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Molecular Characterization and Post-Embryonic Development of the Cyclopoid Copepod Apocyclops royi: Implications for Live Feed Applications in Aquaculture 
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ABSTRACT 
	Aims: To confirm the species identity of Apocyclops royi using morphological and molecular approaches and to characterize its post-embryonic developmental pattern under laboratory culture conditions for evaluating its potential as a live feed organism in aquaculture.
Study Design: Experimental study involving morphological characterization, molecular identification using 18S rRNA gene sequencing, and developmental assessment of successive naupliar and copepodid stages under controlled laboratory conditions.
Place and Duration of Study: The experimental work, including culture maintenance, species identification, and developmental observations, was carried out under laboratory conditions during the study period.
Methodology: A. royi specimens were cultured under controlled environmental conditions and identified using morphological characteristics and 18S rRNA gene sequencing. The obtained sequence was compared with sequences available in the NCBI GenBank database and deposited under accession number PP275178.1. Post-embryonic development was monitored from hatching to sexually mature adults. Morphometric parameters, including body length, body width, and developmental duration, were recorded for naupliar (NI–NVI), copepodid (CI–CV), and adult stages. Morphological changes, appendage differentiation, segmentation, and sexual dimorphism were documented throughout development.
Results: Morphological examination revealed diagnostic features consistent with previous descriptions of A. royi, while molecular analysis confirmed species identity with high sequence similarity to available Apocyclops sequences. Phylogenetic analysis demonstrated a close genetic relationship with previously reported congeners. The complete developmental cycle from nauplius to sexually mature adult was completed in approximately 7 days. Body length increased progressively from 95 ± 2.5 µm in NI to 299 ± 7.6 µm in NVI, and from 397 ± 14.9 µm in CI to 864 ± 8.3 µm in adult females and 779 ± 7.8 µm in adult males. Distinct morphological transformations, including appendage differentiation, segmentation, and sexual dimorphism, were observed across developmental stages. The broad size spectrum exhibited by A. royi suggests its suitability as a continuous live feed source for marine fish larvae.
Conclusion: The integration of morphological, molecular, and developmental analyses successfully authenticated A. royi and provided comprehensive baseline information on its life history characteristics. The rapid developmental cycle, broad prey size spectrum, and ease of culture highlight the potential of A. royi as a sustainable and valuable live feed organism for aquaculture and larval rearing applications. 
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1. INTRODUCTION 

Finfish aquaculture over the past few decades has expanded rapidly due to increasing demand for aquatic food resources globally (Bouwman et al., 2013; Verdegem et al., 2023). The successful production of fish larvae in hatchery systems largely depends on the availability of appropriate live feed organisms that provide essential nutrients required for development, growth, and survival during the early life stages (Altaff, 2020). During the transition from endogenous to exogenous feeding, fish larvae possess limited digestive capacity and require prey organisms with suitable size, high digestibility, and balanced nutritional composition (Rønnestad et al., 2013; Altaff, 2020). Therefore, the selection of appropriate live feed organisms remains one of the major bottlenecks in successful larviculture (Altaff, 2020). 
Traditionally, rotifers (Brachionus spp.) and brine shrimp (Artemia spp.) have been widely used as primary live feeds in fish hatcheries due to their ease of production, availability, and established culture techniques (Kandathil et al., 2020; Altaff and Vijayaraj, 2021). However, these organisms possess certain limitations, including inadequate levels of essential highly unsaturated fatty acids (HUFA), particularly docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), unless subjected to enrichment procedures (Altaff and Vijayaraj, 2021). In addition, the nutritional composition of Artemia varies considerably among strains and production conditions, which may influence larval performance (Nielsen et al., 2017; Altaff and Vijayaraj, 2021; Muhamad et al., 2024). These limitations have encouraged the exploration of alternative live feed organisms that naturally provide superior nutritional quality and a broader range of prey sizes.
Copepods are considered one of the most nutritionally valuable live feed organisms for marine fish larvae due to their naturally high content of essential fatty acids, amino acids, phospholipids, vitamins, and pigments (Støttrup, 2003; Khan and Rahman, 2025; Rasdi and Qin, 2016). Unlike conventional live feeds, copepods undergo distinct developmental stages, including naupliar and copepodid phases, providing a continuous spectrum of prey sizes suitable for different larval feeding requirements (Chesney, 2005; Altaff, 2020; Altaff and Vijayaraj, 2021). Their natural swimming behaviour, nutritional composition, and digestibility make them highly suitable for improving growth, survival, and quality of marine fish larvae (Philip et al., 2025). Among copepods, cyclopoid copepods belonging to the genus Apocyclops have received increasing attention in aquaculture due to their adaptability, tolerance to varying environmental conditions, rapid reproduction, omnivorous feeding behaviour, and suitability for mass culture (Jepsen et al., 2021; Philip et al., 2025; Vijayaraj et al., 2025). Species such as A. royi have been reported as promising live feed candidates for fish and shrimp hatcheries because of their relatively short generation time, high reproductive capacity, and production of different developmental stages suitable for larval feeding (Vijayaraj et al., 2022; 2025). The ability of A. royi to reproduce efficiently under laboratory conditions makes it a valuable candidate for sustainable live feed production. 
Accurate identification of copepod species is essential for maintaining stable and productive cultures in aquaculture systems (Hansen, 2017). Conventional morphological identification of copepods relies on diagnostic characteristics such as body segmentation, appendage structure, swimming leg armature, and sexual dimorphism (Ohtsuka and Huys, 2001). However, morphological identification can be challenging due to small body size, morphological similarities among closely related species, and variations associated with developmental stages. These limitations may result in misidentification, affecting culture performance and reproducibility of aquaculture studies. Molecular techniques have emerged as reliable approaches for copepod identification and taxonomic validation (Bucklin et al., 1999; Blanco-Bercial et al., 2014). DNA barcoding and phylogenetic analyses using molecular markers such as mitochondrial cytochrome c oxidase subunit I (COI) and nuclear ribosomal genes including 18S and 28S rRNA have significantly improved species discrimination and evolutionary studies (Patwardhan et al., 2014; Chac and Thinh, 2023). Among these markers, the 18S rRNA gene is highly conserved and provides valuable information for resolving phylogenetic relationships and confirming taxonomic placement among copepod taxa (Blanco-Bercial et al., 2014). Integration of morphological and molecular approaches provides greater confidence in species identification, particularly for cultured live feed organisms (Raju et al., 2024). In addition to accurate species identification, understanding the post-embryonic developmental pattern of copepods is essential for optimizing their application in aquaculture (Altaff, 2020; Philip et al., 2025). Copepods undergo a complex life cycle consisting of six naupliar stages followed by five copepodid stages before reaching adulthood. Each developmental stage exhibits specific morphological and size characteristics that determine its suitability as prey for different larval stages of marine fish (Philip et al., 2025). Knowledge of stage-specific growth patterns, body size, and developmental duration is therefore critical for selecting appropriate harvesting stages, mesh sizes, and feeding strategies in hatchery production systems.
Although A. royi has been recognized as a potential live feed organism, comprehensive information integrating molecular confirmation and detailed post-embryonic developmental characterization remains limited. A clear understanding of its developmental biology and size spectrum is required to improve culture management and maximize its utilization in finfish larviculture.
Therefore, the present study aimed to (i) confirm the taxonomic identity of A. royi using morphological characteristics and 18S rRNA gene sequencing, and (ii) characterize the post-embryonic developmental stages from nauplius to adult, including stage-specific morphological changes and size variations to serve as a live feed. 

2. material and methods

2.1 Collection and Morphological Identification of Copepods
Zooplankton samples were collected by horizontally towing a Bolting silk zooplankton net (50 µm mesh size) at depths up to 2 m from the surface during the early hours of the day. The collected samples were classified into two portions: one portion was maintained live for domestication and culture establishment, while the second portion was preserved for molecular taxonomic identification.
For morphological and taxonomic analysis, collected zooplankton samples were immediately preserved in 4% buffered formalin prepared and transported to the laboratory following standard preservation procedures (Altaff et al., 2019). Morphological characterization of A. royi was performed using established taxonomic keys and reference literature (Kasturirangan, 1963; Altaff, 2004; Razouls et al., 2026, Chang and Lei, 1993).
2.2 Molecular Identification of A. royi
To confirm the species identity of A. royi, molecular characterization was performed based on the amplification and sequencing of the 18S rRNA gene. Specimens selected for molecular analysis were preserved in 95% ethanol until DNA extraction. Prior to extraction, individual copepods were rinsed with 500 µL of sterile distilled water and incubated overnight at room temperature to remove residual ethanol. Genomic DNA was extracted from collected copepod specimens using the DNeasy Tissue Kit (QIAGEN, Germany) following the manufacturer’s spin-column-based extraction protocol with minor modifications as described by Nawaz et al. (2024). Extracted DNA samples were stored at −20°C until further analysis. The 18S rRNA gene region was amplified using universal invertebrate primers: forward primer 5′-ACCTGGTTGATCCTGCCAG-3′ and reverse primer 5′-GGGCATCACAGACCTG-3′. PCR amplification was performed under optimized conditions, and the amplified products were purified and subjected to bidirectional sequencing. The obtained nucleotide sequences were assembled and edited using BioEdit v7.2.5.0, followed by multiple sequence alignment using ClustalX v2.1. Phylogenetic relationships were inferred using the Maximum Likelihood (ML) method based on the Kimura 2-parameter (K2P) model implemented in MEGA v6.06. The robustness of the phylogenetic tree topology was evaluated using 1000 bootstrap replicates. The generated 18S rRNA sequence was compared with available sequences in the National Center for Biotechnology Information (NCBI) GenBank database using BLAST analysis for molecular confirmation and species-level identification of A. royi. 
2.3 Size Spectrum Analysis of A. royi
Following confirmation of species identity through morphological and molecular approaches, the size spectrum of A. royi was analyzed to characterize its post-embryonic developmental sequence and quantify stage-specific morphological changes following the methodology described by Chang and Lei, 1993. Individuals representing different developmental stages, including naupliar stages (NI–NVI), copepodid stages (CI–CV), and adults, were obtained from laboratory-maintained cultures. Ovigerous females were maintained in triplicate under controlled laboratory conditions (29 ± 1°C, 30 PSU salinity, pH 7.8, dissolved oxygen 5.5 mg/L and a 12L:12D photoperiod) and fed a combination of baker's yeast (Saccharomyces cerevisiae) and microalgal diets. Development was monitored continuously from hatching to ovisac formation in adult females, with a 50% water exchange performed every three days to maintain water quality. Larval and adult specimens were examined under a compound microscope equipped with an ocular micrometer, and measurements of total body length, width, and other major morphological characteristics were recorded for each developmental stage. Size variations among successive developmental stages were analyzed to elucidate growth patterns, stage progression, and morphological transformations during ontogeny. Detailed characterization of the size spectrum of A. royi provides significant information for identifying suitable harvesting stages, optimizing mesh size selection during biomass collection, and developing stage-specific feeding strategies for finfish larval rearing applications.

3. results and discussion

3.1 Molecular Identification and Phylogenetic Analysis of A. royi
Copepods are considered highly valuable live feed organisms in finfish and crustacean aquaculture due to their superior nutritional composition, including essential fatty acids, amino acids, proteins, and micronutrients required for successful larval development (Rasdi and Qin, 2016; Khan and Rahman, 2025). Accurate species identification is essential for the selection and maintenance of nutritionally valuable copepod strains for aquaculture applications. Misidentification of closely related copepod species may affect culture performance, nutritional quality, and reproducibility of hatchery operations. Molecular approaches have become important tools for copepod identification and taxonomy, overcoming the limitations associated with conventional morphological identification, particularly among morphologically similar or cryptic species (Raju et al., 2024). DNA-based markers, including mitochondrial cytochrome c oxidase subunit I (COI) and nuclear ribosomal genes such as 18S and 28S rRNA, are widely used for species authentication, phylogenetic studies, biodiversity assessments, and ecological monitoring (Antil et al., 2023). Among these markers, the highly conserved 18S rRNA gene provides essential information for resolving evolutionary relationships and establishing phylogenetic placement among diverse copepod taxa (Bucklin et al., 2003; Wu et al., 2015).
In the present study, the identity of A. royi was confirmed using molecular characterization based on the 18S rRNA gene sequence. The obtained sequence showed 91–100% similarity with available reference sequences in the NCBI GenBank database, confirming the taxonomic position of the studied strain within the genus Apocyclops. Phylogenetic analysis using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) method demonstrated the close genetic relationship between the present isolate and previously reported Apocyclops sequences retrieved from GenBank (Figure 1). The obtained 18S rRNA sequence was deposited in the NCBI GenBank database under the accession number PP275178.1, providing a molecular reference for future taxonomic and aquaculture-related studies. The molecular authentication of A. royi provides reliable confirmation of the cultured strain and supports its utilization as a potential live feed organism for finfish larval rearing. 
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Figure 1. Phylogenetic relationship of A. royi based on 18S rRNA gene sequences using the Maximum Likelihood method.

3.2. Body Length, width and Duration of Developmental Stages of A. royi
In finfish hatchery operations, the availability of suitable live feed organisms with high nutritional quality, digestibility, and appropriate prey size is a critical factor determining larval growth, survival, and successful weaning to artificial diets. During the transition from endogenous to exogenous feeding, fish larvae require prey organisms that match their mouth gape, swimming ability, and digestive capacity. Inadequate prey size or nutritional imbalance during this critical period may result in poor ingestion, reduced growth, and increased mortality (Conceição et al., 2010; Lahnsteiner et al., 2023). Therefore, characterization of the developmental size spectrum of candidate live feed organisms is essential for optimizing feeding strategies in larviculture. Rotifers (Brachionus spp.) and Artemia nauplii remain the most widely used live feeds in aquaculture hatcheries due to their ease of production, availability, and established culture techniques. However, rotifers generally have limited nutritional value unless enriched with essential fatty acids, particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), while Artemia nauplii may show considerable variation in nutritional composition depending on strain origin and enrichment procedures. In contrast, copepods are considered nutritionally superior because they naturally contain higher levels of highly unsaturated fatty acids (HUFA), phospholipids, and essential amino acids required for marine/ brackish fish larval development (Støttrup, 2003; Drillet et al., 2011). Moreover, their broad range of developmental stages provides a continuous supply of prey sizes suitable for different larval feeding requirements.

Table 1. Body length, weight and duration of developmental stages of A. royi
	Developmental Stage
	Length (µm)
	Width (µm)
	Duration (hrs)

	NI
	95 ± 2.5
	67.36 ± 1.34
	10 ± 0

	NII
	117 ± 1.8
	77.10 ± 0.70
	12 ± 1

	NIII
	184 ± 5.7
	119.00 ± 0.30
	12 ± 1

	NIV
	223 ± 8.3
	122.00 ± 0.45
	12 ± 1

	NV
	267 ± 12.9
	166.00 ± 0.50
	14 ± 1

	NVI
	299 ± 7.6
	168.00 ± 1.30
	14 ± 2

	CI
	397 ± 14.9
	143.00 ± 1.00
	16 ± 1

	CII
	496 ± 5.7
	157.00 ± 6.50
	16 ± 1

	CIII
	565 ± 9.9
	176.00 ± 2.00
	16 ± 1

	CIV
	646 ± 6.4
	203.00 ± 1.00
	16 ± 2

	CV
	733 ± 7.1
	243.00 ± 2.30
	16 ± 2

	CVI (Male)
	779 ± 7.8
	247.00 ± 1.00
	18 ± 2

	CVI (Female)
	864 ± 8.3
	283.66 ± 3.35
	19 ± 2


The values are represented in Mean ± SD 
(NI - Naupliar - I; NII- Naupliar - II; NIII - Naupliar - III; NIV - Naupliar - IV; NV- Naupliar - V; NVI - Naupliar - VI; CI - Copepodid - I; CII - Copepodid - II; CIII - Copepodid-III; CIV - Copepodid - IV; CV - Copepodid - V;  CVI M Adult - Male; CVI F - Adult -Female)

The post-embryonic development of A. royi was characterized by evaluating body length, body width, and developmental duration across successive naupliar (NI–NVI) and copepodid (CI–CV), and adult (CVI) stages (Table 1). Under the experimental culture conditions, A. royi completed its development from nauplius to sexually mature adult in approximately 7 days. A progressive increase in body size was observed throughout ontogeny. Body length increased from 95 ± 2.5 µm in the first naupliar stage (NI) to 299 ± 7.6 µm in the final naupliar stage (NVI), accompanied by an increase in body width from 67.36 ± 1.34 µm to 168.00 ± 1.30 µm. Naupliar stages exhibited relatively short developmental periods, ranging from 10 ± 0 h in NI to 14 ± 2 h in NVI. Morphologically, early nauplii (NI–NII) possessed three pairs of functional appendages and a single pair of furcal setae, while subsequent stages demonstrated progressive body elongation, appendage development, and initiation of segmentation. The transition from NVI to the first copepodid stage (CI) represented a major metamorphic event characterized by the differentiation of prosome and urosome regions and the development of locomotory appendages. During the copepodid phase, body length increased steadily from 397 ± 14.9 µm in CI to 733 ± 7.1 µm in CV, ultimately reaching 779 ± 7.8 µm and 864 ± 8.3 µm in adult males and females, respectively. Similarly, body width increased from 143.00 ± 1.00 µm in CI to 243.00 ± 2.30 µm in CV, with adult females exhibiting the greatest width (283.66 ± 3.35 µm) compared with males (247.00 ± 1.00 µm). Each copepodid stages required 16–19 h for progression to next stage, with females exhibiting a slightly longer developmental duration than males. Progressive segmentation and appendage differentiation were evident throughout copepodid development. The CI stage possessed four body segments in the cephalothorax, with one unsegmented urosome and two pairs of swimming legs, 5 fringed setae was observed in caudal furca. Additional segmentation and swimming appendages were observed in CII and CIII, while CIV displayed advanced morphological differentiation. The CV stage was marked by the development of the fifth pair of legs and the onset of sexual differentiation. Complete sexual dimorphism was apparent at the adult (CVI) stage, with females attaining significantly larger body dimensions than males. Adult females possessed elongated eleven-segmented antennules extending to approximately the third thoracic segment. The mandibles were developed, and the first maxilla contained five tooth-like structures. The maxilliped was comparatively small, whereas the swimming legs retained the morphology established during the CV stage. Adult males exhibited similar cephalic appendages but differed in the structure of the sixth leg, which comprised two spines and one seta positioned along the posterolateral margin of the second urosomal segment. Overall, the observed increase in body length and width, coupled with distinct morphological transformations and relatively short developmental durations, highlights the rapid life cycle of A. royi and supports its suitability as a candidate live feed organism for finfish larviculture.
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Figure -2: Post Embryonic Development Stages of A. royi 

(NI - Naupliar - I; NII- Naupliar - II; NIII - Naupliar - III; NIV - Naupliar - IV; NV- Naupliar - V; NVI - Naupliar - VI; CI - Copepodid - I; CII - Copepodid - II; CIII - Copepodid-III; CIV - Copepodid - IV; CV - Copepodid - V;  CVI M Copepodid - Male; CVI F - Copepodid -Female)

The developmental size spectrum of A. royi demonstrates its potential as a suitable live feed organism throughout different stages of fish larval development. The early naupliar stages (95–184 µm) fall within the size range suitable for first-feeding fish larvae and are comparable with small rotifers (Brachionus rotundiformis) generally ranging between 100 and 200 µm (Dhont et al., 2013; Lubzens et al., 2003). Later naupliar stages (223–299 µm) provide larger prey particles comparable to enriched rotifers and suitable for larvae with increasing mouth gape. The copepodid stages of A. royi (397–733 µm) overlap with the size range of Artemia nauplii, which are commonly used after rotifer feeding in marine hatcheries (Lavens and Sorgeloos, 2018; Sorgeloos et al., 2001). However, unlike Artemia, copepods provide a more balanced nutritional profile, particularly with respect to DHA, EPA, and phospholipid content, which are essential for proper development of marine fish larvae (Støttrup, 2003; Drillet et al., 2011). The sequential availability of naupliar and copepodid stages of A. royi provides a continuous prey size spectrum, potentially reducing dependence on multiple live feed organisms during hatchery production. The rapid developmental cycle, wide size range, and distinct morphological progression observed in A. royi provide important biological information for selecting appropriate harvesting stages and mesh sizes for biomass collection. Furthermore, understanding the relationship between developmental stage and prey size is essential for designing stage-specific feeding protocols for finfish larvae. Overall, the present findings demonstrate that A. royi represents a promising alternative live feed organism with potential applications in finfish aquaculture.

4. Conclusion

The study confirmed the identity of Apocyclops royi using morphological observations and 18S rRNA-based molecular analysis and described its post-embryonic development under laboratory conditions. The species completed development from nauplius to adult in approximately seven days, with progressive increases in body length and width across naupliar, copepodid, and adult stages. Adult females were larger than adult males, indicating clear sexual dimorphism. The recorded size range suggests that different developmental stages of A. royi may be suitable for use as live feed across different phases of finfish larval development. However, further studies involving nutritional profiling, feeding trials, and mass-culture performance are necessary before confirming its full aquaculture application.
Limitation
This study did not include nutritional composition analysis, larval feeding trials, survival-performance evaluation, or large-scale culture assessment. The exact number of individuals measured at each developmental stage and detailed molecular workflow parameters were not fully described. Further studies are needed to confirm the practical hatchery value of A. royi under applied aquaculture conditions.
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