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ARTICLE INFO ABSTRACT

Editor: Dr. Michael Hedrick In crustaceans, vitellogenin (Vg) synthesis is regulated by complex hormonal and molecular networks. This study
investigates the role of the ecdysone receptor (PmEcR) in regulating Vg expression and identifies downstream
effectors in Penaeus monodon. Silencing of PmEcR using RNA interference resulted in a two-fold increase in Vg
expression and a significant rise in the gonadosomatic index (GSI), suggesting PmEcR acts as a suppressor of
vitellogenesis. Through a suppression subtractive hybridization (SSH) technique, an uncharacterized LOC
113805388 gene, was identified as being downregulated upon PmEcR silencing. Functional and structural
characterization revealed this transcript as an ovarian-specific protein with a p-propeller structure (Kelch-like
domain-containing protein; PmKel), suggesting that it belongs to a Kelch-like protein family generally involved
in protein-protein interactions in cellular regulation. LC-MS/MS analysis of the ovarian proteome confirmed the
presence of the PmKel protein, verifying its expression in the ovary. PmKel expression displayed an inverse
pattern to that of Vg during ovarian development, and its knockdown was associated with increased Vg transcript
levels, suggesting a possible role in the regulation of Vg gene expression. In addition, a recombinant PmKel
protein was produced and used as a bait to identify its partners in ovarian nuclear extract by affinity purification
mass spectrometry (AP-MS). The isolated set of interacting proteins highlighted functional enrichment in mRNA
and protein metabolic processes involved in developmental pathways. Also, these proteins could interact with a
Kelch-like domain predicted on PmKel 3D protein structure by protein network analysis and protein-protein
docking. These findings suggest that PmKel is a novel ovarian specific Kelch-containing protein that plays a
key role in the vitellogenesis regulatory network via the EcR pathway. Collectively, these results add to the
current knowledge of shrimp reproduction and may suggest future direction for improving reproductive per-
formance in aquaculture.
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1. Introduction

Shrimp reproduction is vital for the success and sustainability of
aquaculture, as it directly influences productivity. Efficient reproduction
ensures healthy broodstock and high yields, which are critical for
meeting global demand. In crustaceans, ovarian development is regu-
lated by complex physiological processes, including nutritional accu-
mulation, body development, and hormonal control. Notably, endocrine
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regulation plays a key role in timely vitellogenesis, which is divided into
synthesis and accumulation of vitellogenin (Vg), a yolk protein precur-
sor essential for oocyte maturation (Tsukimura, 2001). Understanding
the hormonal mechanisms behind these processes can provide strategies
to optimize reproductive performance and thus, enhance the efficiency
of shrimp farming.

The X-organ/sinus gland (XO/SG) neurosecretory system plays a
central role in controlling vitellogenesis. The crustacean hyperglycemic
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hormone super-family (CHHs) is a well-known master regulator con-
trolling growth and reproduction in crustaceans (Webster et al., 2012).
A gonad-inhibiting hormone (GIH) is characterized in the CHH class II
subfamily, and plays a distinct role in hindering gonad maturation
(Treerattrakool et al., 2008). Other hormones belonging to CHH class II
include molt-inhibiting hormone (MIH) and mandibular organ-
inhibiting hormone (MOIH) (Zmora et al., 2009; Ding et al., 2023).
The GIH is released into the hemolymph and acts on the hepatopancreas
and ovary to target vitellogenesis. Alongside these peptides, lipophilic
and steroid hormones, methyl farnesoate (MF) and ecdysteroids play
essential roles in modulating vitellogenesis (Subramoniam, 2000;
Nagaraju, 2011). These hormones, which are often under the regulatory
influence of CHH Class II peptides, are recognized as critical stimulants
for reproductive, molting, and developmental processes in crustaceans.
Together, the coordinated actions of these hormonal factors ensure the
precise timing and progression of vitellogenesis, supporting successful
reproduction in crustaceans.

The ecdysone signaling pathway is a critical regulator of molting,
reproduction, and development in arthropods. In this pathway, ecdys-
teroids synthesized in the Y-organs are converted into 20-hydroxyecdy-
sone (20E) and transported via the hemolymph to target tissues, where it
binds to the ecdysone receptor (EcR) and its heterodimeric partner,
ultraspiracle protein (USP) or its homolog retinoid-X receptor (RXR),
forming a transcriptional complex that modulates gene expression
(Costantino et al., 2008). The Vg gene is one of the well-established
targets of EcR, directly linking ecdysone signaling to oocyte matura-
tion and ovarian development. For instance, EcR silencing in a mud crab
Scylla paramamosain suppressed Vg expression in the ovary, demon-
strating a positive regulatory role for EcR in Vg synthesis (Gong et al.,
2015). However, exogenous estrogen stimulation in Portunus tritu-
berculatus increased Vg expression without significantly affecting EcR,
RXR, or estrogen-related receptor (ERR) expression in the ovary or
hepatopancreas, highlighting potential differences in regulatory path-
ways of Vg expression (Lu et al., 2018). Additionally, RXR has been
shown to regulate Vg expression independently of ecdysone signaling
(Gong et al., 2016; Kluebsoongnoen et al., 2021). Hence, crustacean’s
ecdysone signaling pathway requires further investigation to clarify its
contributions in reproductive processes.

In this study, we investigated genes that potentially take part in EcR-
mediated Vg expression in Penaeus monodon (P. monodon) ovaries.
Suppression subtractive hybridization (SSH) following EcR silencing by
RNAI led to the discovery of a novel gene potentially involved in regu-
lating Vg called by us PmKel. Structural and functional characterization
as well as protein interactome analysis of the PmKel protein described in
this study will contribute to a deeper understanding of the molecular
mechanisms underlying vitellogenesis in crustaceans through the
ecdysteroid signaling pathway and offer potential applications for
improving captive reproduction in shrimp aquaculture.

2. Materials and methods
2.1. Shrimp preparation

Female shrimp P. monodon, at vitellogenic stages (~250 g), were
caught from the Gulf of Thailand, Chonburi Province, Thailand. Imma-
ture female shrimp (~50 g), were domesticated shrimp kindly provided
by the Shrimp Genetic Improvement Center, Surat Thani, Thailand. The
information regarding molting and ovarian stages of the experimental
shrimp were described in Table S1. The shrimps were cultured in 30 ppt
seawater at 28 °C during the 2-3 weeks experimental period at the
Center of Applied Shrimp Research and Innovation, Institute of Molec-
ular Biosciences, Mahidol University. All the animal experiments were
done in accordance with the Animal Care and Use Protocol of the
Mahidol University-Institute Animal Care and Use Committee (MU-
IACUQ).
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2.2. In vivo PmEcR silencing

To validate EcR suppression in shrimp ovaries, EcR-dsRNA was
synthesized in Escherichia coli and was injected into mature female
P. monodon at 2.5 pg.g~! shrimp body weight, with NaCl-treated shrimp
serving as a control as described earlier (Kluebsoongnoen et al., 2023).
At day 10 post-injection (dpi), the total RNA was extracted from shrimp
ovaries using TRIzol Reagent (Invitrogen, USA) following the manu-
facturer’s protocol. First-strand cDNA was synthesized from 2 pg of total
RNA using PRT-0ligo-dT16 primers and Improm II™ reverse transcrip-
tase (Promega, USA) under the following conditions: 25 °C for 5 min,
42 °C for 60 min, and 70 °C for 15 min. PCR amplification of EcR and Vg
transcripts was performed in 25 pl reactions containing 1 pl cDNA, 0.2
uM of gene-specific primers, 0.2 mM dNTPs, 1x Taq buffer, and 1.25 U
Taq DNA polymerase (New England BioLabs, USA). The PCR conditions
for EcR and Vg were as follows: 94 °C for 2 min; 35 cycles of 94 °C for 15
s, 55 °C for 15s, 68 °C for 2 min; and a final extension at 72 °C for 3 min.
Actin (internal control) was amplified in a separate reaction using actin-
F and actin-R primers under the following conditions: 94 °C for 2 min;
21 cycles of 94 °C for 30 s, 55 °C for 30 s, 74 °C for 1 min; and a final
extension at 74 °C for 7 min. Amplicons of either EcR (772 bp) or Vg
(380 bp) were electrophoresed on the same 1.2 % agarose gels as actin
(550 bp) and quantified using ImageJ software version 1.54 k
(Schneider et al., 2012). All the used primers were listed in Table 1.

2.3. Suppression subtractive hybridization (SSH) library construction

To investigate differentially expressed genes (DEG) under PmEcR
silencing by SSH, poly A" RNA was isolated from 1 mg of pooled total
RNA of EcR-dsRNA-treated or NaCl-treated shrimp (n = 3 each) using
the Poly A" Spin™ mRNA Isolation Kit (New England Biolabs, USA). A
total of 1.5 ug of poly At RNA from each group was used to construct
forward and reverse SSH libraries with the PCR™ cDNA Subtraction Kit
(Clontech, USA). In the forward library, cDNA from the EcR-knockdown
group served as the tester, while the control group cDNA was the driver
to identify upregulated genes. For the reverse library, the roles of cDNA
from both groups were reversed to detect downregulated genes. The
efficiency of SSH was validated by Actin amplification, and nested PCR
products were analyzed on 1.2 % agarose gels. Differentially amplified
bands were subcloned into the pGEM-T Easy vector (Promega, USA)
then, transformed into E. coli DH5a and screened by EcoRI restriction
digestion. Subtracted library sequences were submitted for automated
DNA sequencing at 1st BASE Laboratories (Malaysia), trimmed using
BioEdit, and annotated by sequence homology searches with BLASTn
and BLASTx (NCBI GenBank). Matches with E-values <1 x 10~/ were
considered significant. The expressions of these observed sequenced
bands, including Thrombospondin II (TSP II), peritrophine I (Per I),
uncharacterized LOC 113805388, Pole hole-like protein, and Nebulin
anchoring protein (NRAP) were quantified using RT-qPCR with EF-1a as
an internal control. The reaction mixture contained SYBR® Green
(KAPABIOSYSTEMS, USA) and 0.2 pmol of gKel-F and gKel-R primers,
with amplification carried out on an ABI® Prism 7500 system. The
thermal profile was 95 °C for 3 min, followed by 40 cycles of 95 °C for 5 s
and 60 °C for 30 s. Relative transcript levels were calculated using the 2°
AACt method (Livak and Schmittgen, 2001).

2.4. PmKel cloning and protein 3D structure prediction

This study focused on a ~ 1 kb fragment of the uncharacterized LOC
113805388 gene obtained from the reverse SSH library. The cloning of
this cDNA was performed by extracting total RNA from shrimp ovaries
using Trizol Reagent (Invitrogen, USA), followed by first-strand cDNA
synthesis as previously described. To clone the full-length cDNA, specific
primers were designed based on the partial sequence of the uncharac-
terized LOC 113805388 gene. For 3' RACE, 0.2 pM each of an internal
forward primer (Unc-F1) and the PRT primer were used to amplify the 3'



J. Kluebsoongnoen et al.

Comparative Biochemistry and Physiology, Part A 308 (2025) 111914

Table 1
Primer used in this study.
Primer Sequences (5'- > 3') Experiment
PRT CCGGAATTCAAGCTTCTAGAGGATCCTTTTTTTTTTTTTTTT
3EcR-F CTTAAGTCCTGTGCCACAAACC
EcR-R TTATTTAGGTGTGACGTCCCATATC
Unc-F GTCTAACTAGCACCAGTGGTG
Unc-R GCTGCTGAAGCTGTAGACATG . .
Vg-F1 CTAAGGCAATTATCACTGCTGCT cDNA synthesis and genes expression
Vg-R1 AAGCTTGGCAATGTATTCCTTTT
Actin-F GACTCGTACGTCGGGCGACGAG
Actin-R AGCAGCGGTGGTCATCACCTGCTC
PM-1 CCGGAATTCAAGCTTCTAGAGGATCC
Unc-R1 GCTGCTGAAGCTGTAGACATG
Unc-R2 GGCATCATCTCCTGTCCTG
Unc-R3 CAAGTAGAACTGCTCTAGTCAT
Unc-F1 GTCTAACTAGCACCAGTGGTG RACE and cloning
Unc-F2 GTTGTAACGGGTGAGACTGG
PmkKel-F ATGAGGGGTGCCATGACAGG
PmKel-R TCACACTGGGACTATTGGC
qKel-F GCACCAGTGGTGAGATTGGAGATG
qKel-R GCCATCCACTGGGTGGCTAG
qVg-F CCATCTGCAGCACCAATCTTCGC
qVg-R GCAACAGCCTTCATTCTGATGCCA
qTSP-F GGCAGCACTGCTTTGGCATGA
qTSP-R ACCCTGGTACAAGTAGAACCTAATGG
qPerl-F GCTTGGTGGCGTGTTGCAG
qPer1-R GGCCTGGACACAAGTTATCAGGG
qPole-F TCCCCCATCAGTATTGAACC aPCR
qPole-R GCCACAGGCAAGAGCTTTGG
gNRAP-F GATCGAGGTGCCCACAGGA
qNRAP-R CGGCAGGATAAACCCCATACCC
qEcR-F GCTGCACGTCGTTATGACGC
qEcR-R GCCTCACGGAGGAATGGTCG
qEFla-F GAACTGCTGACCAAGATCGACAGG
qEF1a-R GAGCATACTGTTGGAAGGTCTCCA
SLKel-F GCTCTAGAGCGGCTGTAATCACTGCT
SLKel-R CGGAATTCCTATTTGTCCTGCTGCAGC Kel-dsRNA construction
STKel-F CGCTCGAGGCGGCTGTAATCACTGCT
STKel-R CGGAATTCGTCTGCACCAGAGCCAAC
KelGH-F CGGAATTCATGAGGGGTGCCATGACAGG rKel protein construction
KelGH-R GCGTCGACTCAGTGGTGGTGGTGGTGGTGCACTGGGACTATTGGC

UTR from 1 pl of the first-strand cDNA, with 1.25 U Taq DNA poly-
merase (New England BioLab, USA). The reaction was subjected to 94 °C
for 2 min, followed by 35 cycles of 94 °C for 15 s, 50 °C for 15 s, and
68 °C for 2 min, with a final extension at 72 °C for 3 min. A nested PCR
was performed using Unc-F2 and PM1 primers to obtain specific
amplification.

For 5 RACE, first-strand cDNA synthesis was performed using Unc-
R1 instead of the PRT primer. The resulting cDNA was polyadenylated
with 200 pM dATP, 1x TdT buffer, and 20 U of TdT (Thermo Fisher
Scientific, USA) in a 30 pl reaction, incubated at 37 °C for 20 min, and
heat-inactivated at 65 °C for 10 min. The first-round PCR was carried out
using 3 pl of dA-tailed cDNA, Unc-R2, and PRT primers under the same
conditions as 3' RACE. A second-round PCR with Unc-R3 and PM1
primers was performed to obtain specific products. Amplified bands
from 3’ and 5' RACE were subcloned and sequenced, and the full open
reading frame (ORF) was identified using the NCBI ORF Finder.

The deduced amino acid sequence of an uncharacterized LOC
113805388 was analyzed using AlphaFold (Jumper et al.,, 2021) to
predict the 3D protein structure. The top-ranking model, based on pre-
dicted Local Distance Difference Test (pLDDT) scores, was selected and
visualized using ChimeraX (Pettersen et al., 2021) to inspect the overall
fold and functional residues. Structural domains were identified by
uploading the PDB file to the Vector Alignment Search Tool (VAST).
Based on the presence of a Kelch-like containing domain at the C-ter-
minus on 3D structure, this protein was renamed to PmKel.

2.5. Transcriptional profile of PmKel

To analyze tissue-specific expression, total RNA extraction and cDNA
synthesis were performed as previously described. Shrimp tissues
including brain, eyestalk, thoracic ganglion, abdominal ganglion, heart,
muscle, gill, hepatopancreas, lymphoid organ, and ovary were collected
from female shrimp at vitellogenic stage. The PmKel transcript was
detected using semi-quantitative RT-PCR in a 25 pl reaction containing
1 pl of first-strand cDNA, 0.2 pM each of Unc-F and Unc-R primers, 0.5
mM dNTPs, 1x Taq buffer, 1.25 U Taq DNA polymerase (New England
BioLabs, USA), and distilled water. PCR conditions were as follows:
94 °C for 2 min; 25 cycles of 94 °C for 155, 55 °C for 15 s, 68 °C for 2 min;
followed by a final extension at 72 °C for 3 min. Actin was amplified as
an internal control using PmActin-F and PmActin-R primers under the
following conditions: 21 cycles of 94 °C for 30 s, 55 °C for 30 s, 74 °C for
1 min, with a final extension at 74 °C for 7 min.

To examine PmKel expression during ovarian maturation, ovaries
were categorized into five stages based on the gonadosomatic index; GSI
(Tan-fermin and Pudadera, 1989). Total RNA extraction and cDNA
synthesis were performed as described above. The expression levels of
PmKel as well as EcR, and Vg were quantified using RT-qPCR with EF-1a
as an internal control as described previously.

2.6. PmKel-dsRNA construction

A 500 bp stem-loop fragment of PmKel-dsRNA, targeting the middle
region of the ORF (+1264 to +1763 bp), was designed and produced
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using a bacterial expression system. The DNA template for the stem-loop
fragment was amplified with primers SLKelF and SLKelR, while the stem
template fragment (420 bp) was amplified with primers STKelF and
STKelR. The stem-loop fragment was cloned into pET17b vector at the
Xbal and Ncol sites, followed by cloning of the stem fragment at the Xhol
and Ncol sites. The recombinant Kel-pET17b plasmid was transformed
into E. coli DH5« for sequence verification and then, re-transformed into
E. coli HT115 for expression. Specific stem-loop dsRNA targeting PmKel
was expressed by inducing with 0.4 mM IPTG in 2xYT medium for 4 h at
37 °C with shaking. The dsRNA was extracted using Trizol Reagent
(Invitrogen, USA), dissolved in 150 mM NacCl, and stored at —30 °C until
use. Concentration and purity of dsRNA were assessed by agarose gel
electrophoresis, and the quality was verified by RNase digestion assay.

2.7. In vivo silencing of PmKel

Vitellogenic female shrimp (~250 g) were divided into three groups:
negative control injected with NaCl, non-specific control injected with
GFP-dsRNA (2.5 pg.g~ ! body weight), and experimental group injected
with PmKel-dsRNA (2.5 pg.g~* body weight). At 10 dpi, the ovaries were
dissected, total RNA was extracted, and the first-strand cDNA was syn-
thesized as described above. Suppression of PmKel and Vg expressions in
ovarian tissues was quantified using RT-qPCR.

2.8. Production of recombinant Kel/GST-6 xHis fusion protein

The DNA fragment encoding the mature peptide of PmKel was
amplified by PCR using the PmKel plasmid as a template. The 25 pl re-
action contained 10 ng plasmid, 0.2 mM dNTPs, 1x Q5 buffer, 1x Q5
GC-rich buffer, 0.5 pM each of KelGH-F and KelGH-R primers, 0.02 U Q5
DNA polymerase (New England BioLabs, USA). PCR conditions were:
94 °C for 2 min, followed by 35 cycles of 94 °C for 15 s, 50 °C for 15 s,
and 72 °C for 2 min, with a final extension at 72 °C for 3 min. The
amplified product was digested with EcoRI and Sall, ligated into the
PGEXA4T-1 vector, and transformed into E. coli DH5a for sequencing
verification (Institute of Biochemistry and Biophysics, Polish Academy
of Sciences, Poland). The confirmed plasmid was re-transformed into
E. coli BL21 Sol cells for protein expression.

To produce a recombinant Kel/GST-6xHis fusion protein (rPmKel/
GST-6xHis), a single colony of E. coli BL21 Sol containing the recom-
binant plasmid (Kel/GST-6xHis) or the control plasmid (GST-6xHis)
was inoculated into 10 ml LB broth supplemented with 100 pg/ml
ampicillin and 34 pg/ml chloramphenicol. Cultures were incubated
overnight at 37 °C and diluted 1:50 in fresh LB containing the same
antibiotics. Cells were grown at 37 °C until ODggg reached 0.6-1.0 then,
induced with 1.0 mM IPTG, and incubated for 3 h. The cells were har-
vested by centrifugation at 6000 rpm for 15 min at 4 °C, and the pellets
were resuspended in lysis buffer (50 mM phosphate buffer pH 8.0, 0.3 M
NaCl, 5 mM MgClz, 10 % glycerol, 1 % Triton X-100, 25 mM imidazole,
5 mM f-mercaptoethanol, 1 mM PMSF, 1 pg/ml DNase, 0.1 mg/ml
lysozyme, 1x protease inhibitor cocktail). The lysate was incubated
overnight at —20 °C, disrupted using a French press, and analyzed on 10
% SDS-PAGE.

For protein purification, the insoluble fraction was solubilized in
buffer B (100 mM NaH2PO., 10 mM Tris-Cl, 8 M urea, pH 8.0) on ice for
30 min, followed by centrifugation at maximum speed for 10 min at
4 °C. The supernatant was diluted 10-fold with binding buffer (50 mM
phosphate buffer pH 8.0, 0.3 M NacCl, 10 % glycerol, 25 mM imidazole,
1 mM PMSF, 1x protease inhibitor cocktail) to remove urea using a 30 K
Amicon® Ultra filter (Merck, Germany). The solubilized protein was
incubated with Ni-NTA agarose beads (Qiagen, Germany) at a ratio of 10
ODggp lysate/50 pl bead slurry, rotated at 4 °C for 1 h, and washed
extensively to remove non-specific binding. Proteins were eluted with
elution buffer (50 mM phosphate buffer pH 8.0, 0.3 M NaCl, 300 mM
imidazole, 1 mM PMSF, 1x protease inhibitor cocktail) and subse-
quently replaced in PBS buffer pH 7.4 (137 mM NacCl, 2.7 mM KCl, 1.8
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mM KHyPO4 and 10 mM NayHPOy) using desalting column CentriPure 2
- Z25M (emp BIOTECH GmbH, Germany). The purified recombinant
rPmKel/GST-6 xHis and rGST-6 x His proteins were analyzed using 10 %
SDS-PAGE and confirmed by western blotting with a 1:10,000 dilution
of monoclonal anti-His antibody (Abcam, UK).

2.9. Affinity purification/mass spectrometry (AP-MS)

To identify PmKel protein partners in ovary extracts, ~10 ODggo
lysates of the expressed rPmKel/GST-6 xHis, rGST-6 x His and PBS were
immobilized on 50 pl Ni-NTA agarose bead slurry (Qiagen, Germany) in
binding buffer (50 mM phosphate buffer pH 8.0, 0.3 M NaCl, 10 %
glycerol, 25 mM imidazole). The mixtures were incubated at 4 °C with
rotation for 1 h and washed extensively with binding buffer to remove
non-specific interactions. Total ovarian proteins were prepared by ho-
mogenization in RIPA lysis buffer (50 mM Tris-HCL; pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1 % NP-40, 1 % Sodium deoxycholate, 0.1 % SDS, 1 x
protease inhibitor cocktail) and agitated on ice for 2 h, followed by
centrifugation at 13,000 xg for 20 min at 4 °C. The resulting supernatant
was collected for subsequent proteomic analysis. For interactome anal-
ysis, approximately 1 mg of the ovarian protein extract was added to the
purified rPmKel/GST-6xHis, GST-6 xHis, or bead-alone controls, with
the reaction volume adjusted to 0.5 ml using binding buffer. The mix-
tures were incubated at 4 °C with rotation for 2 h, followed by several
washes to eliminate non-specific proteins. The bound protein complexes
were eluted using elution buffer (50 mM phosphate buffer pH 8.0, 0.3 M
NaCl, 300 mM imidazole, 1 mM PMSF). The eluted proteins were
analyzed by 10 % SDS-PAGE and subsequently subjected to LC-MS/MS
analysis. Identified proteins were searched using Mascot under the
SwissProt and NCBI databases, restricted to Penaeus taxonomy. Mass
tolerances were set at 5 ppm for precursor ions and 0.01 Da for fragment
ions. Oxidation of methionine (+15.995 Da) and N-terminal acetylation
(+42.011 Da) were set as dynamic modifications, while carbamidome-
thylation of cysteine (+57.021 Da) was set as a static modification.
Proteins identified as Kel-bound were subtracted against proteins bound
to GST-6xHis and bead alone. Proteins with at least three peptide
matches were classified based on functional pathways, with gene
ontology (GO) analysis performed using g:Profiler (Reimand et al.,
2016) and pathway enrichment using KEGG via ShinyGO 0.81 (Ge,
2020). The Kelch protein interactome in Drosophila (Dmel CG7210) was
searched on BioGRID database (Stark, 2006).

2.10. In silico protein complex prediction of PmKel and its partners

Validation of the protein structural folding characteristics of PmKel
was carried out using the AlphaFold2 pipeline called ColabFold (Kim
et al., 2025). To explore the possible multimeric interaction between
PmkKel and its potential binding partners, both proteins PmKel (855 aa)
and possible interacting proteins; P. monodon filamin-A-like (FLNA): 943
aa (XP_037777486.1) and P. monodon cleavage and polyadenylation
specificity factor subunit 6-like isoform X1 (CPSF): 732 aa
(XP_037773525.1), were co-submitted for in silico multimeric formation
prediction using AlphaFold2-Multimer v.1 (Evans et al., 2021; Homma
et al., 2023) via ColabFold (Kim et al., 2025). The multiple sequence
alignment (MSA) was generated via mmseqs2_uniref env and structural
templates were retrieved from the PDB100 database. For the two co-
submitted protein pair scenario (PmKel-PmFLNA and PmKel-
PmCPSF6-X1), five structural models with 3 recycle attempts each
were generated during the prediction. Structural models were colour-
coded based on pLDDT scores to visually assess the prediction confi-
dence per residue, following the AlphaFold confidence scheme (Jumper
et al., 2021). Functional domains of FLNA and CPSF6 were identified
using the SMART database (http://smart.embl-heidelberg.de) and sub-
sequently validated through protein—protein docking with PmKel using
HADDOCK 2.4 (Honorato et al., 2021) under default parameters.


http://smart.embl-heidelberg.de

J. Kluebsoongnoen et al.
2.11. Statistical analysis

All statistical analyses were performed using SPSS 18.0 and Graph-
Pad Prism 8.3.0 softwares. The normality and homogeneity of variances
were tested by Kolmogorov-Smirnov and Levene’s tests, respectively.
Then, the statistically significant differences among treatments (p <
0.05) were analyzed by Student’s t-test or one-way ANOVA followed by
Tukey’s multiple comparison test.

3. Results
3.1. Validation of the effect of PmEcR silencing on Vg expression

To ensure the effective PmEcR silencing and its effects on Vg
expression in shrimp ovaries, the EcR-dsRNA was produced and injected
into the shrimp as described in method 2.2. The treatment resulted in a
significant knockdown of PmEcR (Fig. 1A-C) and two-fold increase in Vg
expression compared to the control group. Additionally, gonadosomatic
index (GSI) was significantly increased in PmEcR-silenced shrimp
(Fig. 1D). This result confirmed that the samples were suitable for a
further study of differential gene expression under EcR-knockdown
condition.

3.2. Identification of differentially expressed genes in PmEcR-silenced
shrimp

To identify EcR-responsive genes that probably play roles in vitel-
logenesis, DEG analysis of EcR-silenced shrimp was performed using
SSH. High-quality total RNA and efficient subtraction, confirmed by
Actin amplification, are shown in Fig. S1A-B. Nested PCR revealed
distinct patterns between subtracted and un-subtracted groups,
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Fig. 1. EcR Suppression by EcR-dsRNA in ovary.

Mature females P. monodon were injected with either 2.5 pg of EcR-dsRNA or
NaCl (control). The expression levels of PmEcR and Vg were detected by RT-PCR
and analyzed on the same 1.2 % agarose gel as Actin that had been amplified in
a separate PCR reaction (A). The quantitative fold-changes of EcR (B) and Vg (C)
expression as analyzed by ImageJ ver. 1.54 k were normalized by Actin tran-
script. The GSI values of individual shrimp in each group are calculated and
shown as bar graphs (D). An asterisk indicates a statistically significant differ-
ence (p < 0.05) among groups.
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especially in the reverse subtraction library (Fig. 2A). Cloned and
sequenced bands included genes such as TSP II, Per I, uncharacterized
LOC 113805388, Pole hole-like protein, NRAP, CDKS5 regulatory subunit III,
GTP-binding protein, Kunitz type I, ribosomal genes, Tryptophan protein 2,
and non-LTR retrotransposon. The full list of SSH-identified genes is
provided in Table S2. RT-qPCR verification showed that among these
genes, only the uncharacterized LOC113805388 transcript exhibited a
strongly significant downregulation in PmEcR-silenced samples
compared to controls (Fig. 2B).

3.3. Structural characterization of uncharacterized LOC 113805388

The ¢cDNA encoding uncharacterized LOC 113805388 (2568 bp) was
obtained via RACE (Fig. S2A). The cDNA sequence was submitted to
GenBank (Accession no PQ857654). It encodes an 855-amino acid
protein with a theoretical molecular weight of 93 kDa and the pI of 4.83.
Both P. monodon and Litopenaeus vannamei (L. vannamei) cDNAs were
amplified using ORF-specific primers, PmKel-F and PmKel-R further
confirming the transcription of this locus (Fig. S2B). AlphaFold-
predicted 3D structure analysis of an uncharacterized LOC 113805388
revealed a B-propeller structure formed by six blade-like motifs at the C-
terminus, containing Kelch-like domains (Fig. 3A-C; Table S3) and thus,
this gene was renamed PmKel.

3.4. Ovary-specific expression of PmKel and its inverse correlation with
Vg expression

PmKel was exclusively expressed in female shrimp ovaries, with no
expression detected in male tissues (Fig. 4A-C, Fig. S3A-B). PmKel
expression levels were gradually decreased during ovarian develop-
ment, particularly in stage II ovary, contrasting with the progressive
increase in Vg expression (Fig. 4D-F). Notably, the declining expression
pattern of PmKel towards later stages of ovarian development is similar
to that of EcR (Fig. 4E). These results suggest that PmKel and EcR may act
as a negative regulator of Vg expression.

Additionally, to determine whether PmKel is actually translated into
protein, LC-MS/MS analysis was conducted on P. monodon’s ovary
proteome. The analysis identified 53 unique peptides out of 271
matched queries that showed strong alignment to PmKel with an overall
protein score of 12,751 (Supplementary Document 1). This result con-
firms that the gene product is expressed at the protein level in ovarian
tissue.

3.5. Vg expression was elevated by PmKel silencing

Functional analysis of PmKel in Vg regulation was performed using
RNA interference. E. coli-produced long-hairpin dsRNA targeting PmKel
was obtained (Fig. S4A). The injection of this dsRNA significantly
reduced PmKel expression in the treated shrimp compared to the con-
trols; NaCl and GFP-dsRNA treated groups (Fig. 5A). Consequently, this
silencing significantly increased Vg expression (Fig. 5B), although the
increase in GSI was not statistically significant (Fig. S4B). These findings
indicate that PmKel negatively regulates Vg expression.

3.6. Identification of PmKel protein partners

To investigate the potential function of PmKel in the ovary, its
interacting protein partners were identified using affinity purification
coupled with mass spectrometry (AP-MS). Recombinant PmKel fused
with a GST-6 xHis tag (rPmKel/GST-6 xHis, 130 kDa) was produced in
E. coli. While the rPmKel protein was expressed as an insoluble form, the
GST-6xHis tag alone was expressed in the soluble fraction with 1 mM
IPTG induction (Fig. SSA-B). The rPmKel protein was solubilized using 8
M urea, followed by urea removal and purification using Ni-NTA bead.
The purified rPmKel/GST-6xHis was eluted with imidazole and
confirmed by Coomassie staining and Western blot using an anti-
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(A) The nested PCR amplification from subtracted (S) and un-subtracted (U) cDNA of forward (Fw) and reverse (Rv) libraries were determined on 1.2 % agarose gel
electrophoresis comparing with 100 ng of O’GeneRuler 100 bp Plus DNA Ladder (Thermo Fisher Scientific, USA) in lane M. A negative control reaction containing no
DNA template was loaded in lane -ve. The high-intensity different bands from Rv library (down-regulated group) were directly sub-cloned and analyzed by DNA
sequencing. The predicted gene for each band as identified by BLAST search is given on the right and indicated by corresponding letter. The expression of these genes,
including an uncharacterized LOC 113805388 was further verified by qPCR using EF-a as an internal control (B). The asterisk indicates a statistically significant

difference (p < 0.05) among groups.

histidine tag antibody (Fig. 6A-B).

Using affinity purification-mass spectrometry (AP-MS) with rPmKel
protein, a comprehensive list of 50 potential interacting protein partners
was identified, which span diverse biological processes, including gene
regulation, nucleosome, and cell division, RNA processing, and meta-
bolism, protein involvement in biogenesis, metabolism, trafficking,
transportation, receptor, cytoskeletal, growth factor, cellular meta-
bolism, and of unknown function (Table 2).

Functional annotation through GO analysis revealed enrichment in
biological processes such as mRNA metabolic process, cellular compo-
nent biogenesis, and developmental processes involved in reproduction.
The enriched molecular functions included organic cyclic compound
binding, mRNA regulatory element binding translation repressor activ-
ity, and purine nucleotide binding while cellular component categories
highlighted associations with supramolecular complex, ribonucleopro-
tein complex, and actin cytoskeleton (Fig. 6C). Additionally, KEGG
pathway analysis highlighted involvement in dorso-ventral axis forma-
tion, RNA degradation, spliceosome, and protein processing in endo-
plasmic reticulum respectively (Fig. 6D).

3.7. Mapping and dockings of PmKel protein partners in the interactome
database

Mapping PmKel protein partners to the Drosophila melanogaster Kelch
(DmkKel) interactome revealed key intersections in cellular processes. A
Venn diagram identified two shared interactors, CPSF6 and FLNA, be-
tween PmKel and DmKel (Fig. 7A). BioGRID analysis showed direct in-
teractions of DmKel with CPSF6 (CG7185), a cleavage and
polyadenylation specificity factor component, and FLNA (CHER), an
actin-binding protein involved in cytoskeletal organization. Addition-
ally, DmKel interacts with HTS-KEL, which links to PROSBETAS, a 20S
proteasome core subunit (Fig. 7B).

Based on the results of BioGRID analysis in Drosophila, possible in-
teractions between PmKel protein and its potential partners, CPSF6 and
FLNA in P. monodon were further explored. AlphaFold2-Multimer pre-
dicted protein-protein complex formation between PmKel and both
CPSF6 and FLNA, suggesting possible interaction interfaces. The five
structural models generated during the prediction for each complex
were shown in Supplementary Document 2. Among them, Model 4 for
PmKel-CPSF6 exhibited the best overall confidence (pLDDT = 56.9,
pTM = 0.349, ipTM = 0.193; Fig. 7C-D). For PmKel-FLNA complex,
Model 5 showed the best overall scores among the candidates (pLDDT =
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Fig. 3. Structural and functional prediction of an uncharacterized LOC 113805388 protein.

The deduced amino acid sequence (A), AlphaFold-predicted 3D structure (B), and diagram showing domains predicted by VAST based on 3D structure (C) of
uncharacterized LOC 113805388 were aligned. The grey highlights indicate alpha helix chains, bold residues represent motifs of the p-propeller structure, while
underlines, blue, and green highlights indicate the prediction of functional domains by VAST, respectively. In addition, the confident Kelch-like domain prediction by
high pLDDT scores (>90 confirm the structural confidence of the domain) is shown as the blade-like structure at the C-terminus direction in blue (B). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

68.9, pTM = 0.358, ipTM = 0.184; Fig. 7E-F). These values suggest
moderate but reliable protein assemblies with satisfactory confidence
scores.

To further assess the structural plausibility of these interactions,
HADDOCK docking simulations were performed using the f-propeller
domain of PmKel and the RS-rich domain of CPSF6 or the calponin
homology (CH) domain of FLNA. Docking of PmKel with CPSF6 gener-
ated 14 clusters from 119 models, with the top-ranked cluster achieving
a Z-score of —2.3, and a buried surface area of 2355.1 + 52.0 A?
(Fig. S7A). Similarly, docking with FLNA yielded 12 clusters from 137
models, with a top-ranked cluster exhibiting a Z-score of —1.9, and a
buried surface area of 3670.2 + 539.1 A2 (Fig. S7B). These results are
consistent with the AlphaFold2-Multimer predictions and further sup-
port potential interactions between PmKel and CPSF6 as well as PmKel
and FLNA. Taken together, the integration of AlphaFold2-Multimer
modeling, docking validation, and evolutionary conservation supports
the hypothesis that PmKel engages with CPSF6 and FLNA through
protein-protein interfaces.

4. Discussion

Enhancing the reproductive capacity of female shrimp broodstock
remains a critical challenge for the shrimp industry. Ovarian develop-
ment in shrimp is governed by intricate physiological processes,
particularly hormonal regulation. In crustaceans, vitellogenesis occurs
during the intermolt (resting) stage, a period associated with energy
preparation for reproduction (Kang et al., 2014; Wang et al., 2020a,
2020Db). Our study reveals that silencing the molting hormone receptor
PmEcR significantly increases Vg expression and GSI, highlighting a
negative regulatory role. Although this finding contradicts earlier
studies emphasizing the essential role of ecdysteroid signaling on Vg
expression and ovarian maturation in insects and crustacean (Martin
et al.,, 2001; Parthasarathy et al., 2010; Gong et al., 2015), emerging
evidence from several studies offer potential explanations for the
observed inhibitory effects of ecdysone on vitellogenin. The ecdysone
secreted by the implanted prothoracic glands could inhibit vitellogenin
synthesis in the cockroach Leucophaea maderae (Engelmann, 2002).
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Fig. 4. Expression profile of PmKel in shrimp tissues and ovarian developmental stages.

The representative expression profile of PmKel, as detected by RT-PCR, shows specific expression in female ovary (A), while no expression was detectable in any
tissue of the male shrimp (B). The band intensity of the amplified PmKel transcript from tissues including brain (Br), eyestalk (ES), thoracic nerve (Tg), abdominal
ganglia (Ab), muscle (Ms), gill (Gi), heart (Ht), hepatopancreas (Hp), lymphoid organ (Ly), ovary (Ov), sperm sac (SS), sperm duct (sd) and testis (TT) of 3 individual
shrimp were quantitated using actin transcript as internal control (C). The expression levels of PmKel (D), EcR (E) and Vg (F) in the ovary at each ovarian devel-
opmental stage (n = 4-8) were determined by RT-qPCR. The relative amounts of gene transcripts were calculated compared to that of EF1-a transcript, and the

different letters indicate statistically significant differences at p < 0.05.

Similarly, the occurrence of vitellogenin in the pupae of Apis mellifera
was correlated with low level of ecdysone (Barchuk et al., 2002). In
crustacean, a study on the Chinese mitten crab Eriocheir sinensis (Su
et al., 2020) identified four EcR isoforms in the ovary, with isoforms 3
and 4 showing transcript levels negatively correlated with ecdysteroid
titers. This suggests distinct isoform-specific roles in regulating ovarian
maturation, possibly including inhibitory effects on Vg expression.
While only one EcR gene has been cloned in P. monodon so far, the ex-
istence of multiple ovarian EcR isoforms cannot be ruled out and war-
rants further investigation. Additionally, molt suppression may prolong
the reproductive cycle. Understanding the underlying mechanisms of
these processes requires a deeper knowledge of crustacean biology.
DEG analysis is a powerful approach to uncover gene networks un-
derlying hormonal regulation. In this study, suppression subtractive
hybridization (SSH) was used to identify genes responsive to PmEcR
silencing. The forward (upregulated) library showed limited signal
above background, while the reverse (downregulated) library revealed
clearer differential expression patterns. Therefore, we prioritized

analysis of the reverse library. Prominent bands were subcloned and
sequenced (Fig. 2A), and subsequent RT-qPCR validation identified the
uncharacterized gene LOC113805388 as significantly downregulated,
suggesting it may play a key role downstream of EcR signaling. Domain
analysis of the protein encoded by this gene using Pfam and SMART did
not reveal significant matches, but the 3D structural modeling by
AlphaFold uncovered a Kelch-like domain as characterized by a $-pro-
peller structure (Fig. 3) Recent advances in 3D structure prediction tools,
such as AlphaFold, have been instrumental in annotating uncharac-
terized proteins and revealing functional insights from predicted struc-
tures (Kaur et al., 2023; J. Li et al., 2024). These methods have been
beneficial for identifying conserved domains and functional sites in
crustacean proteins (Saetang et al., 2022; Hoyos-Gonzalez et al., 2024).
The Kelch-like domains are typically involved in protein-protein in-
teractions and regulatory functions (Adams and Kelso, 2000; Prag and
Adams, 2003), suggesting that this putative PmKel might have a role in
regulating ovarian development. This novel finding lays the foundation
for future research into the regulatory pathways governed by PmKel and
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Fig. 5. In vivo PmKel Suppression in ovary.

Mature P. monodon females were injected with Kel-dsRNA at a dose of 2.5 pug.
g~ ! shrimp bw compared to NaCl and GFP-dsRNA-treated control (n = 4). At 10
dpi, the expression levels of PmKel (A) and Vg (B) were determined by RT-qPCR
using EFI-a transcript as an internal control, and the relative fold changes were
normalized to the NaCl-treated group. The different letters indicate statistically
significant differences at p < 0.05.

its potential significance in P. monodon reproduction.

Recent studies in the lepidopteran Helicoverpa armigera revealed that
BTB and Kelch domain-containing proteins (HaBBP) are upregulated in
the fat body and hemocytes during molting and metamorphic stages by
20E. Knockdown of HaEcR and USP suppressed HaBBP expression,
linking Kelch-containing proteins as downstream effectors of the ecdy-
sone pathway (Wang et al., 2011). Similarly, in Drosophila, knockdown
of the Kelch-containing protein gene (dKeapl) reduced ecdysone
biosynthetic gene transcription in the prothoracic gland, disrupted
ecdysone-regulated early puff gene transcription in salivary glands, and
delayed metamorphosis. These findings highlight the critical role of
Kelch-containing proteins in regulating ecdysone biosynthesis and
downstream gene expression (Chew et al., 2021). Collectively, these
studies establish Kelch-containing proteins as central mediators of the
ecdysone pathway in arthropod development. In addition, mutations in
Drosophila’s Kelch gene resulted in disorganization of actin in the ring
canals, which led to the production of sterile eggs, indicating that the
Kelch protein is required for the metamorphosis of ring canals during
Drosophila oogenesis (Kelso et al., 2002).

Kelch-containing proteins in decapods have been implicated in
diverse biological processes, including immunity (Xie et al., 2018; Wang
et al., 2020a, 2020b; Yang et al., 2022), antioxidant functions (Huang
et al., 2024; Qi et al., 2019; Qiao et al., 2020; Zheng et al., 2022), and
sex-biased expression (Xu et al., 2024). In P. monodon, 35 kelch-like
protein sequences are updated by NCBI genome assembly
(GCA_015228065.1). However, these assembled sequences are still
uncharacterized by their precise function. The PmKel, a Kelch-like
domain-containing protein, discovered in this study exhibits ovary-
specific expression, pointing to its specialized role in female reproduc-
tion. Although PmKel was detected in ovary proteomic data via LC-MS/
MS, further studies are needed to confirm its precise tissue localization,
expression dynamics, and functional role. Techniques such as antibody
generation and immunodetection will be crucial to deepen our under-
standing of its involvement in ovarian development.

Notably, PmKel expression exhibits an inverse correlation with Vg
levels during ovarian development, suggesting it may act as a negative
regulator of Vg expression. Supporting this hypothesis, RNAi-mediated
silencing of PmKel led to a significant increase in Vg expression, rein-
forcing its putative regulatory role in vitellogenin production. Previous
studies in P. monodon have shown that ovarian Vg expression correlates
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with vitellin (Vn) protein levels in the ovary during vitellogenesis
(Urtgam et al., 2015). This is further evidenced by studies showing that
both GIH silencing and bursicon-induced Vg upregulation eventually led
to ovarian development (Treerattrakool et al, 2008; Treerattrakool
etal., 2011; Sathapondecha et al., 2015). The data indicate that rising Vg
expression directly promoted vitellogenin synthesis, leading to vitellin
accumulation in the ovary thus, ultimately contributes to ovarian
maturation. Together, these results highlight the important role of
PmKel as a modulator within reproduction-specific regulatory pathways
in crustaceans. However, although an inverse relationship between
PmKel and Vg expression is evident, the current data do not confirm a
direct regulatory mechanism, leaving open the possibility of interme-
diate factors or indirect pathways. Further mechanistic studies, partic-
ularly those examining transcriptional regulation and chromatin
interactions are necessary to elucidate the exact underlying regulatory
mechanisms.

The 3D structure of PmKel features a f-propeller with six blade-like
motifs at the C-terminus; the characteristic of Kelch domains that
mediate protein-protein interactions. AP-MS analysis identified in-
teractions with several proteins involving in transcriptional regulation,
mRNA processing, cytoskeletal organization, and intracellular transport.
Guided by the potential interacting proteins of DmKel in Drosophila, the
possible interactions between PmKel and its candidate partners, CPSF6
and FLNA, were demonstrated through AlphaFold-Multimer, an
advanced deep learning tool that reliably predicts the 3D structures of
protein complexes with high precision based on the sequences alone
(Evans et al., 2021). Additionally, the domain interactions between
PmKel and its potential partners, CPSF6 and FLNA, as revealed by
Haddock, align well with the protein complex formation predicted by
AlphaFold-Multimer. While the results are encouraging, further exper-
imental studies will help solidify the evidence for the formation of these
functional complexes.

CPSF6, a component of the cleavage factor Im (CFIm) complex, plays
a role in the 3’ end processing of pre-mRNAs. Previous studies have
indicated potential roles of mouse CPSF6 during gametogenesis (Noblet
and Sartini, 2010; Sartini et al., 2008). In addition, CPSF6 is associated
with a nuclear m6A reader YTHDC1 that is required for gonad devel-
opment in mouse (Kasowitz et al., 2018). Although there is no direct
evidence for the role of CPSF6 in ovarian development in crustacean so
far, these evidences suggest a possibility that CPSF6 plays its part in
precise gene expression during oocyte maturation in the shrimp, prob-
ably through the association with PmKel. FLNA is an actin-binding
protein that functions to crosslink actin filaments into parallel bundles
and thus, contributes to structural integrity and function of cells. Filamin
was previously shown to be essential for oogenesis in several species. For
example, mammalian FLNA is vital for spindle migration and asym-
metric division during oocyte meiosis (Sanjana et al., 2014; Wang et al.,
2017). Disrupting filamin in Drosophila affected ring canal formation
and actin organization leading to impaired oocyte growth and devel-
opment (Li et al., 1999). Additionally, network analysis linked PmKel to
Prosbeta5, a proteasome subunit, suggesting a conserved role in pro-
teasomal regulation required with Kelch to promote the ordered growth
of the ring canal cytoskeleton (Hudson et al., 2015; Mannix et al., 2019).
These findings establish PmKel as a potential scaffolding protein critical
for RNA processing, cytoskeletal organization, and proteasomal function
that contributes to ovarian maturation and ecdysteroid-regulated vitel-
logenesis in P. monodon.

In addition, the results suggest potential association of PmKel with
epigenetic regulators, including histone H1, H2A.V-like, osa-like Tri-
thorax protein, Y-box factor, and HP1-binding protein. Since these
proteins are linked to chromatin remodeling and transcriptional regu-
lation, their association with PmKel suggests that PmKel may modulate
Vg expression through chromatin-level mechanisms. This points to a
potential role for PmKel in epigenetic regulation, possibly downstream
of the ecdysone signaling pathway.

Our findings suggest that PmKel may function as a negative regulator
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The purified rKel fused with GST-6xhis protein (rPmKel) was analyzed on 10 % SDS-PAGE and stained with Coomassie blue (A). Subsequent verification by western
blotting was performed against monoclonal 6 xhis antibody (B). This purified rPmKel was used as a bait in the affinity purification to determine interacting proteins
in the ovarian extract and subsequently subjected to LC-MS/MS. The GO analysis and KEGG enrichment pathways of PmKel interacting protein partners are shown in
fig. C and D, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of Vg expression, providing a basis for further exploration of its role in
crustacean reproduction. The PmEcR-Kel axis could represent a poten-
tial regulatory pathway contributing to vitellogenesis, and a better un-
derstanding of this mechanism may eventually support strategies to
improve reproductive performance in shrimp aquaculture. However, as

Vg protein levels were not assessed in this study, future work should
incorporate proteomic or immunohistochemical approaches to validate
these findings at the protein level. Additionally, further experimental
validation of the proposed interactions between PmKel and its potential
partners, especially CPSF6 and FLNA is necessary to substantiate
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Table 2
Identification of interacting partner proteins of Pm-Unc by LC-MS/MS
Protein hit Symbol Score(match) FlyBase ID

Unknown
Uncharacterized protein LOC113805388 LOC113805388 5351.0 (44) NA
Uncharacterized protein LOC113821262 LOC113821262 625.0 (10) NA
Uncharacterized protein LOC113815377 LOC113815377 619.0 (6) NA
Uncharacterized protein ZK1073.1-like ZK1073.1 307.0 (5) NA
Uncharacterized protein LOC113805388 LOC113805388 632.0 (3) NA
Gene regulation, nucleosome, and cell division
Y-box factor homolog YBX1 1545.0 (10) FBgn0035626
Histone H1 H1 553.0 (8) FBgn0053834
DNA-binding protein HEXBP-like HEXBP 459.0 (6) FBgn0041630
Sex-lethal variant 1 SXL 276.0 (6) FBgn0264270
Cyclin-dependent serine/threonine-protein kinase CDK6 220.0 (5) FBgn0004106
Trithorax group protein osa-like TRX 197.0 (4) FBgn0023518
Heterochromatin protein 1-binding protein 3 isoform X8 HP1BP3 199.0 (3) FBgn0003607
Histone H2A.V-like H2AV 151.0 (3) FBgn0001197
RNA processing and metabolism
Putative ATP-dependent RNA helicase me31b ME31B 3303.0 (29) FBgn0004419
Methenyltetrahydrofolate synthase domain-containing protein MTHFSD 1518.0 (24) FBgn0263594
Pprotein LSM14 homolog A-like isoform X1 LSM14A 1816.0 (15) FBgn0041775
rRNA 2’-O-methyltransferase fibrillarin-like FIB2 269.0 (6) FBgn0003062
LSM3-like LSM3 398.0 (5) FBgn0051184
Nucleolar protein-like protein 5 A NOP56 221.0 (5) FBgn0038964
Cytoplasmic polyadenylation element-binding protein-like CPEB2 333.0(4) FBgn0264307
Piwi2 PIWI2 303.0 (4) FBgn0004872
Cleavage and polyadenylation specificity factor subunit 6-like CPSF6 187.0 (3) FBgn0035872
U6 snRNA-associated Sm-like protein LSm6 LSM6 129.0 (3) FBgn0034564
Protein biog is and bol
Elongation factor-1 alpha EEF1A1 393.0 (6) FBgn0263740
Heterogeneous nuclear ribonucleoprotein L-like HNRNPLL 183.0 (3) FBgn0003435
Protein trafficking, trasporter, and receptor
Glucose-regulated protein 78 GRP78 434.0 (9) FBgn0001218
Fasciclin-2 FAS2 307.0 (6) FBgn0000635
Hemocyanin subunit L2 HC 320.0 (5) FBgn0027657
Hemocyanin subunit L1 HC 172.0 (3) FBgn0027657
Hrp65 protein HRP65 138.0 (3) FBgn0004237
Translocon-associated protein subunit gamma-like SSR1 133.0 (3) FBgn0025700
Structural protein
Myosin heavy chain MYH1 1405.0 (21) FBgn0264695
Beta-actin ACTB 764.0 (12) FBgn0011743
Cytoplasmic-type actin 3 ACT3 634.0 (10) FBgn0011743
Actin 1 ACT1 480.0 (8) FBgn0011743
Lamin DmO LAM 364.0 (7) FBgn0002525
Tubulin beta-1 chain TUBB1 490.0 (6) FBgn0284243
Tropomyosin isoform TPM 313.0 (6) FBgn0003721
Myosin essential light chain MLCE 353.0(4 FBgn0002772
Filamin-A-like FLNA 230.0 (49 FBgn0014141
Leucine rich repeat only protein 1 LRRC1 224.0 (4) FBgn0036924
Titin TTN 187.0 (4) FBgn0086906
Tropomyosin-like TPM 223.0 (3) FBgn0003721
Lamin DmO LAM 215.0 (3) FBgn0002525
Spectrin alpha chain SPTA1 185.0 (3) FBgn0250789
Growth factor
Putative insulin-like growth factor 2 mRNA-binding protein 1 IGF2BP3 375.0 (7) FBgn0285926
Cellular metabolism
Sodium/potassium-transporting ATPase subunit alpha ATP1A1 755.0 (13) FBgn0267363
Glyceraldehyde 3-phosphate dehydrogenase GAPDH 204.0 (3) FBgn0001091
Methylcrotonoyl-CoA carboxylase beta chain MCCB 197.0 (3) FBgn0042083
GTP-binding protein SAR1B SAR1B 175.0 (3) FBgn0038947
F1-ATP synthase beta subunit ATP5F1B 147.0 (3) FBgn0010217

functional relevance of these protein complexes. Together, these will
help elucidate the molecular mechanisms underlying PmKel function
and its possible interactions with other regulatory pathways.

Additionally, the ability to clone PmKel in the ovary of L. vannamei
(Fig. S2B) may offer valuable insights for other economically significant

crustaceans.
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(A) Venn diagram showing two overlapping proteins, CPSF6 and FLNA, shared between PmKel interactors and the Drosophila Kelch (DmKel) interactome. (B)
Interaction network from the BioGRID database illustrating direct interactions of DmKel with CPSF6 (CG7185) and FLNA (CHER), along with associated nodes
including KEL, HTS-KEL, and the proteasome subunit PROSBETAS. (C) AlphaFold-Multimer Model 4 of the PmKel and PmCPSF6 complex coloured by per residue
confidence score: high-confidence regions are shown in blue, moderate in green, and low-confidence or disordered regions in red (pLDDT = 56.9). (D) AlphaFold-
Multimer Model 4 of PmKel (855 aa, pink) and PmCPSF6 (732 aa, purple), showing predicted interface interaction when coloured by protein identity. (E) Model 5 of
PmKel and PmFLNA complex from AlphaFold Multimer with good overall confidence scores (pLDDT = 68.9). (F) In AlphaFold Multimer Model 5, the core structure
of PmKel (residues 115-855, pink) and the N-terminal portion of the partner PmFLNA (residues 1-599, cyan) form a compact protein assembly. The N-terminal
region (residues 1-114) of PmKel and C-terminal segment (residues 600-943) of PmFLNA are predicted to be unstructured (red), but the rest of this complex exhibits
satisfactory pLDDT scores. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5. Conclusion

This study highlights a critical role of the ecdysteriod signaling
pathway in regulating vitellogenin synthesis in P. monodon. In addition,
through structural and function analyses of a potential down-regulated
gene upon EcR-knockdown, PmKel was identified as a key player in
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shrimp reproduction, acting downstream of PmEcR to negatively regu-
late vitellogenin expression. While further verification is required, these
findings contribute to a growing understanding of the molecular
mechanisms underlying ovarian development in crustaceans and may
offer molecular basis for developing reproductive management strate-
gies in aquaculture.
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