhao et al. 2021
Tiu et al. 2009
Raviv et al. 2006
Wang et al. 2020
Okuno et al. 2002
Tsutsui et al. 2000
Tsang et al. 2003
Kung et al. 2004
Tsutsui et al. 2004
Jeon et al. 2011
Jeon et al. 2011
Tiu et al. 2006b
Avarre et al. 2003
Yang et al. 2005
Jiaetal. 2013
Kang et al. 2008
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Table 1.3 The percentage of amino acid identities with Maj-Vg2 and other decapod Vgs

Species Accession no Amino acid identity%
Full-length Small subunit?
M. japonicus XP_042857980 99 98
F. merguiensis Vg2 QXJ08927 80 89
M. ensis Vg2 AAT01139 64 75
P. indicus QIA62006 60 79
P. monodon ABB89953 55 80
M. japonicus Vgl BAB01568 54 71
F. merguiensis Vg3 QXJ08928 53 80
F. merguiensis Vgl QXJ08926 52 68
H. americanus XP_042241566 44 60
C. quadricarinatus AAG17936 41 55
S. paramamosain ACO36035 35 50
P. trituberculatus AAX94762 35 49
C. sapidus ABC41925 34 51
P. japonica Vg2 AHD26978 39 55

I Amino acid sequence corresponding to the small subunit: from N-terminus to the

first cleavage site.
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Table 1.4 The percentage of variation in the essential amino acids (EAAs) of Maj-Vgl and

Maj-Vg2

EAAs Maj-Vgl (%) Maj-Vg2 (%)
Arginine 4.68 5.32
Histidine 2.40 2.35
Isoleucine 7.38 7.17
Leucine 7.31 7.32
Lysine 5.99 6.38
Methionine 2.94 2.94
Phenylalanine 3.44 3.84
Thereonine 6.53 6.42
Tryptophan 0.66 0.70
Valine 8.54 7.87
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Merged Maj-Vg2 cDNA (1-7830)

EDN13389 c0_g1_i1 (1-793)
DN29670 c0_g5 i1 (471-6435) |

DN29670 cO g4 il| (6126-8047) |
I Fo1-RO1 (1-621)

I F02-R02 (221-1651)

I F03-R03 (1381-2955)
I F04-R04 (2851-4358)
F05-R05 (4209-5722) S

F06-R06 (5601-6891) N
FO7-adapter (6791-7830) N

Fig. 1.1. Characterization of Maj-Vg2 full-length ¢cDNA. Contigs of DN13389 c0 gl,
DN29670 c0 g5, and DN29670 c0O g4, shown in light gray, were obtained from the
hepatopancreas transcriptome analysis. Nucleotide sequences of seven overlapping DNA
fragments shown in dark gray were obtained by PCR, their nucleotide sequences were
confirmed from several clones, and they were used for the reconstruction of full-length cDNA.

Nucleotide numbers are shown in parentheses for respective contigs and DNA fragments.
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81

161

241

321

401

481

561

641

121

801

881

961

GTGGTGACCGTGTTCTGCCACCATGACGACCTCAAGCCTCGTCTTCGTGCTCGCTCTCGTGGCAGGTGGACTTGCAGCGC
MTrssiLVvFEFVLALVAGGLAA

CCTGGGGAACTGAGGCGCCGAGATGCTCCACCGAATGCCCCATCACCGGATCCCCGAAGCTGGCCTACCAACCCGAGAAG
PWGTEAPRCSTECPITGSPKLAYQPEHK

ACCTACACCTACGCCTACTCCGGCAAGTCTCGAGTCCAGCTCAAGGGCGTTGAGGACGGCGTCACGGAACTCGAATGGTC
TYTYAYSGKSRVQLKGVEDGVTETLEWS

CAAGCAGGTGAAGCTGACATGGATCACTCCCTGCGACATGGCCATCACGATCAAACACGCCAAGGTCGATGGTGCTGCAG
KQVvKLTWITPCDMAITTIKHAKVYVDGAA

GAGCCGAGGTGCAGTTCCTGGAGCGCTATCCTTTGGTGGTGGCCGTGACAGATGGGCGCATCCAGCATGTGTGTACCCAC
GAEVAQ@QFLERYPLVVAVTDGRTI® QHVCTH

CCTGGCGACGCCCCTTGGTCCATCAACACGAAGAAGGGAATCGCCACGGCTCTGCAGAACTCACTCCCGTCACTCTCCCC
PGDAPWSINTKKGIATALQNSLPSLSTEP

TCTCAGCTCAGGACTCACTCTTACAGAGACGGATGCTGTAGGAGAGTGTCCAACAAAGTATGAGATTAAGACTGAAGGAG
LSSGLTLTETDAVGECPTKYETLIKTES®G

AAAAGGTCATTGTTGTTAAGGAAAAGAACCACCGCCACTGCCATAACCGTTTCCCAACACCTGCTGAAACACCTGCACCA
EKVIVVKEKNHRHCHNRTEFPTPAETT®PATP

TGGCTGAAGGCTCCCCTGCCAATCGAAGAGTCCAGGTCAGAGTGCAAGCAGGAAATCACCAATGGCATCTACACCGCCGT
WLKAPLPIEESRSECKQETITNGTIYTAYV

CACCTGTGAGGACAAGAACATCGTTCGACCTGCCTTTGGAGTCTACAAGTACGTGGAGGCCAATCAAGAGTCAACACTTC
TCEDKNTIVRPAFGVYKYVEANQQESTIL

GCTTCATCTCTGAGTCCAGGGACACCTCAGCCATCAGTGCCATCCCTCGGGGAGAATTCGAAATTGAAAGCCTCTTGTTC
RFISESRDTSAISAIPRGETFETIESTLTLTF

AACCATGAAACAGGGAAGGAGCCTGAGCTGGCACCTGAGGTGGATGCGGTCATGAAGGAGATCTGCCAGAAGACCATGGA
NHETGKEPELAPEVDAVMKETICQKTME

GACTGTTGAGGCTGATGCTGCTGAACTGGTTGACAAGGCCCTTCACTTATTGCGTCGTGTTCCTGAGACAGTTGTTGGAG
TVEADAAELVDKALHLLRRVPETVVG
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1041

1121

1201

1281

1361

1441

1521

1601

1681

1761

1841

1921

2001

CAACTGCAGAGAAGGTTCGAGGAGGACGTTATTGTGCAAACTCCGCCAGGTTGGAGAGCATCTTCCTGGATGCCATTGCC
ATAEKVRGGRYCANSARLESTTFLDATIA

TTCCTGTATGAGTCTGGTGCTGTCAAGATCATGGTCCAGGAAATAGAAAGTGGACGAGCAACAGGAGGACGTCTTGCTCT
FLYESGAVKIMVQETIESGRATGGRTLAL

TTACACAGCTGCTCTCTACCTCACCCCACGACCCGACATCGAAGCTGTGAAGGCGCTCACACCCTTGTTCGAGAGCCCTC
YTAALYLTPRPDIEAVKALTPLFESTP

GGCCTGTGCCTTCTGTGGCTCTGGCTGCTGCCACTATGGTCAACAACTACTGCCGTCACACTCCTCACTGCAGCGAGAAA
RPVPSVALAAATMVNNYCRHTPHCSEHK

GCTCCAGTCAAGAGAATTGCACAGATTCTGGCCACCAAAGCTCAACGTCAGTGCTCTCCTTCTGCCGGTGAACAAGTTGA
APVKRIAQILATKAQRQCSPSAGE® QVE

GAAAGAAGCTCTTGCAACATTCAAAGCACTAGGCAACATGGGTGTAGTTACACCTGCAGTAACAAGAGCAGCAGTCGGCT
KEALATFKALGNMGYVTPAVTRAAVG

GTATTGAACAAGAGGGAGTAGAAACTAGCATCCGAGTAGCAGCTGCACATGTCTTCAGGCATACTCAGTGTGCTCGCTAT
Cc 1 EQEGVETSIRVAAAHVFRHTQ@CARY

GTTACTGAAAAACTTAGCGACATCGCAGTTCACCCATCCATGGCTACTGAGGTTCGCATCGCAGCTTATTTGGGAGCAAT
VTEKLSDIAVHPSMATEVRIAAYLGATI

CAGATGTGCTGAAGAGGAACATCTCCAGAAGATCATTTCAAAGGTTTCCGAAGAAAGGAATACTCAAGTACGAGGTTTCA
RCAEEEHLQKITISKYSEERNTAQ@VRGHTF

TTCTGAGCCACTTGTTGAACATCCAAGAATCCGCCTCACCTGACAGAGAACGCCTCCGTTACCTCCTCACCAACTTTGTT
I LSHLLNTITQESASPDRERLRYLLTNEWV

ATTCCCAGAGACTTTGATGGAGACATCAGGAAATATTCTCGCAATATCGAGATGTCTTACTTTGCTCCTTCATTCGGTAT
I PRDFDGDIRKYSRNTIEMSYFAPSTFGHM

GGGTGCTGGTGTGGAATCCAACATCATCTACACCCCTGAATCCTTCCTTCCTCGTTCCGTTGATCTGAACCTCCGAACAA
GAGVESNIIYTPESFLPRSVDLNLR RT

CTATTGAGGACTTGAACATCAATTTAGGAGAGGCTGGCATCCGTCTTGAAGGTTTAGACCCAATCATTAAGGAACTGGTT
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2081

2161

2241

2321

2401

2481

2561

2641

2721

2801

2881

2961

TTEDLNINLGEAGIRLEGLDPTITIKTETLYV

GGTCCAGAAGGATATCTTCGCAAGGCCTCTTTTGGACGCATTTTGAAAGATGTGCTTGCTTTTGCTGAAGAGAAGGGACA
GPEGYLRKASFGRTILKDVLAFAEEIKTE GH

TCGCATTGCCGAGCATTTGGAAGACACACTTCGAGAAAAGAGGGCTATCAGCATGTCTACCATTTCCAGATTTTTCAAAA
RITAEHLEDTLREKRAISMSTTISREFTFK

AGCTCTATGGAGAAAGGAAAGAGGGCGAAGTCCGAGCTGATGTATTTGCAAGAATCTTTGGACATGAAGTAACCTATGCT
KLYGERKEGEVRADVFARTIFGHEVTYA

TCCATTGCTGAAGACCTGAAGGAATTGGATGCTGACAGAATAATTGAGTCACTTTTCTCTTACTTCGATGAAATTCTTCC
STAEDLKELDADRTITESLFSYFDETTLP

CAATATTCACAATCTAGACATCGATTCTGCACGCACAGGCCAAATATTCCTTGACTACTCTTTGCCCACCATTCAAGGTA
NIHNLDTIDSARTGQTITFLDYSLPTTIA® QS®G

CTCCACTCAAGATTAAGTTGGAAGGAACTGCTGTTGTAGGAATCAAACTGGCTGGTGACATTAATATCATTGAACTCTTC
TPLKIKLEGTAVVGIKLAGDTINTITIETLTF

ACCAACCCAGCACATGTTGAGAGGAGTCTCAAACTGATCCCAAGTGCACCAGTTGCAGTCCATGGTTTTGTTGGCTATGA
TNPAHVERSLKLIPSAPVAVHGEFVGYTD

CTGTCACATTGCTAAGGCAGGGACTGAGCTGAAGAGCACCATTGCAACGGCCAATGGAGCCACCATTAACATCAGAAAGA
CHIAKAGTELKSTIATANGATTINTIREK

CTGAAGACAATGCATTTGAGTTTGCACTGGATCTTCCAGAGAGGATGGAACTACTCAGTGTCAAGGCAGAGACCAATCTT
TEDNAFEFALDLPERMETLLSVKAETNL

GTCAAGGCTGTTGGTAAGAGAGTGATGAAGGTTAGTCCACCCTCCATGAGGGACGTCAGGATTCACCATGAGAACTGCAT
VKAVGKRVMKVYVSPPSMRDVRIHHENTCHM

GGAAGCTCTTGAACCAGTGTTTGGTCTGAAGATGTGCCATGAGATGAGCTTCCCTGATATCTTCCGTAGTACTGCTATGC
EALEPVFGLKMCHEMSFPDTIFRSTAMWM

CTCTTGGAGAACCCATTGTCGCCAAGTTGTACATTGAGAAAACCGACCCTTCCATGAGAGGTTACCGAATGACTACTGCC
PLGEPIVAKLYTEKTDPSMRGYRMTTA
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3041

3121

3201

3281

3361

3441

3521

3601

3681

3761

3841

3921

4001

ATCAAGAACAAGAAGAGTAATAAGGTCATCAAGGTGAACATGGAGACCCAAGGAGCTGCGACACCACGACAGGCTGAAAT
I K NKKSNKVIKVNMETAQGAATPRQAEM

GACTATGTCCTATACCAAGGAAGAGAGGTCCCACGCTGTTTATGCCAAATTTGAGTCTTCTAGCATCTCAGCAGGACTGT
TMSYTKEERSHAVYAKFESSSITSAGL

GGACTACCTTCACCAATGAGGAAGAGCACAAGGCCATTGAGACCTTTGTAAAGCTCAGGTCCAATGAATTTGATATTTCA
WTTFTNEEEHKATIETFVKLRSNETFDTIS

CGAGGATTTAAGGTCGACATCATTGGAAAGGAAGTTGCTAATGAAGCGCAATATGAAGTAAACGTGTTCACAAGTCGGAA
RGFKVYDIIGKEVANEAQYEVNVYFTSR RN

CAGGAGGTTTGCTACCTCATCTAAGATTGTGGAAGCCAAGTTCATCAAGAAGATTAATGACCCGGCGGTGGAAATAATTT
RRFATSSKIVEAKFIKIKTINDFPAVETI

GCAGGACAATGAATGAACTGAAGGACTATGTTGATTTTAACTTCGAAGTTGATGCAGACTTTAGATACAGCCCATATACC
CRTMNELKDYVDFNFEVDADFRYSPYT

TGTATGTTTATTCCAACTGAAGTACGGAAGATAGAATTCCACACTGGTATTAGAGGTTGGAAAATAGCATCTGCTATCCA
CMFIPTEVRKTIEFHTGIRGWIKTIASATIH

CAAAATGACTGGGTCTACTGAAGCTAGTGAGCACGTTGCTACCTTTAGTGTGGAAGAGGGAAACAGTGAGATTATGTCAG
KMTGSTEASEHVATFSVEEGNSETLIMS

TGAAGGCTGTCATGAATACCAAAGGAAGAATGTTCAGGAACATGATTATTCATAACGAAGTTGCAGTTAATTTTGGACAA
VKAVMNTKGRMFRNMITIHNEVAVNTEFEFSGAa

CATTCATATAGAGCTTGCTATGACCTATTCCTTGGCGCATCGAAGATGGGAACAAGTGTAGAAGTGACTAAGCCCAAAGA
HSYRACYDLFLGASKMGTSVEVTEKTPKETE

GAACTTGAAGATGTTTGAATTTGGAGCTTTGTATGAGCGATCCAGCAATGCACACACTGTCCAAGTGTTGGTTGATGCTC
NLKMFEFGALYERSSNAHTVQVLVDA

CGGAATACATGCGAGCTATCAAGTTTGAAAGCAAGTTCAATGAGGAAGAAAACGGCAAATATGCCGTTGAAGTTGCCGTC
PEYMRAIKFESKTFNEEENGKYAVEVAYV

AAACAAGGTCAGCGTATTCTGCTGGAACTTGATGGTCCGGTGACCCTCATTTTCTCACCGAGAAAGCTGAAGATCGAAGC
KeGeGagQRILLELDGPVTLIFSPRKTLEKTITEHA
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4081

4161

4241

4321

4401

4481

4561

4641

4721

4801

4881

4961

5041

TGAACTTAAAGTTGCTGTCCTTGATATGGAACCTCACATCATTTCTACAACTATACTTGGAAGTAACAGCAAACAAATTC
ELKVAVLDMEPHTITISTTTILGSNSKA QI

TGGCTTTTGAAATGAAGAACAGACAAGAAAGCCTGTTTGCATTTAAATGGACAATGAACTCTGGAGAAGGACCCGAACAG
LAFEMKNRQESLFAFKWTMNSGEGPEN

AAAACAACAAGCAGCACCAAGCTCGTAGTCCCTGCCCTCATGGAGTTCATGCTTGATACCACAGTAATGCATGAGAACGT
K TT1TsSSTKLVVPALMEFMLDTTVMHENYV

CCATGTGAGCCTCAACACAGCAGTCTTGCCCAAGAGTGCGTCTGCACATCGCGTTAAGGCTTTTGTAGATATTGACGGTG
HVSLNTAVLPKSASAHRVKAFVDTIDG®G

GAAATAAGAAGATGAATGCTGAATTCGCCTGGGATGCAGATCGTAACCCTAACAACAAGATTGTTGTTGACGCTAATGTA
GNKKMNAEFAWDADRNPNNKTIVVDANY

ATCAGCAGTTCTTCTGACCTGGGTCATGCTTCTGTTCACGGAAACGTCATAATAGCTGGAGAACCATACCATATGAAGCT
I $SSSSDLGHASVHGNVYVITAGEPYHMEKIL

GAACCTGAATGCTGAAGATATCATGGCATCTGGTTTTGAGCTGGAAGTAACCATACCTTCTCAGAGGACTTTTGCCGTAG
NLNAEDIMASGFELEVTIPSQRTFAWV

AAGCCAGCTATAAGATCGAGGACCAACAACCTACCACCAAAGTTATTACCGTCTTCAGATATAAGAACACTGAGGGTGAA
EASYKIEDQQPTTKVITVFRYKNTESGETE

GAGCATAAATTCACAGGTTCTGTTGCAGCTGAGAGGCTCGATGGGCCATACTGCTATGCTCTTGAGACCAAGGTGGTGTA
EHKFTGSVAAERLDGPYCYALETKVVY

TGTAGCTCCTGAAGGAAAGGAAACAAGGTTGGAGACGATTCTGAAACATCATAAAAAGCCAGAGGCACATGTGATATTAT
VAPEGKETRLETILKHHKEKPEAHVTIIL

TTAAGGTTGATGCTGAAGGCCTTATCCTAAGGAAGCCTCTCATGTTCGAATTCGCCGTTGAAAACAAAGAAGGTTCTTAT
FKVDAEGLILRKPLMFETFAVENEKESGS SY

GAAGGCAAGTGCATGATGACAAGAAATGCTCCCAAAACTGTCTTTGACTGGAATGTGAGGATCCATCCCCATGGTGAGAT
EGKCMMTRNAPKTVFDWNVRTIHPHGE!

TGAGGCCATTGAAGCAGGACTGGACACTAAGGCTGCAGTTCAGCTACTGAAGATTATCCGTGCTGTGGTTACTTTTGAGA
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5121

5201

5281

5361

5441

5521

5601

5681

5761

5841

5921

6001

EATEAGLDTKAAVAQLLKTITITRAVVTEE

AGGAGGAGAGAATCGAAAGGTCCGAGCCAGCCAACTATCGCTATCGCTTCAGCAAGCCAACACCAACATCTTACAATATT
KEERTIERSEPANYRYRFSKPTPTSYNI

CTTGTAAAGACTCCATCACGTACAATGGAGGGTGAAGCTCACATTTCTCCTTCACAGTCAGGAATCAAGTTCTATTCTAA
LVKTPSRTMEGEAHTIT SPSQ@SGIKTFYSN

CAAGCATAGTTCTCAGTCCCCATATGAGATTGGTTACAAGGCTACACACGAGGGCAACCAAGGCAAGTGGGAGAGCCAAA
KHSSQSPYETIGYKATHEGN QGEKWESA

TAAACCATCCAGTTCTTCCCAAAGCCATGCAGTTTGCACTTCAGTACACAGCTGGTCAAGGAACAGTGGAAGGAACTGTA
I NHPVLPKAMQFALQYTAGQGTVE®GTYV

GAGCTGGATATTTTCCCATCCAGTGAGGACAAGATTACTGGCCACCTTGCATCAACACGAGTTTCAGAAAGCACCATTAG
ELDIFPSSEDKITGHLASTRVSESTTIR

AACTGAAGCTTCCATTGTCAGCAGAATTCTTAGAGTGAGCCCCCAAATCATCCTAACCACAGCCGTCGCTCCAGACACTG
TEASITVSRILRVSPQITLTTAVAPDT

TTGGTTTCGATGTGGAAATCAAGAAATCTGCATCTGCCCCGCCATCCCTCAAGGTTATTGCCAAATACGACAAAACTACT
VGgGFDVEIKKSASAPPSLKVIAKYDKTT

CCAAGGAATGCAGTCCTGGCTTGCACTGTAGAGTTTGAGAGCACCCCAGTATTTGAAGTGTCTGGGGTAGTGAAACCTGA
PRNAVLACTVEFESTPVFEVSGVYVKPD

TGAAACAGCCACATGTAACGGCCTGGCAATGTCTGCTGTCGTACAGGCACCTATTTTAGGTACACATCACATCTACTCCA
ETATCNGLAMSAVVQAPTILGTHHTIYS

CCATGTGTAAACCAGCCTTTGTGGAGGTGACCACCATCAGACAGGGCGCTGATAGGAAATACATTGCTAGGATTGGCGTA
TMCKPAFVEVTTIRQ@GADRKYTARTIG® GV

CAGGCACCAGACAATTTAGAATTTAGTCTGAGTCAAGGAACAACACAGTCACAGGAGGAGAGTAATATCATCCTTGCTCG
QAPDNLEFSLSQGTTAQ@SAQ@EESNTITILAR

CCTGGAGATGGTTGACCCTGCAGTAATCAATATTGGCTTTGCTTTTGAGCGTGAAGAAATCTACCGTGTGAAGGAACTTA
LEMVDPAVINIGFAFEREETIYRVKEHL
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6161
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6641

6721

6801

6881

6961

7041

TCTGGGAAGAGCTCTCAAATGTCTTGAGCTCCATGGAATCTGGATTTGAGGATATCATAAGAGAAGTCGCAGGGAGTGCA
I WEELSNVLSSMESGFEDTITIREVAGSA

GCAAACGTTCCAGCACCAGAGTTCTACACACTGATAGGTGAAGCCAAAAGGGAACTGATGATGATCTACCAGGATCTGGT
ANVPAPEFYTLIGEAKRELMMIYQ@DTLYV

AGAAGATAGCGGGCCAATCTTTGAAGAAATGCCTTCCTTTGGTCGCATCAGGAACAGCTTTAGGAAAATCGTTCGACTTT
EDSGPIFEEMPSFGRIRNSFRKTIVRL

GGGCTCAGCTAGAGAAAAGCATCCTTGAACAACGTGAGAGGATGTTCAGTGTTTGTCTAAATATGGTCAAGGATATTACA
WAQLEKSITLEQRERMFSVCLNMYVYKDTIT

GCTCGGATGTATACAGTCATGAAGGAAACGATGGAAGTTCTAGAGACAGGAGAGCTGCCTGAACCTGTACGCCGTATGGT
ARMYTVMKETMEVYLETGETLPEPVRRMY

AGAAGGACTGAAAAGGACTGAAGTTTTTGAGATCGTAAAGAGGTTATCGGATGCTGTGTTGGATAAGTACCCAGAGGAAT
EGLKRTEVFEIVKRLSDAVLDKYTPETE

ATGAGGCCATTAAGTATGTTATAACTAACATGATGAGTACTCTTGAGAGAGACTATAATCTGATGTTCGAGAGGATCATG
YEATKYVITNMMSTLERDYNLMFERTIM

GAAGTTCCTGCTTTCCAAAGGATCATCAACTGGATCATGAAAAACCTGAGCCCTGGTCGTCTGGCAGCAGTAGAGGCAAA
EVPAFQRIINWIMKNLSPGRLAAVEAN

TGCACTGGCAGAAATACTTCTTGAGGATTTCCACGTCCTCGTCATGAAGGCTGAAGGGAACCAACTTAAGATCGAGATTC
ALAETITLLEDFHVYVLVMKAEGNR QLI KTIE

CATTGCATAAACCTCTGTATTCAGTGGTGCAGTTTATCAAGGATTTGATAAACCCATACGAAATCCGCAAAGACTTTACG
PLHKPLYSVVA@FIKDLTINPYETIRKTDTFT

TGGCTGATTGAGGGCACTCTGCCTTATACCCTGGAAGACCTAATTTGGATGTATTACTCCTTGATTCCACATCGTATCAC
Wt IEGTLPYTLEDLIWMYYSLIPHRTIT

AGATTTGTTGCCCCCCTACCCTCGAACAGCCATGGTAGTCGGAGGTACCGAGGTCCTCACCTTCGACGGCCTTGTGGTGC
bLLPPYPRTAMVVGGTEVLTFD®GLVYV

GAGCGCCTCGAAGCCCCTGCAAGGTTCTGTTGGCCACCCACGGTTCCCATAGCATTATGATGTCCCACCCGGAGCCCTCA
RAPRSPCKYVYLLATHGSHSIMMSHPETPS
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7121 GCTCCTGCACAACTTGAGCTCAAAACACCCGATGCCACTGTTGTTATCAAGCCTGACACTGAAGTCCTTGTTAATGGTCA
APAQLELKTPDATVVIKPDTEVLVNGE GHA

7207 ACCAATCAGGGGATCGGAGGAGACCGTTGGAAAGATTAGGATCGAGAAGAAGGCTGGAGAGATAGTGGTAGGATGTCCTT
PIRGSEETVGKTIRIEKKAGETIVVGCHP

7281 TAATGAAGGTCATTGTAGCTAAGAAGGGCCAAGTTGTGGCCATAGAGGCTTCAGGATGGACTTTCGGCCGCGTAGCAGGA
LMKVIVAKKGQVVAIEASGWTTFGRVAG

7361 CTTCTGGGTCCCAACAACGGGGAAGTCGGAGATGATCGCCTCATGCCCAACGGCGCAGAAGCCTCTAGCCCTCGCGAGTT
LLGPNNGEVGEGDDRLMPNGAEASSPREIL

7441 GGTAGCTGCTTGGCAGGAGAGGAAGCAGTGCTCCATGCCTGAGATTCCTCCTGCCATAGCCACAGTAGCTCGTGTGATCA
VAAWQERKQCSMPETITPPAIATVARVI

7521 AGTGTGAAGCACTCCTCAGCATCCGATCACAGTGCATTGCGGTAGTTGAGCCGGAGCCCTTCATTAGGATGTGCCATGCA
K CEALLSIRSQCIAVVEPEPFIRMCHA

7601 GCCCAAGATGCTTGCGACGCCATTGCAGCTTACAAAACCTTCTGTGCTTTAAAAGGAGTTGAAGAAGCATCCCCAATGCC
AQDACDATAAYKTFCALKGVEEASPMP

7681 TTGCTAGTAGATGGACAGCCCTCGATCAGTCCTTAATGAAACTTGATGATGACGACCTGCCCACGTATGAATAACGAGTA
C*x* MDSPRSVLNETH=*=*xxRPAHV xTTS

7761 TCTTTTTGCTTTTGTAATATTTCACTAAAAAATGTAAAAAAATATAAAAATTATAAACCCTTGGCCTTGTAAAAAAAAAA
I FLLLxxYFTKKCKIKTI=*KTL=*TTLGLVKKK

Fig. 1.2. Nucleotide sequence of Maj-Vg2 and its deduced amino acid sequence. Nucleotide

numbers are shown in left. Predicted signal peptide was italicized, and putative cleavage sites

are shown in bold letters with underline. Polyadenylation signal variants are underlined.
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Cleavage sites

Signal peptide
(1-18) (725-728 and 1112-1115)
Maj-Vgl
2587 aa
Vitellogenin-N DUF1943 vWFD domain
domain (42-585) (618-920) (2358-2498)
Small subunit: 71% Large subunit: 47% Overall: 54%
Signal peptide Cleavage sites
(1-18) (724-727 and 1112-1115)
Maj-Vg2
2554 aa

Vitellogenin-N DUF1943 vWFD domain
domain (42-584) (617-920) (2325-2464)

Fig. 1.3. Schematic view of Maj-Vgl and Maj-Vg2. Positions of the three domains, signal
peptide, and two putative cleavage sites are shown in parentheses. Amino acid identities
between small subunits, large subunits, and overall are also shown.
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Maj-Vg1
Maj-Vg2

Maj-Vg1
Maj-Vg2

Maj-Vg1
Maj-Vg2

Maj-Va1
Maj-Vg2

Maj-Va1
Maj-Vg2

Maj-Va1
Maj-Vg2

Maj-Val
Maj-Vg2

Maj-Val
Maj-Vg2

Maj-Val
Maj-Vg2

Maj-Val
Maj-Vg2

Maj-Val
Maj-Vg2

Maj-Val
Maj-Vg2

MTTSSLLFVLALVAGGLAAPWGADLPRCSTECPTISGSPKLAYQPEKTYTYQYSGKSRVQLKGVDDGVSETEWAARVDLTW 80
MTTSSLVFVLALVAGGLAAPWGTEAPRCSTECPITGSPKLAYQPEKTYTYAYSGKSRVQLKGVEDGVTELEWSKQVKLTW 80
sekfoksok D koeileloleisleloliok 1T skekioletokekiok - ioekskelotoksieioloiolok tololiolekoleioletok DRskk TR kR Dk, koo
ISPCDVAISFNNMKMDGARGPTAARTLERHPLVVAVVDGRVQHVCAHPDDEPWAINLKKGVASAFQNSIPSLSTVSSGMT 160
ITPCDMAITIKHAKVDGAAG-AEVQFLERYPLVVAVTDGRIQHVCTHPGDAPWSINTKKGIATALANSLPSLSPLSSGLT 159
RfkkIRRIDID kINekk kD skokDkekiolokk, sokok Dioklok 1ok tok Dok Skolok Dk Dk Detok Dkektok Dtk 1k
VTETDVVGKCPTTYQIETEGEKVIVVKEKNHRHCQQRYPTPAQTPAPWLKAPLPTEE SKSECKQEITNGIYTSIMCHDKN 240
LTETDAVGECPTKYEIKTEGEKVIVVKEKNHRHCHNRFPTPAETPAPWLKAPLPTEESRSECKQEITNGIYTAVTCEDKN 239
Tkelok ok Dok D Diekkeeikelekketoletololok T 1k D sieketok [ kekeioleksioteisketloteikok D ioksketolokiotetskookok 1k, ook
IVRPAIGIYQYVEAHQESTLHFISETTDTSAISAIPRGEMHIESLLYNHETMKDPQLAPELDQLMKEICEKTKDTVEAET 320
IVRPAFGVYKYVEANQESTLRFISESRDTSAISAIPRGEFETESLLFNHETGKEPELAPEVDAVMKE ICQKTMETVEADA 319
stoloksiok 3k 3k D kketok D oletolok Ditolek T sioletoloteioetolookok T stokotok Dkottok Sk DK Dokelok Tk Dotk 0k Dokl
AALVAKALHLLRRVPETVVVEIAQKVRQGHYCSDSAKLESTFLDAVAFLHESGAVKVMVQETLHGRATGGRLALYTAALY 400
AELVDKALHLLRRVPETVVGATAEKVRGGRYCANSARLESIFLDATAFLYESGAVKIMVQETESGRATGGRLALYTAALY 399
* ok sklpiolleloliollck DRk kIek D Rk Dikelolokelok Dok Dieloliok Dkl sieleioletekeeiolekiotekoketok
LTPRPTIEALKALAPLFESPLPMPSLLLATASMVNHYCRHTPHCHQEAPVERIAEILAAKVEGHCSPSIGVEEKEEALAT 480
LTPRPDIEAVKALTPLFESPRPVPSVALAAATMVNNYCRHTPHCSEKAPVKRIAQILATKAQRQCSPSAGEQVEKEALAT 479
solofoksk Sokok D kokok Diokeletolok kTR Sok Dk Dok Diloletolookok I koo Dbokek Dotk Tk T Dkeklek kT Dkkokk
FKALGNMGVVTPAVTRAAAQCIEKEGLETSIRVAAAQAFRQANCDRPAVQKLVDIATRPTFETEVRIASYLAAIRCAEKE 560
FKALGNMGVVTPAVTRAAVGCIEQEGVETSIRVAAAHVFRHTQCARYVTEKLSDIAVHPSMATEVRIAAYLGAIRCAEEE 559
selfcksetkoRioleislerioliolok . tokok Dok Diolotokekiololok Dk DT Dk Sk L Dk sk, TR T skeleletok Dk, skekotetok 3k
HLEQITEKISEEENTQVRGFVLGHLINIQESTCPTKENLKYLLTNVVIPTDFEKDFRKFSRNVEMSYHAPAFGMGADLES 640
HLQKIISKVSEERNTQVRGF ILSHLLNIQESASPDRERLRYLLTNFVIPRDFDGDIRKYSRNIEMSYFAPSFGMGAGVES 639
ok D kK K Dotk Sielkoletolok Dk, sk Ditolook Dk T sk Dotk ok sk D sk Dok Dok iokokek stk Dok, ok
NITYAPGSFIPRAVNLNMKAAVDETHMDLAEIGARFEGIDSITEELFGPEGYLRKATFGKIMADITGFAEEKGLKVMERI 720
NITYTPESFLPRSVDLNLRTTIEDLNINLGEAGIRLEGLDPIIKELVGPEGYLRKASFGRILKDVLAFAEEKGHRIAEHL 719
sololok 1k Rk IRk DRIk D 111D 1Dk K kR DRkIR Rk Dok, sklkokolololok Dok DR IR D skleokk 11 Kk
KQTLRTKRS IDSSVISDFFGKLYGEGRS-HTHAEVFARIMGHE I TYADVAESLKGVTADTLIETFFSFFEESLEQMKGLN 799
EDTLREKRAISMSTISRFFKKLYGERKEGEVRADVFARIFGHEVTYASTAEDLKELDADRIIESLFSYFDEILPNIHNLD 799
Tigekk RkIR, K odek kK kllkk DL DRDReRekk DRk Dok, DRk Rk Dok DlekI IkIKIR % 11D k!
LNTARTAQLYMDYSLPTIQGTPLKLKLAGTAVAGLKMEGDFNIAQILSDPGNLATGIKLFPALSVQATGFVGFECRLTRV 879
IDSARTGQIFLDYSLPTIQGTPLKIKLEGTAVVGIKLAGDINITELFTNPAHVERSLKLIPSAPVAVHGFVGYDCHIAKA 879
11Dk, kDD Dkkekiokelolkoliolok Dok ol kDK sokIdek DIIIDR IID L IRKIRD k| kkkekl DkIIII,
GIEMENTISSATGASINIRTTENKKIQMELEIPEKMELLNIQAETYLVKAVGKKLTKITPPTVRDVRVTHAACLNAVEPY 959
GTELKSTIATANGATINIRKTEDNAFEFALDLPERMELLSVKAETNLVKAVGKRVMKVSPPSMRDVRIHHENCMEALEPY 959
% KDDLk Ik RkIdekiok kIl DT kI IdekIdokick, DINekk kool Dok IRkD DRbkkl kKD DR INokk

42




Maj-Vgl LGIKVCYNINMPDVFRANGLPLGEPATIAKLYIEKADPSMRGYLMTAATKNKKGNKF IKLNVEAAGATTPRRAEMTLSYTK 1039
Maj-Vg2 FGLKMCHEMSFPDIFRSTAMPLGEPIVAKLYIEKTDPSMRGYRMTTAIKNKKSNKVIKVNMETQGAATPRQAEMTMSYTK 1039
TRIRDKD DI DRkINekD | Dkl DieRoloiolok Diokolotolok ok Diokeiolok ok ok DK DK kol Dotok D keketok otk
Maj-Vg1 EEGSHIVSAKLDSSSTAAGVWATLTNEEGHKAMETYVKFDYGQIAISRGIKLDMIVKEESAGKEFEVNVFSGRSRRFTPE 1119
Maj-Vg2 ~ EERSHAVYAKFESSSISAGLWTTFTNEEEHKAIETFVKLRSNEFDISRGFKVDIIGKEVANEAQYEVNVFTSRNRRFATS 1119

ok ok sk kol Dokeok Dok DR DK Dbkl tokk DRk IRokD | DD sklkk DR IRDK ek D D Dpkekiok Dk, skkok!
Maj-Vg1 SHIVEAKFIKKTNGPEVNVDVICRTRNALAQYFDLNIEVGADFMEFSPEGVYPARYIPKVSILLPVALRKMEVHANTVAW 1199
Maj-Vg2  SKIVEAKFIKKINDP--AVEIICRTMNELKDYVDFNFEVDADFRYS----—--——- PYTCMFIPTEVRKIEFHTGIRGW 1186

kipklklellk Kk kD DRk K kDR KDRINRkSkekk oL DIik, DRKINOKD, %

Maj-Vg1 KLASYIREGSQSGESRELISAFKLSKGRNDITYVQATHKIEGTLPQNIVIENEATVEVGRSSYRAMYDIFYHPEKIGASV 1279
Maj-Vg2 ~ KIASATHKMTGSTEASEHVATFSVEEGNSE IMSVKAVMNTKGRMFRNMIIHNEVAVNFGQHSYRACYDLFLGASKMGTSV 1266
kR KDDLk kD ok DIk DIk DRI kIx, DIk D DRIk sk, DRIUKD Rk kkIk |k IRINk
Maj-Vg1 EVFRTAGNEKVAEMEATYENTGEKYYTKFLVEAPGYIRPVRIEATAEEETGGRYALESAIKYGERTVFEVTGPVMARFTS 1359
Maj-Vg2 ~ EVTKPKENLKMFEFGALYERSSNAHTVQVLVDAPEYMRAIKFESKFNEEENGKYAVEVAVKQGQRILLELDGPVTLIFSP 1346
dok DLk kD kD kDek DD D IodekINok kD IIIRIL DRk _RDRRDK kDR kIR DIk dokk kI,
Maj-Vg1 KTAKLQANIKLSAMASEPYITGANFVFGNKKQMIAMEIKEREEPVFGVEWKMVQES-—AEKTTLSIAFVLPALIENKVDA 1437
Maj-Vg2 ~ RKLKIEAELKVAVLDMEPHIISTTILGSNSKQILAFEMKNRQESLFAFKWTMNSGEGPEQKTTSSTKLVVPALMEFMLDT 1426
TOORIDRIDRIID dekINok DD koRRIINDRIRDRDR DR DRk L Idkk ok DkIdkkIk Dk
Maj-Vg1 VITEDLVHVSFNNLVLPKTSYRRRVKGFADVNIGEKRANVEF SWDADKSPEKKLVVDASLISSPSNPGHAEIHGNIVIAG 1517
Maj-Vg2 ~ TVMHENVHVSLNTAVLPKSASAHRVKAFVDIDGGNKKMNAEFAWDADRNPNNKIVVDANVISSSSDLGHASVHGNVIIAG 1506
Dodekiok Ik, kRkkIl Ddekk kKD KIRD kosekDleRkokl kI IkINoklk, Dkl kI dokk, Dokk ] Dkokk
Maj-Vg1 EPYHMKLILTATNLLEYMEGENGFKLLLTTPSQKTIVLGASCDVQLEGTTTKVVSVIEYKNMENKEYKYTSVIALEKLGG 1597
Maj-Vg2  EPYHMKLNLNAEDIMASG-———- FELEVTIPSQRTFAVEASYKIEDQQPTTKVITVFRYKNTEGEEHKFTGSVAAERLDG 1581
sskkoloksk k% 11 KIk Dk kkkDRIL D kK DD D kekkI DRI kkk ok, DKIKIK, Dk kIR X
Maj-Vg1 PYDYVVKAKVIYKQPETQEIMLETEVKHQWTPEEHLVAFKVGAKAPYLKMPLMIAFSTHNTRGSFVGFCKIERNTPSNVF 1677
Maj-Vg2  PYCYALETKVVYVAPEGKETRLETILKHHKKPEAHVILFKVDAEGLILRKPLMFEFAVENKEGSYEGKCMMTRNAPKTVF 1661
fok sk, TIDRKDE Rk Dk kel DRIk k1D kol kDL DRI kkkD kIIok kKD ok % D okkIx, ok
Maj-Vg1 EWKIQMTPEGGIEVVEAGLDMKAINEVLKIVHAVVTFEEEGYQAYGQETAKYQYRFTRPSPTTYIMOMRTPTRTIEGRAK 1757
Maj-Vg2 ~ DWNVRIHPHGEIEAIEAGLDTKAAVQLLKIIRAVVTFEKEERIER-SEPANYRYRFSKPTPTSYNILVKTPSRTMEGEAH 1740
TRIIID ROk Rk Dlkkkk kD Delk ] Dellokiok Dk KDKDMKk DRIk IR DD IRk Ik DRk, k!
Maj-Vg1 LSPRESGIKFYPNKGKAEAKYEVGYKANHQGSWGQHASNIEVRMNHPTLPKPIMVAAHYTAIGETIKGTIELDIFPEEEN 1837
Maj-Vg2 ISPSQSGIKFYSNKHSSQSPYEIGYKATHEGNQGKWES———QINHPVLPKAMQFALQYTAGQGTVEGTVELDIFPSSED 1816
Dk Dokt ok | D1D kK DRekk kIR kD % Dok Rk, Dk Dk kD DRkIdklkkk | kI
Maj-Vg1 KITGTLETQRISENAIRVEVFLTGKILQVNPKAIVTVAYAPETFALDVVFHKTPSTAPVFALAAKYDKTSAHNAAATFTV 1917
Maj-Vg2 KITGHLASTRVSESTIRTEASIVSRILRVSPQIILTTAVAPDTVGFDVEIKKSASAPPSLKVIAKYDKTTPRNAVLACTV 1896
sololok % kDl D3k kDL DekDkOKD kIR k RkIR, L DRk DINI_KIk DD kiekkkkl DRk, D%k
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Maj-Vg1 EMEQRPVFEITAVAEPEEEVTCNGIRIKATANAPAFGKYNIFSKMCKPAFIELTTMRHGGEKEYTARLGLRYPDTAEAGY 1997
Maj-Vg2 EFESTPVFEVSGVVKPDETATCNGLAMSAVVQAPILGTHHIYSTMCKPAFVEVTTIRQGADRKY IARIGVQAPDNLEFSL 1976
K1k, dolkkDD ok, DRIk Seltokl kDL DMk Dk DRIk Sellolk Ik IRkIRIR, DII% RKINID Rk, % D
Maj-Vg1 YVASGRAEEIRGVAVAAVKLASPTMLKVEMAYGPEEAQVLMNEMTEEYEKAAVLFKSVYMEVVHFLEEEASAKGIHFPSS 2077
Maj-Vg2  SQGTTQSQEESNIILARLEMVDPAVINIGFAFEREEIYRVKELIWEELSNVLSSMESGFEDIIREVAGSAAN-——-VPAP 2052

- S TR HHEEE N - S © T S 3 kI
Maj-Vg1 QLVTLLGVAKEEIEEIYRDILSDARIFDTEIIRDILASPVVSFVPRVYFGYWSEIVLLQHQLSVNITQATIERFQGEFEGI 2157
Maj-Vg2  EFYTLIGEAKRELMMIYQDLVEDSGPIFEEMPSFGRIRNSFRKIVRLWAQLEKSILEQRERMFS——-———- VCLNMVKDI 2125
TIodekIk Rk kD RkINII KD D %! R ST - L LX

Maj-Vg1 TETIMEIVMEATRMAETGEVPKVLLDVLEQIRASKVFRIVKREVYEILDEYPEEYEAITHVVGNVMAMLERDVEIVRVGL 2237

Maj-Vg2 ~ TARMYTVMKETMEVLETGELPEPVRRMVEGLKRTEVFEIVKRLSDAVLDKYPEEYEAIKYVITNMMSTLERDYNLMFERT 2205
kDIl okDloklelkDkD D DIk 1D IIdek okkx Tk DokckskeRkook, KD kIR kkokk D10

Maj-Vg1 MKMPAVQRI IDYIMNHFHSKQVFAVEAERVVSLILSELLYVSIEREGNGIEVQIPLHRPLYSLTQVAQEAVPIPITMLEN 2317

Maj-Vg2 ~ MEVPAFQRIINWIMKNLSPGRLAAVEANALAEILLEDFHVLVMKAEGNQLKIEIPLHKPLYSVVQFIKDLINP-YEIRKD 2284
RIDdkoklkkDDRKIDD DD kekikl DD DD DD okkk DDIDdlkkllkrkl ok 1Dl

Maj-Vg1 LIFAYLEYIPIPVEHAIWAYYNFIPRYITDVLPPYPRTAMVVGGSEILTFDGLVVRAPRSPCKVLLAAHGSHRLMMSHPQ 2397

Maj-Vg2 ~ FTWLIEGTLPYTLEDLIWMYYSLIPHRITDLLPPYPRTAMVVGGTEVLTFDGLVVRAPRSPCKVLLATHGSHSIMMSHPE 2364

ROk Rk Rk DRk Skl DklelielileRioloslk D D iekeliokeileiokeioleloloiololok D ksktok T sketokokok |
Maj-Vg1 PSGPPQLELNTSAASVVIKPDFEVLVDGRPLTGSQQTIGNIRIVNAAKHIEVGCPLMKVVVAKTGQVVAVEASGWTYGRV 2477
Maj-Vg2  PSAPAQLELKTPDATVVIKPDTEVLVNGQPIRGSEETVGKIRIEKKAGE IVVGCPLMKVIVAKKGQVVATEASGWTFGRV 2444

Sok, ol Dk, R Deioliolk ook DR5RD SoRT DRIR IR Tk sklolloeiolok Dok sofdoek - sokoleor Dkl
Maj-Vgl ~ AGLLGPNTGEIADDRLMPTGVQASSPRELVSAWQEDQGCSTPEVPRSETTVARLIQCQTLLGIRSRCNPVVQPQPFINMC 2557
Maj-Vg2 ~ AGLLGPNNGEVGDDRLMPNGAEASSPRELVAAWQERKQCSMPEIPPATATVARVIKCEALLSIRSQCIAVVEPEPFIRMC 2524

skekolkok, Sk D soletokolok %, Diokelolokskk Dokl T kk kIR D Dokt DK DRI Dok SRk Ik | skok Dk Dok ok
Maj-Vg1 HAARNACDAAQAYRTICALRGVEEMRPWAC 2587
Maj-Vg2 ~ HAAQDACDATAAYKTFCALKGVEEASPMPC 2554

XkkD kekkk kk Dk DkekskDkekkk k%

Fig. 1.4. Deduced amino acid sequence alignment of Maj-Vgl and Maj-Vg2. The numbers

indicate amino acid positions. Asterisk represents conserved amino acids. Colon and dots

represent amino acid with strong and with weak similarity, respectively. Signal peptides are

denoted by underline. Cleavage sites are shown by dark grey background. Vitellogenin-N

domain, DUF 1943, and vWFD domains are shown by blue, red, and green letters, respectively.
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Fig. 1.5. Molecular phylogenetic tree of decapod Vgs. Only sequences for which relevant

publications have been published were selected for analysis (see Table 1.2). The phylogenetic

tree was constructed by the neighbor-joining method. Values at the nodes represent the

percentage of 1,000 bootstrap replicates. The scale bar shows the number of substitutions per

site.
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Chapter 2. Expression dynamics of vitellogenins during natural maturation and after

eyestalk ablation

2.1. Background

The synthesis of Vg in decapod crustaceans is known to occur primarily in the ovary and/or

hepatopancreas, i.e., endogenous, exogenous or combination of both. Exogenous Vg is

synthesized in tissues outside the ovary then transported through the haemolymph to be

accumulated in the developing oocytes as yolk (Meusy 1980). Molecular approaches using Vg

genes and cDNAs have helped in identifying the sites of Vg synthesis in different species. In

Penacidea, Vg synthesis is likely to occur in both the ovary and hepatopancreas, while in

Caridea, Astacidea and Portunoidea it principally happens in the hepatopancreas (Wilder et al.

2010). In M. japonicus, cDNA cloning has allowed for the determination of Vg expression

levels at different stages of vitellogenesis, as well as the dynamics of expression levels during

both natural and artificial maturation (Tsutsui et al. 2000; Tsutsui et al. 2005b). Previous

molecular analyses, such as northern blot and quantitative RT-PCR, have revealed the dynamics

of Maj-Vgl expression levels in both the ovary and hepatopancreas of M. japonicus during

vitellogenesis. Specifically, the expression levels were observed to increase during endogenous

and exogenous vitellogenic stage in the ovary and hepatopancreas, while levels decreasing

during late exogenous stage in the ovary. The dynamics of the expression for the additional Vg

(Maj-Vg2) in the hepatopancreas have not yet been studied and will be the focus of this chapter.

46



Vg expression has been also used as a molecular indicator for the characterization of

hormones involving in the vitellogenesis. The VIH/GIH, a regulator of Vg expression

belonging to CHH superfamily and produced by the XOSG system located in the eyestalk, has

been found to inhibit Vg expression in the ovary of some species such as L. vannamei and M.

Jjaponicus. This is consistent with the well-known phenomenon of ESA promoting ovarian

development (Brown and Jones 1949; Tsutsui et al. 2005a; Tsutsui et al. 2007; Tsutsui et al.

2013b).

Despite the potential benefits of hormonal manipulation for seedling production, the

development of alternative techniques remains a challenge. VIH gene knockdown using RNA

interference (RNA1) has shown less efficacy in promoting ovarian maturation compared to ESA

(Treerattrakool et al. 2008; Treerattrakool et al. 2011; Feijo6 et al. 2016; Duangprom et al. 2022).

Therefore, further understanding of vitellogenesis with a focus on multiple Vg genes is

necessary to establish an alternative to ESA. Investigating the expression dynamics of these

multiple genes during natural maturation and after ESA, as well as their regulatory mechanisms,

may help comprehensively understand vitellogenesis in M. japonicus and other decapod

crustaceans.

2.2. Materials and Methods

2.2.1. Expression levels of vitellogenins in eyestalk-ablated prawns
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Immature adult M. japonicus (weighing from 17.7 to 30.5 g; average: 24.2 + 0.6 g; n = 28)

were sourced from local prawn farms in Tokushima Prefecture, Japan. The prawns were then

transported to the Mie Prefectural Fish Farming Center and acclimatized for approximately two

weeks in a 2500-L tank supplied with filtered seawater at 20°C. The prawns were fed a

commercial diet (Vitalprawn, Higashimaru Co., Kagoshima, Japan) during the acclimatization

period. On the day when acclimatization was complete (day 0), 14 prawns of the experimental

group were subjected to bilateral ESA and kept individually in a small cage placed in the 2500-

L tank. The remaining 14 prawns of the control group were housed in another cage within the

same tank. On day 0, the hepatopancreas and ovary were dissected from 4 prawns of each group.

On day 3 and day 10, the tissues were collected from 5 prawns of each group. The dissected

tissues were partly stored in RNAIlater solution at —20°C for RNA extraction and partly stored

in Davidson's fixative solution for histological analyses.

Total RNA was extracted from the hepatopancreas and ovary using a previously described

method (refer to Chapter 1). The quantity of the isolated RNA was assessed by observing clear

bands. The concentration of total RNA was measured using a NanoDrop spectrophotometer

(Thermo Fisher). Subsequently, 1 ug of total RNA was reverse-transcribed with a high-

capacity cDNA reverse transcription kit (Thermo Fisher Scientific) using a random primer

included in the kit as per the manufacturer’s instructions. The resulting cDNA was then used

for quantitative real-time PCR, as described in the following section.
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2.2.2. Expression levels of vitellogenins in wild prawns

Wild M. japonicus (weighing from 35.1 to 70.2 g; average: 54.5 = 2.2 g; n = 19) caught in

Enshu-nada, Japan, were purchased from a local fish market in Aichi Prefecture in October

2018 and February 2019. On the day of procurement, the prawns were immediately dissected,

and their hepatopancreas and ovary were stored in RNAlater solution and Davidson's fixative

solution, as described earlier. The ovarian developmental stage of each prawn was determined

by histological analysis, which revealed that 9, 4, and 6 prawns were in previtellogenic, early

yolk globule, and late yolk globule stages, respectively (refer to Results section). Total RNA

extraction and subsequent cDNA synthesis were performed as described previously.

2.2.3. Quantitative real-time PCR (QRT-PCR)

The cDNA solutions were diluted to a concentration of 10 ng of total RNA per pL. The

primers and TagMan probe sequences used in this study are listed in (Table 2.1). Those used

for Maj-Vgl were designed in a previous report (Tsutsui et al. 2018). The primers employed

for the preparation of standard DNA fragments are also listed in (Table 2.1). The standard DNA

for each target gene, along with the gPCR amplicon sequences, were amplified by PCR using

the primer sets and cDNAs from the hepatopancreas or ovary. Standard DNA fragments having

the desired length were purified using AMPure XP (Beckman Coulter Life Sciences Japan,

Tokyo, Japan), and 2 ng/uL standard solutions were prepared. The qPCR reactions were

conducted using 2 uL. of cDNA sample, 400 nM of each primer, 200 nM of probe, and 1x Luna
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Universal Probe gPCR Master Mix (New England BioLabs). The 7300 Real-Time PCR System

(Applied Biosystems, Foster City, CA, USA) was utilized for real-time monitoring of the

fluorescence signal generated during PCR. Standard curves were generated using each standard

DNA ranging from 4000 to 0.04 pg prepared by serial 10-fold dilutions, and arbitrary values

ranging from 4000 to 0.04 were assigned correspondingly. Then, the threshold cycles were

utilized to determine the relative expression levels based on the standard curves. As each

standard had almost the same length, similar amplification efficiencies were achieved in gPCR

(> 95%, data not shown). The utilization of the standard curves facilitated a relative comparison

of the expression levels between Maj-Vgl and Maj-Vg2, as well as the expression levels

between the hepatopancreas and ovary.

2.2.4. Statistical analysis

Gene expression levels were represented as the mean =+ standard error of the mean (SEM).

To determine the statistical differences in gene expression levels, the Mann-Whitney U test was

performed using GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego,

CA, USA).

2.3. Results

2.3.1. Expression levels of vitellogenins in eyestalk-ablated prawns

In this study, the expression profiles of the two Vg genes were assessed in prawns that

underwent bilateral ESA. Consistent with prior findings (Tsutsui et al. 2005b), individuals
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subjected to ESA exhibited a remarkable increase in GSI, suggesting that vitellogenesis was

promoted (Fig. 2.1a). Notably, Maj-Vgl expression in the ovary was significantly upregulated

following ESA, with discernible differences between control and ablated groups becoming

apparent as early as day 3 (Fig. 2.1b). Additionally, Maj-Vg2 expression levels in the

hepatopancreas were significantly elevated in ablated prawns compared to control prawns on

days 3 and 10 (Fig. 2.1¢). Conversely, Maj-Vgl expression in the hepatopancreas remained

relatively stable throughout the experiment, with significant differences being observed only

on day 3 (Fig. 2.1d).

2.3.2. Expression levels of vitellogenins in wild prawns

The expression patterns of the two Vg genes were investigated in wild prawns with

previtellogenic and vitellogenic ovaries. As previously reported, Maj-Vgl was expressed in

both the hepatopancreas and ovary (Tsutsui et al. 2000; Tsutsui et al. 2005b). Maj-Vgl

expression in the ovary was observed to be low during the previtellogenic stage, gradually

increasing during the early yolk globule stage, and subsequently decreasing during the late yolk

globule stage (Fig. 2.2a). Similarly, Maj-VglI expression in the hepatopancreas displayed a

similar trend, although high expression levels persisted during the late yolk globule stage

before declining with increasing GSI (Fig. 2.2b). In contrast to Maj-Vgl, Maj-Vg2 expression

was not detected in the ovary (Fig. 2.2¢), only in the hepatopancreas, where its expression

remained low in the previtellogenic stage, but increased rapidly during the early yolk globule
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stage, and showed a tendency to decrease during the late yolk globule stage (Fig. 2.2d).

2.4. Discussion

In this chapter, the expression of Maj-Vg2 was restricted to the hepatopancreas, whereas

Maj-Vgl was detected in both the hepatopancreas and ovary, indicating that the hepatopancreas,

a major extraovarian source, along with the ovary are Vg synthesis sites in M. japonicus. This

finding is consistent with prior reports conducted on other decapods such as the black tiger

shrimp Penaeus monodon (Tiu et al. 2006b), M. ensis (Tsang et al. 2003), L. vannamei (Wang

et al. 2020), and F. merguiensis (Zhao et al. 2021). Additionally, the expression of multiple Vg

genes in a tissue-specific manner has been described. For example, in F. merguiensis, FmVg2

was mainly expressed in the hepatopancreas, while FmVgl and FmVg3 were predominantly

expressed in the ovary (Zhao et al. 2021). Both MeVgl and MeVg2 were primarily expressed

in the hepatopancreas of M. ensis, but MeVgl was also expressed in the ovary (Kung et al.

2004; Tsang et al. 2003). Although the biological significance of such multiple Vg production

by different tissues remains unclear, elucidating the dynamics of Vg production provides

important insights into the regulatory mechanisms of vitellogenesis.

To investigate the regulatory mechanisms of vitellogenesis in M. japonicus, I conducted an

evaluation of the two Vg gene expression levels in wild-caught prawns, including

previtellogenic and vitellogenic individuals. I also used prawns that had undergone ESA to

induce vitellogenesis. In the wild-caught prawns, it was observed that the overall expression
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patterns of Maj-Vgl in the hepatopancreas and ovary were consistent with those reported in the

previous study (Tsutsui et al. 2000), with high gene expression levels observed from early to

late yolk globule stages in the hepatopancreas and during the early yolk globule stage in the

ovary. In contrast, Maj-Vg2 expression in the hepatopancreas showed an increase during the

early yolk globule stage and a decline in the late yolk globule stage. These results suggest a

tissue-specific and dynamic contribution to Vg synthesis with Maj-Vg2 playing a

complementary role in the production of yolk protein. Temporal and locational expression

changes of multiple Vg genes during vitellogenesis have been reported in other species, such

as F. merguiensis and L. vannamei (Zhao et al. 2021; Wang et al. 2020). Therefore, it is likely

that the presence of multiple Vg genes and multiple sites of Vg production contributes to the

rapid ovarian development of penaeid shrimps. In case eyestalk-ablated prawns, Maj-Vgl

expression in the ovary and Maj-Vg2 expression in the hepatopancreas were significantly

increased, while Maj-Vgl expression in the hepatopancreas remained low. Previous research

solely attributed the increase in GSI after the ESA to an increase in Maj-Vgl expression in the

ovary (Tsutsui et al. 2005b). However, the present study shows that Maj-Vg2 expression also

contributes to the increase in GSI. This finding suggests that Maj-Vg2 complements Maj-Vgl,

but it also indicates that vitellogenesis process induced by the ESA differs from the natural

process at the molecular level. Overall, the expression of Maj-Vg?2 is relatively low compared

to Maj-Vgl in the ovary and hepatopancreas, suggesting that the contribution of Maj-Vg2 to
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vitellogenesis is auxiliary or complementary. To determine its actual role, it is necessary to

demonstrate that the protein is present in the hemolymph and oocytes. Detection with specific

antibodies against recombinant Maj-Vgl and Maj-Vg?2 proteins or with mass spectrometry can

be useful for this purpose.

Interestingly, Maj-Vg2 expression in the hepatopancreas was induced by ESA, displaying a

pattern of expression similar to that of Maj-Vgl in the ovary. It is widely acknowledged that

the XOSG complex produces VIH, which negatively regulates Vg synthesis. In M. japonicus,

six peptides of the CHH-family from the XOSG down-regulate Maj-Vgl expression in the

ovary, suggesting their potential role as VIH (Tsutsui et al. 2005a; Tsutsui et al. 2013a).

However, the hormonal regulation of Maj-Vg2 expression in the hepatopancreas is still

uncertain, as the regulatory mechanisms of Maj-Vgl expression in the hepatopancreas also

remain unknown. The findings from the ESA experiment of this study suggest that the

regulation of Maj-Vg1 expression in the hepatopancreas is distinct from that of Maj-Vgl in the

ovary. To gain further insight into the mechanism of vitellogenesis in M. japonicus, further

research should investigate the effects of various hormones, particularly the six CHH-family

peptides from XOSG and other hormone candidates identified in the ovary (Tsutsui et al., 2020),

on the expression of Vgl and Vg2 in the hepatopancreas. In the following chapters, the effect

of some hormones such as the ovarian specific Maj-ILP1 (Chapter 3), MF and 17 /5 -estradiol
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(Chapter 4) on yolk protein genes (Maj-Vgl and -Vg2) in the hepatopancreas and ovary of M.

japonicus will be examined by ex-vivo assay and discussed in details.
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Table 2.1 Sequences of standards, primers and probes used for qPCR.

Primer Nucleotide sequence

For gPCR standards

Stvgl _FO1 GCCCTACCACATGAAACTGAT

Stvgl _RO1 TGTATTGTGAATGGAGAACGCAA
Stvg2_F01 GGAGGGTGAAGCTCACAT
StvVg2_RO1 AGATGCAGATTTCTTGATTTCCACAT
For gPCR!

Mj-Vg2 qF TGGTTACAAGGCTACACACGA
Mj-Vg2 qR TGACCAGCTGTGTACTGAAGT

Mj-Vg2 qPr ACCATCCAGTTCTTCCCAAAGCCATGCAG
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Fig. 2.1. Expression levels of Maj-Vgl and Maj-Vg2 in immature prawns with and without

ESA. Changes of GSI (a), and changes in expression of Maj-VglI in the ovary (b), Maj-Vg2 in

the hepatopancreas (c), and Maj-Vgl in the hepatopancreas (d), are shown. Open circles

indicate intact prawns, and closed circles indicate eyestalk-ablated prawns (mean = SEM, n =

5 prawns). Asterisks indicate significant differences in mean values in the comparisons of
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respective days by the Mann-Whitney U test (*, p < 0.05; **, p <0.01).
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Fig. 2.2. Expression levels of Maj-Vgl and Maj-Vg2 in wild prawns. Expression of Maj-Vgl

in the ovary (a), Maj-VgI in the hepatopancreas (b), Maj-Vg2 in the ovary (¢), and Maj-Vg2 in

the hepatopancreas (d) are shown with the comparison with GSI. Squares, triangles, and circles

indicate previtellogenic (n =9), early yolk globule (n = 4), and late yolk globule stages (n = 6),

respectively.
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Chapter 3. Insulin-like peptides as potential regulators of vitellogenesis in M. japonicus

3.1. Background

The investigation into the involvement of a hormone-like substance in the processes of yolk

accumulation or final maturation of oocytes can be accomplished by evaluating its impact on

either yolk protein synthesis or the progression of germinal vesicle breakdown (GVBD). For

instance, the bioassay focusing on the GVBD has been utilized to characterize the gonad-

stimulating substance belonging to the ILP family in starfish (Mita et al. 2009), although its

establishment in M. japonicus remains incomplete. On the other hand, a bioassay using Vg as

an index of vitellogenesis is available to investigate the former aspect (Tsutsui et al. 2005a).

Vg is the precursor to the major yolk protein, which is synthesized and subsequently

accumulated within the oocytes during vitellogenesis, thereby contributing to ovarian

development (Wilder et al. 2010). In M. japonicus, the expression of Maj-Vgl is significantly

upregulated in the ovary and hepatopancreas during vitellogenesis (Tsutsui et al. 2005b).

Building upon this knowledge, an ex-vivo bioassay has been established, employing the ovarian

Maj-Vgl gene expression as an indicator of vitellogenesis, and has proven useful in

characterizing hormones involved in this process (Tsutsui et al. 2013a; Tsutsui et al. 2020).

Briefly, the inhibitory effect of six CHH-family peptides, known as Pej-SGP-I, -I1, -I1I, -V, -VI

and -VII, produced by XOSG on the expression of Vg gene (Maj-Vgl) in the ovary was

assessed by using the ovarian culture system (Tsutsui et al. 2013a). The stimulatory effect of
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recombinant neuroparasin-like peptide (Maj-NPLP) on Vg synthesis in the ovary was evaluated

by using the same ovarian culture system (Tsutsui et al. 2020). However, the effects of these

hormones on Maj-Vgl in the hepatopancreas is unknown until now. The novelty of this thesis

is the identification of new Maj-Vg2 exclusively expressed in the hepatopancreas (Chapter 1).

Based on this information, there is a need to establish a bioassay system to examine the effect

of these hormones in the hepatopancreas. Therefore, an ex-vivo assay for the hepatopancreas

of M. japonicus was constructed for the first time within the context of this chapter. Studying

the effects of gonadal hormones on Maj-Vg mRNA expression in the hepatopancreas as well

as the ovary will help to outline the endocrine regulation of vitellogenesis in M. japonicus.

Insulin-like peptides (ILPs) are a diverse family of signaling molecules found in various

animal species (Okamoto et al. 2016). Mammalian ILPs, such as insulin and insulin-like growth

factors (IGFs), play crucial roles in regulating glucose metabolism and growth through the

insulin/IGF signaling (IIS) pathway (Bathgate et al. 2002). Other ILPs, such as relaxins and

INSLs, bind to G protein-coupled receptors and regulate various physiological functions,

particularly reproduction (Speck et al. 2022).

ILPs are conserved in invertebrates as well, with putative genes encoding ILPs, insulin

receptors (IRs), and downstream components found in many species. For example, the

nematode Caenorhabditis elegans contains 40 ILPs in its genome regulating aging, stress

resistance, larval development, and reproduction (Pierce et al. 2001; Fernandes de Abreu et al.
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2014; Matsunaga and Kawano 2018). The fruit fly Drosophila melanogaster has 8 ILPs known

as Drosophila insulin-like peptides Dilps (Gronke et al. 2010; Garelli et al. 2012). They are

regulating lifespan, body growth, development and reproduction (Semaniuk et al. 2021). In this

model organisms, IIS is believed to affect physiological functions such as reproduction as a

nutrient-sensing pathway. ILPs have also been shown to play roles in the regulation of

reproductive processes in mollusks, the cuttlefish Sepiella japonica (Lii et al. 2022) and in

echinoderms, the starfish Asterina pectinifera (Mita et al. 2009).

In decapod crustaceans, four types of ILP have been identified, including insulin, relaxin,

gonadulin, and insulin-like androgenic gland factor (IAG) (Veenstra 2020). Previous studies

have focused mainly on IAG (Nagamine et al. 1980), and its former-found ortholog androgenic

gland hormone (AGH) from terrestrial isopod crustaceans (Katakura and Hasegawa 1983;

Suzuki and Yamasaki 1998). Both AGH and IAG have been known as important regulators in

male sex differentiation (Martin et al. 1999; Katayama et al. 2014; Alfaro-Montoya et al. 2016;

Harlioglu and Farhadi 2017; Shi et al. 2019; Ge et al. 2020; Tan et al. 2020; Tsutsui et al. 2020;

Katayama et al. 2022). Practical application of a sexual manipulation technique, specially

targeting the IAG, is currently being used in certain decapod species (Nguyen et al. 2023). For

example, the administration of /4 G-specific dSRNA has been reported to induce complete and

functional sex change in juvenile male M. rosenbergii resulting in the conversion of males into

neo-females. Similarly, RNAi technology was successful in P. monodon and C.
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quadricarinatus (Banks et al. 2020). However, little is known about the functions of other ILPs

in these animals. Four insulin family peptides have been identified in M. japonicus, including

three male-dominant peptides (IAG, GON, and ILP2) and one female-dominant peptide (Maj-

ILP1), which is primarily expressed in the ovary and may play a role in female reproduction

(Tsutsui et al. 2020; Tsutsui et al. 2022).

Therefore, the primary objective of this chapter was to investigate the potential involvement

of Maj-ILP1 in vitellogenesis. To achieve this, the function of the chemically synthesized Maj-

ILP1 was evaluated in ex-vivo tissue culture systems by examining the expression levels of two

egg-yolk protein precursor genes: Maj-Vgl, expressed in both the ovary and hepatopancreas,

and the recently identified Maj-Vg2 expressed in the hepatopancreas (See Chapter 1).

3.2. Materials and methods

3.2.1. Chemical synthesis of Maj-ILP1

The ovarian-specific Maj-ILP1 was chemically synthesized using a combination of solid-

phase peptide synthesis and regioselective disulfide bond formation reactions under the

expertise of Professor Hidekazu Katayama of Tokai University. He graciously granted me

access to utilize it in this study.

3.2.2. Ex-vivo incubation experiment

In this chapter, both adolescent female prawns and immature adult female prawns were used

for ex-vivo incubation. The adolescent prawns were obtained from Mie prefectural fish farming
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center (Mie, Japan) in December 2022 and purchased from a prawn farm (Okinawa, Japan) in

February 2023. The immature adult females were purchased from a prawn farm (Okinawa,

Japan) in January 2023. All prawns were promptly used upon procurement. The average body

weight and gonadosomatic index (GSI) of 16adolescent prawns used for the hepatopancreas

tissue incubation were 13.37 + 0.27 g and 0.38 = 0.02% (mean = SEM), respectively, while

those of the 27 adolescent prawns used for the incubation of the ovary were 13.56 + 0.40 g and

0.46 = 0.03, respectively.

Seven immature adult females (average body weight of 22.44 + 0.80 g (mean = SEM);

average GSI of 0.98 + 0.08%) (mean £ SEM) were also promptly used in both experiments

upon procurement. However, due to the success or failure of the tissue fragment preparation,

the final number of samples used in the experiments may differ from the numbers described in

this section.

3.2.3. Preparation of the incubation culture medium 199

The culture medium 199 was used for ex-vivo incubation in the hepatopancreas. 1 x medium

199 containing Earle's Salts (Thermo Fisher Scientific, Waltham, MA, USA) was modified to

be used without a CO: incubator. 1% antibiotic-antimycotic (Thermo Fisher Scientific,

Waltham, MA, USA), 50 pg/mLbovine serum albumin (BSA, Thermo Fisher Scientific), and

350 mg/L NaHCO3 (Sigma-Aldrich Japan, Tokyo, Japan) were added to the medium, and the

solution was buffered to pH 7.4 with 25 mM HEPES (Dojindo Laboratories, Kumamoto,
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Japan). The osmolarity of the medium was adjusted to 800 - 830 mOsm with the addition of 4

M NacCl.

3.2.4. Incubation of hepatopancreatic explants

The hepatopancreas of female prawns was carefully dissected and rinsed in the cold Medium

199 (Fig. 3.1). The hepatopancreas was cut from the middle, trimmed using scissors then small

fragments (8~10 pieces) from the middle part of tissue, approximately 50 mg in

weight/fragment, were placed in 24-well culture plates filled with 1.5 mL medium containing

0 (control), 0.1, and 1.0 M Maj-ILP1. The fragments were incubated for 6 hours at 20°C in

constant darkness while gently agitated (30 rpm). After 6 hours of hormone treatment, all tissue

fragments were stored in 400 uL. RN Alater solution (Thermo Fisher Scientific, Waltham, MA,

USA) at -20°C in preparation for RNA extraction and subsequent quantitative real-time PCR

(qQRT-PCR).

3.2.5. Ex-vivo ovarian assay

For the ovarian tissue fragment incubation, the previously established protocol was followed

(Tsutsui et al. 2005a; Tsutsui et al. 2013a; Tsutsui et al. 2020). Specifically, 100 mL of

incubation solution with the following components were prepared: 336.8 mM NaCl, 10.7 mM

KCl, 19.3 mM MgS0s4, 16.9 mM MgCl,, 8 mM CaCl2, 1 mM NaH;POs4, 5.4 mM NaHCO3

(Sigma-Aldrich Japan), 0.4 mM taurine (Thermo Fisher Scientific), 2 mM glutamine (Thermo

Fisher Scientific), 1.7 mM glucose, 0.01% GlutaMAX supplement (Thermo Fisher Scientific)
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2 mL of MEM amino acid solution (Thermo Fisher Scientific), 1 mL of MEM nonessential

amino acids solution (Thermo Fisher Scientific), 1 mL of MEM vitamin solution, 1 mL of

antibiotic-antimycotic (Thermo Fisher Scientific), and 100 pL of chemically defined lipid

concentrate (Thermo Fisher Scientific). The medium was adjusted to pH 7.8 with 10 mM Hepes

and osmolarity to 874 mOsm using 4 M NaCL. The abdominal part of the ovary was divided

into right and left tubes (Fig. 3.2). One tube was placed in a 48-well plate containing 250 pL

of the medium (control), while the other tube was placed in a well with the same amount of

medium containing either 0.1 or I M Maj-ILP1 (treatment). If there was room on the length of

the abdominal ovaries, an additional pair of ovarian fragments was similarly prepared.

Neighboring fragments of the ovary were kept for subsequent histological analysis to determine

the vitellogenic stage. The ovarian fragments were then incubated for 20 hours at 20°C in

darkness with gentle agitation (50 rpm). After the incubation, all fragments were stored in 400

pL RNA later and kept at —20°C until use in total RNA extraction for the quantification of the

expression levels of Vg mRNA.

3.2.6. Total RNA isolation and qRT-PCR

Total RNA was extracted from the incubated hepatopancreas and ovarian fragments using

the NucleoSpin RNA kit (Macherey—Nagel GmbH & Co. KG, Diiren, Germany) according to

the manufacturer's instructions. The RNA samples were diluted to a concentration of nearly 20

ng/uL and were afterward used to quantify the expression levels of Maj-Vgl and Maj-Vg2
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using the Luna Universal Probe One-Step RT-qPCR Kit (New England BioLabs, MA, USA)
according to the manufacturer's instructions. The arginine kinase gene (Maj-AK) was utilized
as an internal control. The sequences of the primers and TagMan probes used for Maj-Vgl, and
Maj-AK were the same as in previous report (Tsutsui et al. 2018), and those for Maj-Vg2 were
also included in (Chapter 2). All sequences of these three genes were collected in a single table
in this chapter (Table 3.1).

The quantitative real-time PCR (qRT-PCR) was carried out using an ABI 7300 real-time
system (Thermo Fisher Scientific). The procedure included a reverse transcription step at 55°C
for 10 minutes, an initial denaturation step at 95°C for 1 minute, and 40 cycles of denaturation
at 95°C for 10 s and extension at 60°C for 1 minute. Relative gene expression levels of Maj-
Vgl and Maj-Vg2 were calculated by the 2 **“‘method using Maj-AK expression as a reference
(Livak and Schmittgen 2001).

3.2.7. Statistical analysis

The expression levels of the two Vg genes in both the ovary and hepatopancreas were
evaluated using the Wilcoxon matched-pair signed-rank test. The data of Vg gene expression
was presented as the mean =+ standard error of the mean (SEM).

3.3. Results
3.3.1. Effects of ILP1 on the expression levels of Vg genes in the hepatopancreas

The expression levels of Maj-Vgl and Maj-Vg2 genes were significantly increased in
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hepatopancreatic fragments from adolescent prawns following treatment with chemically

synthesized Maj-ILP1, as shown in (Fig. 3.3). Treatment with 1 pM Maj-ILP1 significantly

increased Maj-Vgl expression, the average relative value was approximately 1.3-fold to control

(Fig. 3.3B), while treatment with 0.1 pM did not exhibit a significant change. In addition,

treatment with both 0.1 and 1 pM significantly increased Maj-Vg2 expression levels,

approximately 1.2- and 1.3-fold change increase respectively, as compared to the control based

on the average relative value (Fig. 3.3C and D). However, no significant change in Vg

expression were observed in the hepatopancreas of immature adult prawns treated with Maj-

ILPI (Fig. 3.4).

3.3.2. Effects of ILP1 on vitellogenin expression in the ovary

The results observed in the ovary indicate that the lower dose of treatment (0.1 uM)

significantly upregulated the expression levels of Maj-Vgl in both adolescent and immature

adult prawns (Fig. 3.5A and C). Comparisons of the average relative values revealed a

substantial upregulation in gene expression, with approximately 1.5-fold and 2.2-fold higher

Maj-Vgl gene expression observed in adolescent and immature adult prawns, respectively.

Nevertheless, no statistically significant difference was observed in the expression levels of

Maj-Vgl in both adolescent and immature adult prawns when treated with 1 uM ILP1

compared to the control group (Fig. 3.5B and D).

3.4. Discussion
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The result of this chapter suggest that Maj-ILP1 is likely involved in regulating

vitellogenesis in M. japonicus, particularly during puberty. This is the first report of a

hormonal factor potentially involved in the regulation of Vg gene expression in the

hepatopancreas. Similar studies in other invertebrates have also shown a positive correlation

between ILP and vitellogenesis. For instance, in the cuttlefish S. japonica, RNA interference-

mediated silencing of ILP reduced the expression levels of four ovarian-development-related

genes, including two Vg genes, indicating the involvement of ILP in the regulation of

vitellogenesis (Lii et al. 2022). Similarly, in the desert locust Scistocerca gregaria, silencing

of the insulin-related peptide gene decreased the size of oocytes (Badisco et al. 2011).

Considering these findings, it appears plausible to explore the development of a new

vitellogenesis-promoting technique of female broodstock of M. japonicus in captivity.

These results demonstrate that Maj-ILP1 has a stimulatory effect on Vg expression mainly

during the adolescent stage. This provides valuable insights into the endocrine regulation of

puberty in M. japonicus. Since the expression of Maj-ILP1 remains constant in the adult stage

(Tsutsui et al. 2022), it is plausible that it is acting as an inter-peripheral signaling molecule

in a paracrine-like manner during puberty, thereby regulating Vg expression in the

hepatopancreas. However, no clear dose-response of Maj-ILP1 on Vg expression was

observed in this study, which is in line with previous reports that observing a stimulatory effect

of Vg expression in vitro may be challenging (Tiu and Chan 2007; Tsutsui et al. 2020).
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Furthermore, in M. ensis, the administration of the peptide MeMIH-B exhibited a notable and

significant stimulatory effect on the expression of Vg gene in an in vivo assay (Tiu and Chan

2007). However, when the same peptide subjected to in vitro assay, it did not demonstrate a

clear-dose response relationship. In addition, both in vitro and in vivo investigation on F.

merguiensis reported that the recombinant glass bottom boat protein which is belonging to the

TGF- B superfamily showed only in vivo stimulatory effect on Vg gene expression

(Sathapondecha and Chotigeat 2019). These results suggest that in vivo assay may be more

suitable than in vitro or ex-vivo assays for clearly observation of stimulatory effects of

hormone-like substances and dose-response relationship. Furthermore, measuring the levels

of newly transcribed mRNA may be feasible to sensitively detect the stimulatory effect on Vg

gene expression (Zmora et al. 2009). It may be useful to improve the ex-vivo culture system

and set a more appropriate incubation period of the hepatopancreas based on the half-life of

Vg mRNA. Further investigation is warranted to fully elucidate the precise function of this

peptide as well as other potential vitellogenesis-regulated hormones in the physiology of

reproduction by combining both ex-vivo and in vivo assays. In the following chapter (Chapter

4), the potential role of both MF and 17-estradiol will be examined and discussed by using

the newly-established ex-vivo hepatopancreatic assay in M. japonicus.

Maj-IAG was reported previously to suppress the ovarian Maj-Vgl expression in vitro

(Katayama et al. 2014). This study also revealed that the female-specific Maj-ILP1 upregulates
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the expression of Vg genes in both the ovary and hepatopancreas. Taken together, these results

indicate the possibility of the existence of sex-specific ILPs with essential functions in

regulating male-sex differentiation and female ovarian development in this species. In

vertebrates, sex steroids are sex-specific hormones, whereas, in crustaceans, the corresponding

factors have not been clarified. It may be very interesting to confirm and further investigate the

role of ILPs from this perspective. Moreover, elucidating the potential role of some non-peptide

hormones such as MF and vertebrate-type sex steroid 17- 8 estradiol, in the regulation of

vitellogenesis and reproduction in M. japonicus represents an important topic for further

exploration. Furthermore, the construction of hepatopancreas culture system likely provides

the foundation for further research to explore the potential effect of other peptide and non-

peptide hormones on the regulation of vitellogenesis in M. japonicus.

Therefore, in the next chapter 4, I will address the potential effect of some non-peptide

hormones on Vg mRNA expression in the hepatopancreas to expand the knowledge of the

endocrine regulation of vitellogenesis.
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Table 3.1 Sequences for primers and probes of Maj-Vgl, Maj-Vg2 and Maj-AK

Primer (qPCR)! Sequence

Maj-Vgl gF GTGGACTCCAGAAGAACATCTTGTAG
Maj-Vgl qR ACGCAATCATGAGAGGCATCT

Maj-Vgl gPr AAGGTGGGTGCTAAGGCTCCAGTGCT
Maj-Vg2 gF TGGTTACAAGGCTACACACGA

Maj-Vg2 qR TGACCAGCTGTGTACTGAAGT

Maj-Vg2 qPr ACCATCCAGTTCTTCCCAAAGCCATGCAG
Maj-Ak qF CCATCATCGAGGACTACCATGTT

Maj-Ak gqR AAGGAGCTGACATCACCGAAGT

Maj-Ak qpr

TTCAAGCAGACTGACAAGCACCCCAAC
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HP Fragmentation Incubation

Fig. 3.1. Incubation of hepatopancreas explants. For culture experiments, the peripheral parts
of the hepatopancreas were meticulously trimmed and the core portion was fragmented into

smaller fragments then incubated in the medium.

D D === Control/experimental
(Medium only Vs. medium with 0.1pM ILP1)

D =) Control/experimental
(Medium only Vs. medium with1 pM ILP1)

OV lobes Incubation

Fig. 3.2. Incubation of ovarian explants. The lines demarcate the specific fragment of the

abdominal portion chosen for incubation experiment.
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Fig. 3.3. Effect of synthetic Maj-ILP1 on mRNA expression levels of Maj-Vgl (A & B) and

Maj-Vg2 (C & D) in the hepatopancreas of adolescent prawns. The data are represented as

before-after (control-treatment) dot plot (n = 10 prawns for A and C: n = 16 prawns for B and

D), and the difference between control and hormone-treated samples are tested for significance

using the Wilcoxon signed rank test (**, P <0.01; *, P <0.05).The gene expression level for

the control group was artbitrarily set at 100. The gene expression level for the treated group

was calculated, and the mean value was presented as mean = standard deviation (in parenthesis)

in each graph.
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Fig. 3.4. Effect of synthetic Maj-ILP1 on mRNA expression levels of Maj-Vgl (E& F) and

Maj-Vg2 (G & H) in the hepatopancreas of immature adult prawns. The data are represented

as before-after (control-treatment) dot plot (n = 7 prawns), and the difference between control

and hormone-treated samples are tested for significance using the Wilcoxon signed rank test.

The gene expression level for the control group was artbitrarily set at 100. The gene expression

level for the treated group was calculated, and the mean value was presented as mean *

standard deviation (in parenthesis) in each graph.
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Fig. 3.5. Effect of synthetic Maj-ILP1 on Maj-Vgl mRNA levels in the ovary. Results of assays

using adolescent prawns (A & B) and immature adult prawns (C & D) are shown. The data are

represented as before-after (control-treatment) dot plot (n = 10 prawns for A: n = 17 prawns

for B: n="7 prawns for C and D). The differences between control and hormone-treated samples

are tested for significance by the Wilcoxon test (*, P <0.05). The gene expression level for the

control group was artbitrarily set at 100. The gene expression level for the treated group was

calculated, and the mean value was presented as mean * standard deviation (in parenthesis).
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Chapter 4. Impact of some non-peptide hormones on vitellogenesis in intact and

eyestalk ablated prawns

4.1. Background

Endocrine regulation of reproduction in crustaceans is complex that involves the eyestalk

peptides VIH synthesized by XOSG of eyestalk and GSH/VSH synthesized by the brain and

thoracic ganglia (Pamuru 2019). Thus, the central nervous system is likely a bipartite in

decapod crustaceans producing inhibitory hormones in the optic ganglia and gonad-stimulating

hormones in the brain and thoracic ganglia. Crustacean hyperglycemic hormones and molt-

inhibiting hormones have positively influenced Vg synthesis in different decapod species,

including lobsters, penaeids, and crabs (Subramoniam 2017; Jayasankar et al. 2020).

In addition to these neuropeptides, several non-peptide hormones can stimulate gonads.

Methyl farnesoate (MF) is sesquiterpenoid hormone that stimulates ovarian development, and

it is produced by the mandibular organ. This gland demonstrates biosynthesis of MF during

vitellogenesis, whereas its activity diminishes during non-reproductive periods (Laufer et al.

1986). MF is considered as the homolog of insect juvenile hormone, JH III, which involve in

the reproduction in some insects (Borst et al. 1987). Therefore, MF has been thought to be

involved in the regulation of maturation in crustaceans (Reddy et al. 2004; Nagaraju 2011). MF

synthesis is under the control of mandibular organ inhibiting hormone (MOIH) secreted from

XOSG complex in the eyestalk (Borst et al. 2001). MF plays a stimulatory role in regulating
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reproduction in both male and female crustaceans (Nagaraju 2007; Nagaraju 2011). MF can

induce reproduction either by directly stimulating Vg synthesis in the ovary and/or

hepatopancreas or by inducing the secretion of ecdysteroids from Y-organs, or through a

combination of both mechanisms (Wang and LeBlanc 2009; Reddy and Reddy 2015; Buchi et

al. 2016). The levels of MF fluctuate in the haemolymph in response to the ovarian

developmental stage indicating its involvement in ovarian in ovarian development (Borst et al.

1987). This correlation has been observed in crayfish (Laufer et al. 1998) and crabs (Medesani

et al. 2015). Administration of MF has been shown to stimulate vitellogenesis in certain

crustaceans such as L. vannamei (Tsukimura and Kamemoto 1991), P. indicus (Saikrithi et al.

2019), Libinia emarginata (Borst et al. 1987), Macrobrachium malcolmsoni (Nagaraju et al.

2003), N. granulata (Medesani et al. 2015), Oziotelphusa. senex senex (Reddy et al. 2004), and

P. clarkii (Rodriguez et al. 2002). MF was found to upregulated the expression levels of Vg in

the in vitro hepatopancreas explants culture of O. senex senex (Buchi et al. 2016). Only 10 uM

MF significantly increased Vg levels in the hepatopancreas of the red crab Charybdis feriatus

in vitro (Mak et al. 2005b). Furthermore, ESA increased the levels of MF and promoted

maturation in the spider crab L. emarginata (Laufer et al. 1897). However, contrary to these

findings, no significant increase in the expression levels of Vg was observed in the

hepatopancreas explant cultures of the American lobster H. americanus (Tiu et al. 2010). In

addition, Tiu et al. (2006a) reported no significant increase in the expression levels of Vg in
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both the ovarian and hepatopancreas explant cultures of M. ensis. However, it is worth nothing

that the farnesoic acid, the precursor of MF, exhibited the ability to stimulate the expression

levels of Vg in the hepatopancreatic and ovarian explants in M. ensis (Tiu et al. 2006a). These

contradictory results suggesting either the stimulatory effect or no effect of MF on decapod

crustacean reproduction are summarized in (Table 4.1).

The vertebrate-type steroids, such as 17p-estradiol (E2) and progesterone, from the ovary or

hepatopancreas can also stimulate gonads in decapod crustaceans (Subramoniam 2000;

Subramoniam 2011). It was reported previously that their levels in hemolymph, ovary, and

hepatopancreas fluctuate during the gonadal maturation, suggesting their role in the control of

reproduction in crustaceans (Subramoniam 2011). The presence of vertebrate-type steroid

hormones such as 17B-estradiol, progesterone, pregnenolone and testosterone has been

identified in various crustaceans (Subramoniam 2011). The level of this hormone fluctuate in

the hemolymph, hepatopancreas, and ovaries in relation to the reproductive stage, suggesting

a functional role in regulating reproduction similar to that in vertebrates (Subramoniam 2000) .

However, the results of both in vivo and in vitro assays administering these hormones have

been contradictory. For example, treatment with 17f-estradiol did not stimulate ovarian

development in tiger prawns Penaeus esculentus (Koskela et al. 1992), L. vannamei

(Tsukimura and Kamemoto 1991), S. ingentis (Bender 1996). On the other hand, steroid

administration stimulated vitellogenesis and ovarian maturation in P. monodon (Merlin et al.
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2015), M. japonicus (Summavielle et al. 2003), and the female swimming crab P

trituberculatus (Summavielle et al. 2003). This discrepancy may be attributed to ovarian stages

or dose-dependent effects (Jayasankar et al. 2020). All these contradictory results are

summarized in (Table 4.2). It has been previously reported that ESA increases the level of these

sex hormones in the hemolymph of P. monodon (Merlin et al. 2015).

Thus, the aim of this chapter is to determine the impact of both MF and 17f-estradiol on Vg

expression levels in the hepatopancreas of intact and ESA M. japonicus using in vitro

hepatopancreas culture system.
4.2. Materials and Methods

4.2.1. In vitro incubation of hepatopancreas fragments of intact prawns

Immature adult female M. japonicus (weighting from 20 to 22.8 g; average: 21 £0.89 g; n

=3) were purchased from local prawn farms in Okinawa Prefecture, Japan, in June 2022. These

prawns were transported to the Mie University and acclimatized for approximately one week

in a large tank containing filtered seawater at 20°C. Prawns were fed a commercial diet

(Vitalprawn, Higashimaru Co., Kagoshima, Japan). After acclimatization, prawns were

dissected and their hepatopancreas was used for ex-vivo assay using medium 199, following

the same protocol as described in (chapter 3). Briefly, the hepatopancreas was washed in the

medium and cut into nearly 50 mg fragments, which were placed in 24-well culture plates

containing medium (control), or medium with either MF (2 nM, 20 and 200 nM) or 17B-
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estradiol (0.1, 1 and 10 pM). After incubation for 6 hours, all fragments were preserved in

RNAlater solution (Thermo Fisher Scientific) and stored at —20° until use in RNA extraction.

4.2.2. In vitro incubation of hepatopancreas fragments of ESA prawns

Immature adult female prawns (weighing from 21 to 30 g; average: 25.4 £ 0.88 ; n =7) were

obtained from Kumamoto Prefecture, Japan, in August to be used for this experiment. After 5

days acclimatization, the prawns underwent bilateral ESA and were kept individually in cages

inside the main tank. The prawns were then dissected (on day 8) and hepatopancreas was

trimmed then cut into small fragments (8 ~ 10 fragments/each 50 mg) and used for incubation

with either MF (0.1, 1 and 10) or 17B-estradiol (0.1, 1 and 10 uM). After 6 hours incubation,

the hepatopancreas fragments were stored in 400 uL RNAlater solution at —20°C for RNA

extraction.

4.2.3. Total RNA extraction and qRT-PCR

Total RNA was extracted from the incubated tissue fragments using the NucleoSpin RNA

kit (Macherey—Nagel GmbH & Co. KG, Diiren, Germany). The total RNA samples were

diluted to a concentration of nearly 20 ng/pl and were used to quantify the expression levels of

Maj-Vgl and Maj-Vg2 using the Luna Universal Probe One-Step RT-qPCR Kit (New England

BioLabs, MA, USA). The arginine kinase gene (Maj-AK) was used as an internal control. The

primers and TagMan probe sequences for Maj-Vgl, Maj-Vg2, and Maj-AK were previously

reported (see chapter 3). Relative gene expression levels of Maj-Vgl and Maj-Vg2 were
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calculated by the 2 “AACt

method using the expression levels of Maj-AK as a reference gene.
4.2.4. Statistical analysis
The expression levels of the two Vg genes in the hepatopancreas were assessed using the
Kruskal Wallis test. The gene expression levels were presented as the mean = SEM.
4.3. Results
4.3.1. Effects of MF on the expression levels of Vg genes in the hepatopancreas of prawns
The analysis of the expression levels of both Maj-Vgl and Maj-Vg2 in the hepatopancreas
of intact (Fig. 4.1A and B) and ESA prawns (Fig. 4.1C and D) revealed that treatment with MF
did not elicit any significant alternation (p > 0.05). While there was a trend towards increased
expression levels of Maj-Vg2 (Fig. 4.1B) in the treated intact prawns relative to the control
group, this difference was not statistically significant.

4.3.2. Effects of 17p-estradiol on the expression levels of Vg genes in the hepatopancreas

of prawns

Similarly, to the results of MF, treatment with 17B-estradiol did not show significant change

in the expression levels of Vg genes in the hepatopancreas of intact prawns (4.2A and B) as

well as ESA prawns (4.2C and D) (P > 0.05).

4.4. Discussion

This is the first report on the effect of two non-peptide hormones (MF and E2) on the
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synthesis of Vg by the hepatopancreas of M. japonicus. The results of the current chapter

suggest that MF may not play a direct role in the regulation of vitellogenesis in M. japonicus.

These findings are consistent with previous reports on other crustacean species such as M. ensis

(Tiu et al. 2006a), M. rosenbergii (Wilder et al. 1994), and H. americanus (Tiu et al. 2010).

Furthermore, MF has been reported to stimulate synthesis of protein in the ovary of Cherax

quadricarinatus, but not the vitellogenin of the hepatopancreas (Medesani et al. 2012). Since

the in vivo stimulatory role of MF in the development of reproduction has been reported

previously in various decapods, but its stimulatory effect is absent in some species (Table 4.1).

It is likely that MF works indirectly, meaning it stimulates other hormones (Gonad-stimulating

hormone), that thereby stimulate ovarian function (Fingerman 1997; Medesani et al. 2015).

Overall, the conflicting results observed in these earlier studies (Jayasankar et al. 2020) may

be attributed to various factors that include species-specific differences, the mode of action of

MF in crustacea (direct or indirect through other hormones/substances), the pre-capture habitat

of these species, variations in ovarian stages and the utilization of different biomarkers (GSI,

hemolymph Vg levels or Vg expression levels) (Fingerman 1997; Tsukimura 2001; Paran et al.

2010). Additionally, the differences in study methodologies (in vivo and in vitro approaches)

may also contribute to the observed disparities (Table 4.1).

The results of in vitro assay using 17B-estradiol indicate that it is likely does not have a

significant stimulatory role during early stages of vitellogenesis in M. japonicus and its role
82



may be restricted to advanced or late developmental stages. Administration 173-estradiol at the
end of the pre-reproductive period resulted in an increase in GSI and diameter of oocytes in P,
clarkii (Rodriguez et al. 2002). It is also possible that stimulating vitellogenesis depends on the
utilized dosage (Jayasankar et al. 2020). The current results are in line with the previous study
on P esculentus (Koskela et al. 1992), where there was no significant effect on growth or
ovarian development in vivo in this tiger prawns. In addition, 17B-estradiol (1 pM to 100 nM)
didn’t enhance the increase of L. vannamei oocytes in vitro (Tsukimura and Kamemoto 1991),
but the high concentrations of 17B-estradiol (107 to 10 M) stimulated the synthesis of yolk
protein in the same species (Quackenbush 1992). The injection of 17f-estradiol into non
reproductive S. ingentis resulted in no significant change in the Vg levels in the hemolymph
(Bender 1996). These disparities may be related to the specific stage of ovarian development
in these species and dosage of 17B-estradiol administered (Jayasankar et al. 2020). Overall, the
role of the steroid hormone 17B-estradiol in crustaceans is still unclear and need more research

to better understand the mechanisms of sex manipulation and vitellogenesis in this species.
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Table 4.1 Effect of MF on decapod crustacean reproduction

Species Assay Response References
(Tsukimura and
L. vannamei In vitro Stimulation of reproduction
Kamemoto 1991)
Enhancement of reproductive  (Laufer 1992; Alnawafleh
In vivo
efficiency etal. 2014)
M. ensis In vitro No effect (Tiu et al. 2006a)
M. rosenbergii In vivo No effect (Wilder et al. 1994)
P. indicus In vitro Stimulation of reproduction (Saikrithi et al. 2019)
M. japonicus In vitro No effect This study
Sicyonia ingentis  In vivo Stimulation of reproduction (Paran et al. 2010)
(Laufer et al. 1998;
P. clarkii In vivo Stimulation of reproduction
Rodriguez et al. 2002)
M. malcolmsoni In vivo Stimulation of reproduction (Nagaraju et al. 2003)
H. americanus In vitro No effect (Tiu et al. 2010)
N. granulata In vivo Stimulation of reproduction (Medesani et al. 2015)
High concentrations
C. feriatus In vitro (Mak et al. 2005b)
stimulated vitellogenesis
L. emargiata In vivo Stimulation of reproduction (Borst et al. 1987)
O. senex senex In vivo Stimulation of reproduction (Reddy et al. 2004)
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Table 4.2 Effect of 17p-estradiol on decapod crustacean reproduction

Species Assay Response References
) i (Tsukimura and
L. vannamei In vitro No effect
Kamemoto 1991)
i Stimulation of yolk protein
In vitro . . (Quackenbush 1992)
synthesis (High Conc.)
S. ingentis In vivo No effect (Bender 1996)
i Stimulation of Vg synthesis )
P. monodon In vitro (Merlin et al. 2015)
(yellow ovary)
. . . . ) . . (Summavielle et al.
M. japonicus In vitro Stimulation of vitellogenesis
2003)
_ i Promotion of ovarian
P. trituberculatus  Invivo (Lu et al. 2018)
development
P. esculentus In vivo No effect (Koskela et al. 1992)
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Fig. 4.1. Eftect of methyl farnesoate (MF) on the expression levels of Maj-Vgl and Maj-Vg2

in the hepatopancreas of intact prawns and ESA prawns. Results of assay using intact prawns

(A and B) and ESA prawns (C and D) are shown. The data are represented as mean + SEM

(n = 3 individuals for intact prawns and » = 7 individuals for ESA prawns). The differences

between control and hormone-treated samples were tested for significance using Kruskal-

Wallis test (p > 0.05).
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Fig. 4.2. Effect of 17B-estradiol on the expression levels of Maj-Vgl and Maj-Vg2 in the

hepatopancreas of intact prawns and ESA prawns. Results of assay using intact prawns (A and

B) and ESA prawns (C and D) are shown. The data are represented as mean + SEM (n = 3

individuals for intact prawns and » = 7 individuals for ESA prawns). The differences between

control and hormone-treated samples were tested for significance using Kruskal-Wallis test

(p > 0.05).
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General Discussion and Conclusion

Crustaceans hold paramount economic value as a vital food and protein source. With the

world's population surging, meeting the growing demand for shrimp/prawn production has

become imperative. However, achieving this goal while maintaining cost-effectiveness,

efficiency, and profitability requires addressing the challenges in shrimp aquaculture. One of

the significant obstacles lies in successfully producing larvae from long-term-reared

broodstocks under domestic conditions, largely due to a limited understanding of the endocrine

regulation during reproduction. Traditional methods, such as ESA, have been employed to

induce rapid vitellogenesis and ovulation in M. japonicus and other economically important

decapod species. Unfortunately, these methods have drawbacks, including potential mortality

of spawners and negative physiological effects on female broodstock. Therefore, exploring

alternative approaches to promote sustainable shrimp aquaculture, without resorting to ESA,

becomes crucial.

Recent research has investigated the use of double-stranded RNA of VIH for seedling

production of shrimps/prawns (Treerattrakool et al. 2008; Treerattrakool et al. 2011; Feijo et al.

2016; Kang et al. 2019; Duangprom et al. 2022). However, the effectiveness of VIH silencing

in enhancing ovarian maturation has proven less efficient compared to the traditional ESA

technique. To overcome this limitation, a comprehensive understanding of the vitellogenesis

process, with a specific focus on multiple Vgs in penaeid species, is necessary. By focusing on
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multiple Vg genes as molecular markers of Vg synthesis, we can gain valuable insights into the

potential roles of certain hormones in vitellogenesis.

In this study, a novel Vg molecular species was identified Maj-Vg2 in the hepatopancreas

of M. japonicus through transcriptomic analysis and cDNA cloning. The presence of both Maj-

Vgl and -Vg2, exhibiting 54% sequence similarity and a minimal variation of 1% in essential

amino acids, suggests their complementary roles as sources of nutrition during early

development in this species. Furthermore, the investigation of tissue-specific expression

showed that Maj-Vg2 was predominantly expressed in the hepatopancreas, while Maj-Vgl was

expressed in both the hepatopancreas and ovary, emphasizing the critical role of the

hepatopancreas as an extraovarian site in Vg synthesis. Nevertheless, the exact biological

functions of the multiple Vg molecular species produced by different tissues remain elusive,

warranting further investigation in the hepatopancreas of M. japonicus to better comprehend

vitellogenesis.

To understand the involvement of various hormones in the decapod reproductive process,

other than VIH, opens avenues for further research (Guan et al.2014; Zeng et al. 2016; Chen et

al. 2018). Investigating the functions of such hormones will contribute to a comprehensive

understanding of the regulatory mechanisms governing vitellogenesis in penaeid species,

which will prove beneficial in promoting healthy seedling production. Thereby, an ex-vivo

assay specific to the hepatopancreas of M. japonicus was developed in the current study to
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explore the hormonal effects of some peptide (Maj-ILP1) and non-peptide (MF and E2)

hormones on the expression levels of Vg genes. Our findings suggest that Maj-ILP1 likely plays

a role in regulating vitellogenesis, particularly during puberty, and may function as an inter-

peripheral signaling molecule, acting in a paracrine-like manner to regulate Vg gene expression

in the hepatopancreas. This finding holds great promise in advancing sustainable shrimp

aquaculture and seedling production practices, contributing significantly to global food

security and economic growth. By administering Maj-ILP1, it may be possible to induce

vitellogenesis in female broodstock and facilitating spawning. Furthermore, by using ILP1,

fisheries can move towards more humane, ethical, and sustainable approaches in stimulating

vitellogenesis without resorting to the invasive harmful ESA technique. In addition, the

administration of ILP1 may lead to better larval quality, higher survival rate and increased

hatchery efficiency. The exploration of the role of ILP1 in inducing vitellogenesis in M.

Jjaponicus can provide insights into aquaculture approaches for various decapod crustaceans.

However, it 1s essential to acknowledge that the current study focused on investigating the role

of Maj-ILP1 using an ex-vivo assay. While the findings provide valuable insights into the

potential stimulatory effect of ILP1 on vitellogenesis, further research utilizing in vivo assay is

warranted to precisely understand the physiological. Employing in vivo assays will allow for a

more comprehensive examination of the direct and indirect effects of Maj-ILP1 on

vitellogenesis in M. japonicus, providing a deeper understanding of its role in the reproductive
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process.

On the other hand, it is plausible to infer that neither MF nor E2 exerted a direct role in

regulating vitellogenesis in M. japonicus. Notably, no discernible effect on the expression

levels of Vg genes was observed in the hepatopancreas of prawns, encompassing both intact

prawns and those subjected to ESA, following the respective treatments.

Overall, this study has unveiled the presence of an additional hepatopancreas-specific Maj-

Vg2 involved in vitellogenesis of M. japonicus and highlighted the pivotal role of the

hepatopancreas as an extraovarian site for Vg synthesis. Moreover, we provided evidence of

potential hormonal regulation of Vg expression in both the hepatopancreas and ovary. However,

to achieve a comprehensive understanding of vitellogenesis in decapod crustaceans, further

exploration of the hormonal regulation in M. japonicus is essential (Fig. 5).
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Vitellogenesis

Fig. 5. Schematic view of the hormonal regulation of Vg expression levels in M. japonicus.

The inhibitory effect of VIH is denoted by a blunt-ended arrow, whereas the stimulatory

influence of neuroparasin-like peptide (NPLP) and ILP1 are indicated by a (+) symbol. The

absence of an effect from MF and E2 is represented by a stable icon. The influence of VIH and

NPLP on Vg gene expression in the hepatopancreas is represented by an arrow with a question

mark, signifying that this influence has yet to be determined.
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