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The ability to conduct closed life-cycle culture of tropical spiny lobsters, Panulirus ornatus, at the Institute for Marine and Antarctic Studies (IMAS) provides a unique opportunity to investigate specific developmental stages during embryogenesis. The production of closed life-cycle lobsters provides access to embryos at defined time points, yet physical staging is challenging due to their small size and environmental factors impacting their development. A transcriptome comprising 11 distinct stages across the 30-day P. ornatus embryonal development period allowed the establishment of the most detailed transcriptomic library of embryogenesis across decapods. A series of key genes across the 11 stages of embryonal development were characterized. The expression of neuropeptides was reported across P. ornatus embryos, suggesting they are primarily active during the later stages of embryogenesis as the nervous system develops and the animal prepares to hatch. Gastrula-specific genes, nanos and brachyury, presented an expression profile indicating gastrulation occurs early in embryogenesis. In addition to the molecular tools used to characterize embryo development, certain developmental characteristics, such as eye spot development, provide a measurable indicator that can be visualised. Hatch prediction models based on visual characteristics were shown to be an accurate method to predict the timing of the hatch for P. ornatus embryos kept at 26°C. The combination of morphological and visual measures with transcriptomics can be used to further define and establish the groundwork for future characterisation and staging of P. ornatus embryogenesis.
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Introduction

Tropical spiny lobsters support coastal communities’ livelihoods across the globe through commercial and recreational fisheries. The ornate spiny lobster (Panulirus ornatus) is a prime candidate for aquaculture production. P. ornatus possesses several enviable traits, including consistently high market value and strong commercial demand unmet by fully exploited fisheries (Jeffs, 2010; Sachlikidis et al., 2010). Whilst there has been considerable interest in the development of sustainable closed life cycle spiny lobster aquaculture, until recently their complex and extended larval cycle, specialised feed requirements and need for high quality water posed significant challenges. Enhancing our understanding of lobster embryology may provide additional biological insights into the early life-history of lobsters.

Female P. ornatus can produce up to one million eggs in a single spawning event (Musbir et al., 2018). Once spawned and fertilized, the eggs are carried on the female’s abdomen attached to the pleopods, where they undergo embryogenesis lasting 3-5 weeks, with duration defendant on ambient water temperatures (Sachlikidis et al., 2010). At colder temperatures, embryogenesis is significantly longer than at warmer temperatures and expectedly, embryonal development lasts longer in temperate and sub-temperate spiny lobster species. At 20°C, the incubation period for the sub-temperate eastern spiny lobster, Sagmariasus verreauxi, is approximately 55 days (Moss et al., 2004). In P. ornatus, embryogenesis lasted 36 days when kept at 24°C and reduced to 22 days at 30°C (Sachlikidis et al., 2010), a timeline confirmed by Liang and He (2012). Previous work in S. verreauxi showed that when reared at higher temperatures, eggs produce smaller larvae upon hatching, which did not survive as long when food was withheld, in comparison to eggs reared at lower temperatures with a longer incubation period (Moss et al., 2004). The control of environmental systems at the Institute for Marine and Antarctic Studies (IMAS), particularly temperature, provide a unique opportunity to sample P. ornatus embryos according to a defined timeline.

There is little understanding of egg morphological development and categorization of stages in spiny lobsters. With decapod embryogenesis research both diverse and scant in topic and availability (Helluy and Beltz, 1991), inferring from one genus to another is challenging. In the model arthropod Drosophila melanogaster, a syncytial blastoderm is formed as nuclei migrate to the egg perimeter early in embryogenesis. Approximately 4 hours following fertilization, nuclei accumulate within the cytoplasm and move towards the surface where they form cells surrounding the yolk sac resulting in a cellular blastoderm (Campos-Ortega and Hartenstein, 1997). Gastrulation then occurs, creating the germ layers: endoderm, mesoderm and ectoderm. Cells are rearranged as the germ band elongates and distinct cells appear, embryo segments then become visible, forming an arrangement along the anterior-posterior axis. This is followed by segmentation and the formation of the nervous system and internal organs (Campos-Ortega and Hartenstein, 1997). However, these stages are not as clearly partitioned in spiny lobsters, which makes defining stages difficult (Scholtz and Wolff, 2013).

In the American lobster, Homarus americanus, superficial cleavage results in blastoderm formation where the central mass of yolk remains intact (Helluy and Beltz, 1991). Following cleavage and during blastoderm, yolk pyramids are formed when the yolk is divided into wedge-shaped sections (Brena and Akam, 2012). After gastrulation, where the embryo transforms from a single layer of epithelial cells (blastula) into a multilayered structure (Pijuan-Sala et al., 2019), yolk pyramids are formed from the midgut cells, forming compartments dividing the yolk (Scholtz and Wolff, 2013). The formation of the germ disc, which will give rise to the three germ layers, leads to the disappearance of the yolk pyramids. As the germ disc grows longitudinally, it becomes the germ band extending down one side of the egg, and is comprised of blastoderm cells (Scholtz and Wolff, 2013). Based on several examples, it is concluded that the germ band, formed from the blastoderm thickening, is related to yolk quantity. The germ band stretches across the ventral side of the embryo, which is where body segments begin to form (Scholtz and Wolff, 2013). Typically, in arthropods, the body segments are formed one at a time from the anterior to posterior. After several days, naupliar organization is apparent in H. americanus. This is characterized by the presence of the median eye as well as three pairs of appendages (the antennulae, antennae and mandibles) (Helluy and Beltz, 1991). The differentiation and growth of the post-mandibular appendages results in the metanauplius. H. americanus hatch as a mature metanauplius that rapidly molts into first stage larvae (Helluy and Beltz, 1991), whereas spiny lobsters hatch as naupliosoma, undertaking a molt to first stage phyllosoma within minutes (Moss et al., 2004).

While it has been difficult to obtain visual confirmation of the various embryogenesis phases in some arthropods, including spiny lobsters, there are key genes involved in embryogenesis which are well described and express at a consistently timed manner across the phylum. The analysis of transcriptomic changes could therefore provide an alternate solution to defining embryogenesis in spiny lobsters. Moreover, in the case of P. ornatus, detailed transcriptomic libraries are available for larval stages (Hyde et al., 2019) and adult tissues (Ventura et al., 2020) that can assist to further resolve tissue and stage specific expressions. Decapod transcriptomics have primarily focused on larval and adult stages over the past decade, addressing key challenges faced by the aquaculture industry (Nguyen, Jung, et al., 2018). A limited number of transcriptomic investigations addressed embryonal development in decapods, all addressing only one to three embryonal stages at most (Table 1).


Table 1 | Transcriptomic analyses of embryo development in decapods.



Genes associated with different stages of embryonal development were uncovered in several decapod species. In the marine prawn Penaeus japonicus, embryos were collected immediately after spawning and developed to late gastrulation prior to RNA isolation (Sellars et al., 2015). The gene brachyury was expressed specifically during gastrulation, consistent with invagination that occurs in this stage (Sellars et al., 2015). Samples of oosperms (zygote) and embryos at the 2-4 cell stage were taken from the Chinese mitten crab Eriocheir sinensis, and 432 differentially expressed genes (DEGs) were identified between the two stages with results suggesting that embryonal development events begin prior to cleavage in crabs (Hui et al., 2017). Genes upregulated in the 2-4 cell stage embryos of E. sinensis include Nanos, which is associated with sex differentiation of the germline, as well as genes involved in segmentation such as segmentation protein paired, hunchback and bric-a-brac. Embryos at 20 and 27 days following fertilization were collected for transcriptomic analysis from the red claw crayfish Cherax quadricarinatus, demonstrating large morphological changes, with 20 day embryos corresponding with the formation of eye pigments and short abdominal appendages without segmentation and day 27 embryos corresponding to the pre-hatching stage as the body and appendages were segmented (Wang et al., 2020). Fundamental development genes were highly expressed in the day 20 embryos, including HtrA2, Caspase 8, hedgehog, and MAPKm (Wang et al., 2020). Establishing a detailed P. ornatus embryo transcriptome would allow for genes associated with embryonal development to be mapped across embryogenesis and enable more accurate staging of the P. ornatus embryonal stages.

Neuropeptides play key roles across the developmental process in P. ornatus. The expression of neuropeptides has been examined across later P. ornatus life stages, with distinct expression profiles observed, particularly between phyllosoma and puerulus. Differential expression analysis revealed that towards the end of the phyllosoma phase, there is wide downregulation of the neuropeptides in the 24 hours prior to metamorphosis (gut retraction) and in the post-molt puerulus (Hyde et al., 2020b). In adults, neuropeptides have been examined in a variety of decapod species, including the Norway lobster, Nephrops norvegicus (Nguyen, Rotllant, et al., 2018), P. ornatus (Ventura et al., 2020), and C. quadricarinatus (Nguyen et al., 2016) where characterization was focused on biological processes such as sexual development and largely based on expression profiles across the tissues.

In this study we developed a reference P. ornatus embryo transcriptome across 11 embryonal developmental stages, presenting a detailed description regarding the expression of key genes across embryogenesis in decapods in a species for which we currently have a limited understanding of embryonal development. Differential expression analysis uncovered key genes with differential expression profiles across the 11 stages of embryonal development, including maternally inherited genes, stage-specific genes involved with gastrulation, and crustacean neuropeptides. Two hatch prediction models, based on visual characteristics of P. ornatus embryos, were examined to accurately predict hatching. This provides a basis for further characterization and staging of embryo development in P. ornatus.



Methodology


Sample Preparation and RNA Extraction

Broodstock P. ornatus (6 mature females and 1 mature male) were reared at the IMAS aquaculture facility, Tasmania where they were maintained in 5600 L fiberglass tanks kept at a consistent temperature of 26°C and photoperiod (14: 10 L: D) control. The environmental water conditions were maintained by a recirculating aquaculture system, with water quality parameters monitored daily to keep conditions consistent: salinity 34-35 ppt, dissolved oxygen 100%, pH 8.1-8.2, NH4-N <1.0 mg L-1, NH3 <0.2 mg L-1 and NO2 – H <5.0 mg L-1. Embryo samples (approximately 250-500 individual embryos per extractions) were taken from three mature spawning females (spawning is considered day 0 of embryo development) and then every three days until hatch on day thirty (Figure 1). Samples were snap frozen in liquid nitrogen and kept frozen at -80°C prior to RNA extraction. Total RNA was extracted from a total of 33 pooled embryo samples (n = 3 for each of the 11 stages), weighing 50 - 100 mg each. The frozen samples were submerged in 500 μl RNAzol (Molecular Research Center) containing 10 μl β-mercapto-ethanol and homogenized using a pellet pestle motor for 60 seconds until no visible tissue remained. Following homogenization, 500 μl RNAzol was added and centrifuged at 12,000 g for 5 minutes at 4°C to remove excess lipids. The liquid beneath the lipid layer was transferred to 400 μl RNase free H20, and the homogenate mixed vigorously using a vortex for 15 seconds. The samples were incubated at room temperature for 15 minutes and then centrifuged at 12,000 g for 15 minutes at 4°C. One mL of supernatant was collected and transferred to a new tube. Four hundred μl 75% pure grade ethanol were added to the tubes which were inverted, then incubated for 10 minutes at 4°C. Following incubation, the samples were centrifuged at 12,000 g for 8 minutes at 4°C. The supernatant was discarded, and the pellet was washed with 500 μl 75% ethanol, vortexed briefly and centrifuged at 8,000 g for 3 minutes at 4°C. The supernatant was discarded, and the wash repeated twice. Following the final wash, the supernatant was discarded, and the tube spun down briefly to collect residual ethanol at the bottom of the tube, which was removed by pipetting. The tubes were left open in the fumehood for 10 minutes to allow evaporation of the excess ethanol from the pellet. Fifty μl molecular grade RNase free water was added, the tubes were then vortexed briefly and left for 10 minutes to dissolve the pellet at room temperature. The extracted RNA samples were then quantified using NanoDrop 2000 (ThermoFisher, Australia) and kept in -80°C.




Figure 1 | 11 stages of Panulirus ornatus embryo development samples were taken for RNA extraction. Embryos were sampled every 3 days from day zero until hatch at day 30 (photos taken by Larnie Linton). Day 30 (hatch) photo is stage I phyllosoma, rather than hatched naupliosoma, which were unable to be photographed. There are 11 stages of embryonic development of P. ornatus; fertilized egg, cleavage, blastula, gastrula, egg-nauplius, embryo with 7 appendage pairs, embryo with 9 appendage pairs, embryo with 11 appendage pairs, compound eye pigments, pre-hatching and hatching (Liang and He, 2012) Abbreviations are as follows: Y, yolk; Es, eye spot; Ch, chromatophore.





Sequencing and Transcriptome Assembly

A minimum of 3 μg clean RNA (integrity of RNA assessed by bioanalyzer; Supplementary Material 1) from each of the 33 pooled samples were rehydrated with RNAstable® LD (Sigma-Aldrich) following the manufacturer’s protocol and sent to Novogene (Hong-Kong) for quality control using Bioanalyzer, library preparation (TrueSeq) and Illumina RNA Sequencing (HiSeq2500, 150 paired end reads). A minimum of 20 million clean reads were generated/sample. Clean reads were de novo assembled using Trinity. Hierarchical clustering was performed by Corset. The assembly was based on clean reads from a total of 41 fastq files, including 11 stages, 12 samples from across metamorphosis (Hyde et al., 2019) and 18 adult tissues (Ventura et al., 2020), generating a comprehensive reference transcriptome forming a library of transcripts expressed across the P. ornatus life cycle. One replicate per embryo stage (n=11) was chosen for the assembly to reduce the computational load and minimize the generation of redundancy in predicted isoforms. The 12 metamorphosis samples were based on RNA extracted from whole animals (7 phyllosoma, 3 puerulus and 2 juveniles) homogenized in RNAzol RT (MRC) with 1% β–mercaptoethanol, and then following manufacturer guidelines (Hyde et al., 2019). Eighteen adult tissues were dissected from male and female adult P. ornatus and RNA was extracted from up to 100 mg of tissue using RNAzol (MRC) (Ventura et al., 2020). The expression of the embryo-derived transcripts was digitally quantified using DeSeq2 in each of the samples relative to the library size, calculated as reads per kilobase per million reads (RPKM). Functional annotation was inferred based on seven databases: NR, NT, KO, Swissprot, PFAM, GO, and KOG.



Gene Expression Analysis

The RPKM of the transcripts were used to compare the 11 stages of P. ornatus embryonal development. A principal component analysis (PCA) was performed on the top 1000 expressed transcripts using ClustVis (Metsalu and Vilo, 2015). RPKM values were used to identify differentially expressed genes (DEGs) across the 11 stages. A list of genes associated with different aspects of embryonal development was curated based on previous studies of decapod embryonal development. A BLAST search using the protein sequences derived from the embryonal development-associated genes was conducted against the embryo transcriptome database to identify P. ornatus transcripts encoding these genes. The RPKM of the P. ornatus derived transcripts were retrieved and plotted against the 11 stages of embryo development.

The top 250 expressed genes in the ovary of adult P. ornatus were analysed. Those that were specific to the ovary or ovary-enriched (> 5-fold increase compared to other tissues) were then identified in the 11 embryonal development samples. The expression of the ovary-enriched transcripts was mapped across the adult tissues and embryogenesis in the form of a heat map (Babicki et al., 2016). Amino acid sequences from previously known embryo stage-specific genes, including vasa, nanos and brachyury, were subjected to a BLAST search across the embryo development transcriptome. Phylogenetic analysis confirmed the identities of the P. ornatus transcripts. The reads for the embryo samples were mapped onto the brachyury gene to confirm the reliability of the quantification. The transcripts were plotted against the 11 stages of embryogenesis to confirm stage-specific expression in P. ornatus. The crustacean neuropeptides were identified based on sequence similarity with related decapods including P. ornatus (Hyde et al., 2020c) and digital expression profiles mapped the P. ornatus expression patterns across embryogenesis.



Hatch Prediction Models for Developing Panulirus ornatus Embryos

P. ornatus embryos, attached to abdomen of adult females kept at 26°C were sampled every day from spawning (day 0) to hatch (day 30). Measurements of the eye index and yolk percentage were taken using LASv4 measuring program. The eye index was calculated as the length of the eye + the width of the eye (the widest section) divided by the number of measurements taken. The yolk percentage was measured as the percentage that the yolk contributed to the embryo. Measurements were plotted against the number of days until hatch to define hatch prediction models.




Results


Transcriptome Sequencing of Panulirus ornatus Embryo Development Stages

Assembly of 41 RNA-Seq FASTQ files (11 embryo stages, 12 metamorphic stages and 18 tissues, as described in the methodology) generated a total of 253,700 transcripts, with 245,416 transcripts in the embryo samples. More than fifty percent of the transcripts were less than 1 kbp. The assembled embryo-derived transcripts were annotated based on seven databases: NR (74,986 genes annotated), NT (22,559 genes annotated), KO (26,290 genes annotated), Swissprot (52,025 genes annotated), Pfam (28,095 genes annotated), GO (26,102 genes annotated), and KOG (26,372 genes annotated), with 31.52% of all transcripts annotated in at least one database. The 33 embryo FASTQ files were uploaded to the NCBI SRA database (PRJNA761502). Principal component analysis displayed varying levels of clustering of the biological replicates (Figure 2; see Supplementary Material 2). This was based on the top 1000 expressed transcripts which were calculated to equate 52.68% of the total expression in the embryos, representing the majority of expression profiles in these samples. The top 1000 expressed transcripts across the 11 stages of embryogenesis were plotted against the main two principal components, showing that the day 0 embryos cluster tightly together and far away from the remainder of the samples which cluster within biological replicates in sequential order from day 3 to day 30 embryos. This pattern remained when the day 0 embryos were removed from analysis, with day 3 embryos clustering tightly and away from the remaining embryo stages. When the day 0 and day 3 embryos were removed from the analysis, the clustering of replicates was less distinct.




Figure 2 | Principal component analysis visualizing the top 1000 expressed genes across the 11 stages of embryo development derived from the Panulirus ornatus transcriptome. The top 1000 genes are the same across all three plots, the number of samples and stages is receding with 33 (11) (A), then 30 (10) (B), 27 (9) (C), where the two main principal components explain diminishing, yet significant variation at 55%, 43.1% and 40.5% for PC1 and 15.9%, 14.5% and 16.6% for PC2.





Differential Expression of Genes

The RPKM values of the top 250 expressed transcripts in the P. ornatus ovary were compared to the RPKM values of the other adult tissues. Those transcripts that were specific, or enriched in the ovary (at least a 5-fold increase in the ovary) were further analysed. Seventy-two transcripts demonstrated ovary-specificity or ovary-enrichment. These 72 transcripts were then identified in the P. ornatus embryo. The expression of the 72 transcripts was then mapped across the adult tissues and embryogenesis in the form of a heat map (Figure 3). This revealed that the maternally-inherited genes were expressed predominantly in the day 0 embryos, where expression was the highest, and for the majority of the transcripts there is little to no expression in the other embryonal development stages. Thirty-eight transcripts were provided with annotation including, gametocyte-specific factor, lipid storage droplet protein, carcinin-like protein, papilin, AN1-type zinc finger protein, allantoicase, and coactosin-like protein. Of the 72 ovary-enriched transcripts, 34 were not provided with annotation from the seven databases, including those with the highest expression. A BLAST search across the NCBI database determined that these transcripts were mitochondrial in origin, but the majority did not have annotation (see Supplementary Material 3). Whilst the expression was high across the six ovary samples, the expression of all 72 transcripts was consistently higher in the developed ovaries of the adult females in comparison with the immature ovaries in the juveniles.




Figure 3 | Heatmaps of seventy-two Panulirus ornatus maternally-inherited transcripts identified in adult tissues (A) and 11 stages of embryonal development (B) made using Heatmapper (Babicki et al., 2016). The intensity of the transcript expression, represented as RPKM are displayed as colours ranging from red (lowest expression) to blue (highest expression). ES, eyestalk; BR, brain; TG, thoracic ganglia; Ant, antennal gland; TS, testes; SD, sperm duct; OV, ovary; M HP, male hepatopancreas, F HP, female hepatopancreas; MG, midgut (stomach); HG, hindgut (intestine); MS, muscle; EP, epidermis; Ft, fat (A). The 11 P. ornatus embryonal stages from fertilization to hatch are represented in triplicates as follows; A – day 0, B – day 3, C – day 6, D – day 9, E – day 12, F – day 15, G – day 18, H – day 21, I – day 24, J – day 27, K – day 30.



A search for the gastrula associated genes, vasa, nanos, and brachyury, retrieved six P. ornatus transcripts; 3 vasa, 2 nanos and 1 brachyury. Vasa expression remained insignificant across the 11 embryogenesis stages, whilst nanos and brachyury demonstrate specificity to day 3 embryos (Figure 4). The reads from day 3 embryo samples (triplicates) were mapped onto the brachyury sequence derived from the P. ornatus embryo transcriptome, to demonstrate the reliability of the quantification used for the expression of genes across P. ornatus embryogenesis (Supplementary Material 4). The P. ornatus brachyury sequence presents several SNPs and demonstrates that this is a partial sequence.




Figure 4 | Expression of two gastrula-specific genes, Brachyury and Nanos across the 11 embryonal development stages of Panulirus ornatus, represented as RPKM.



A search for 67 neuropeptides previously identified in P. ornatus (Hyde et al., 2020b) found 58 putative neuropeptides across the 11 stages of embryonal development. The majority of the putative neuropeptides have relatively low expression with a gradual increase in expression as the embryos develop (Figure 5; see Supplementary Material 5). The digital expression patterns show two clear expression profiles. Forty-nine of the neuropeptides demonstrate minimal expression in the earlier stages of embryonal development, with a significant increase in the later stages, including PDH2, calcitonin-like, NPF1a, orcokinin, RPCJ, sNPF, and sulfakinin. The majority of the neuropeptides following this expression profile peak on day 30. Nine of the neuropeptides have expression predominantly in the earlier embryonal stages with a decrease in expression during the later stages of development. Five of these demonstrate significantly elevated expression in day 0 embryos – Diuretic hormone (DH44), GPB5, NFT, NP-4, and SIFamide.




Figure 5 | Heatmap of 58 putative Panulirus ornatus neuropeptides across 11 stages of embryogenesis, generated using Heatmapper (Babicki et al., 2016). The intensity of the transcript expression, represented as RPKM are displayed as colours ranging from red (lowest expression) to blue (highest expression). X axis presents the stage of embryonal development, represented as days post-fertilization.





Hatch Prediction of Developing P. ornatus Embryos

Two measurements were used for P. ornatus embryos hatch prediction. The eye index and the yolk percentage of developing embryos were measured every day from fertilization until hatch (Figure 6; see Supplementary Material 6). Based on the eye index hatch prediction model, there is a clear relationship between the eye index and hatching of the embryos. The size of the eye increases as the embryo develops and gets closer to hatching. The earliest the eye index could be measured was 14 days prior to hatch in the 30-day embryonal development period at 26°C, with the eye measuring 15 μm. As the embryos develop, the eye index increases linearly. At 8 days until hatch, the eye index of two embryos was calculated at 71 μm and 78 μm. At 2 days until hatch, three measurements were taken, with an eye index range of 117 μm, to 146 μm. The measurements taken earlier in embryogenesis demonstrate less variance in the size of the eye, indicating that this model can be used to reliability predict hatching.




Figure 6 | Hatch prediction models for developing Panulirus ornatus embryos based on eye index (A) and yolk percentage (B). Embryos were kept at 26°C at the Institute for Marine and Antarctic Studies (IMAS). Eye index = length of eye + width of eye (widest section)/number of measurements taken. Photos and measurements taken by Larnie Linton.



There is an inverse relationship between the yolk percentage and hatching, with the yolk percentage steadily decreasing as the embryos go through development and prepare to hatch. The percentage of the egg that the yolk encompassed was measured across the 30 days of embryogenesis and plotted against the length of time until the embryos hatched. This showed that the yolk percentage was also directly related to the length of time until hatching occurred. The percentage of yolk consistently decreased as the embryos developed and got closer towards hatch. The yolk percentage was first measured on approximately day 13 of embryo development, with 17 days remaining until the embryos hatched. Measurements were taken from two embryos, with 87% yolk and 89%. The measurements taken remained consistent throughout development, with 44% and 46% at 8 days until hatch, 29%, 33% and 35% at 3 days until hatch and 25%, 26% and 27% 2 days prior to hatching.




Discussion

Embryogenesis is a vital aspect of rearing spiny lobsters in culture, yet there are many unknowns about the embryonal development process. The consistent environmental culture conditions, particularly temperature, reduce compounding factors and provides a reliable supply of embryos known to hatch approximately 30 days from fertilization. This study created the first transcriptomic library detailing 11 stages across embryonal development in P. ornatus. Previous transcriptomic work in decapods have encompassed three or less stages of embryos (summarized in Table 1). This is the first study to look at such a large number of distinct stages across decapod embryonal development. The triplicates of each of the 11 embryo stages, from three different egg development batches, allows more robust quantification of transcripts expression across the P. ornatus embryonal development. The transcripts can be easily identified and their quantity across life stages and tissues of P. ornatus visualized using CrustyBase.org.

PCA of the top 1000 expressed genes across embryonal development indicated differences in the genes expressed across the 11 stages. It was expected that the beginning and end stages of embryogenesis cluster tightly and away from other stages as the developing embryos are the most morphologically different at these stages and likely have very different gene expression profiles. It was confirmed that the day 0 and day 3, and day 27 and day 30 embryos had very different gene expression from the embryos sampled across the mid-stages of embryonal development. The day 0 and day 3 embryos are initiating the embryonal development pathways, such as gastrulation, which requires a large quantity of genes to be expressed at the appropriate times to ensure correct growth and development. The day 27 and day 30 embryos are approaching the end of embryogenesis, preparing for hatch and the subsequent metamorphosis into the larvae which requires significant gene expression changes to regulate the morphological transition. In Macrobrachium acanthurus, a study investigating the morphology and chronology of the 16-day embryonic development period reported that there were significant morphological changes from day 1 to 3 in relation to cell division and the initialization of embryo shape (MÜLler et al., 2007). Significant embryonic events were visualised in the latter half of the development period with the organization of complex structures (MÜLler et al., 2007). The highest expressed genes in the day 0 embryos share more similarity with the genes expressed in the ovary of adult female P. ornatus. It is possible that these transcripts encode maternal RNA (Winata and Korzh, 2018), which are expected to have elevated expression in the mature ovary and early embryos. This supports the idea that significant gene expression differences would be present in the earlier stages of P. ornatus embryogenesis relating to initializing embryonic development.

Seventy-two ovary-enriched transcripts suggested to be maternally-inherited genes, were mapped across the 11 stages of embryogenesis, demonstrating specificity to the very early stages of development. Of the 72 maternally-inherited genes, 38 were provided with annotation including gametocyte-specific factor, lipid storage droplet protein, carcinin-like protein, papilin, AN1-type zinc finger protein, allantoicase, and coactosin-like protein. Gametocyte-specific factor is responsible for suppressing retrotransposon transcription in male germ cells and is considered a marker for gamete developmental competence in mammalian embryos (Huntriss et al., 2017). Carcinin is an antimicrobial protein, similar to defensins in invertebrates (Brockton et al., 2007). The glycoprotein, papilin, is associated with gastrulation, where it is essential for the arrangement of embryonic structures (Kramerova et al., 2000). Without sufficient expression of papilin at the appropriate time points, embryogenesis is impaired leading to inappropriate muscle cell differentiation, and malformations of body structures (Kramerova et al., 2000). Images taken of the P. ornatus embryo stages provide minimal detail of the precise morphological changes occurring within the egg, due to the presence of yolk. Day 0 is established as the 8-cell stage due to presence of visible cells inside the egg. There is little characterization until the eye pigmentation becomes visible on day 18 and eye spots develop on day 21. Prior to the development of eye pigmentation, characterisation is largely based on time (Helluy and Beltz, 1991). Characterisation of embryo development can assist in detailing the changes occurring within an embryo that cannot be visualised.

Eight previous studies with an emphasis on transcriptomic profiling of decapod embryo development curated a short list of genes associated with specific aspects of embryonal development. Three genes, vasa, nanos and brachyury were specific to the gastrula phase. Vasa belongs to the DEAD-box family that is exclusively expressed in the germline cells (Aflalo et al., 2007), nanos is essential for abdominal segmentation in D. melanogaster embryogenesis (Wang et al., 1994), and brachyury is a T-box transcription factor with a key role in regulating gastrulation including specifying cell identity in other invertebrates, but hasn’t yet been confirmed in crustaceans (Hertzler et al., 2018). Three predicted vasa transcripts, 2 nanos transcripts and 1 brachyury transcript were derived from the P. ornatus embryo transcriptome. While there is minimal vasa expression across P. ornatus embryogenesis, both nanos and brachyury expression is elevated exclusively in day 3 embryos. Based on the 30-day embryo development period of P. ornatus kept at 26°C, day 3 embryos can be considered at approximately 10% development. Based on a percent-staging method that has been used to characterize other lobster species (Helluy and Beltz, 1991), the gastrula phase occurs at approximately 10% embryonal development, which is consistent with the gene expression of the gastrula-specific nanos and brachyury.

Neuropeptides are a diverse group of key signalling messengers comprised of short chains of amino acids with a range of roles across physiological processes (Mykles et al., 2010; Nguyen et al., 2016). Of the 67 predicted neuropeptides in P. ornatus (Hyde et al., 2020b), 58 were identified in the embryonal development transcriptome. The majority of the transcripts demonstrate very little expression in the early stages, with increasing expression as the embryos become more developed. It was expected that the expression of the predicted neuropeptides would increase as the embryos develop their central nervous system and neural tissues, towards the end of embryonal development. Unexpectedly, nine of the neuropeptides showed the inverse expression profile, with higher expression levels occurring earlier during embryonal development, with a decrease in expression during later embryonal development. This group of neuropeptides includes CCHamide-2, corazonin, DH44, EH-1, EH-2, GPB5, NFT, NP-4 and SIFamide. Corazonin has the lowest expression, with minimal expression on day 0, day 18, day 24, day 27 and day 30. In male decapods, corazonin has a key role in the regulation of the masculinizing insulin-like androgenic gland hormone as well as other physiological processes including stress response, heartbeat, pigment production and reducing silk production in insects (Farhadi et al., 2021). In D. melanogaster, corazonin inhibits vitellogenin and egg-laying (Gospocic et al., 2017). It is possible that the adult female is expressing corazonin to inhibit further egg production, and residual corazonin is being detected in the day 0 embryos as a result. DH44 has previously been characterised as a phyllosoma-specific neuropeptide that regulates a pathway specific to this stage (Hyde et al., 2020a). In P. ornatus embryos, DH44 expression increases in the last few days before hatch, possibly establishing some of these pathways in preparation for the larval phase. However, across embryogenesis, DH44 expression is highest on day 0, which suggests a role outside of processes specific to P. ornatus larvae. In D. melanogaster, DH44 expression was detected at low levels during embryonal development, increasing by the third larval instar and remaining elevated in the pupal brain and adult ventral nerve chord (Cannell et al., 2016). In the bug Rhodnius prolixus, DH44 is released into the hemolymph following feeding (Nässel and Wu, 2021). Glycoprotein B5 (GPB5) has been shown to regulate the reabsorption of sodium in the hindgut of the mosquito, Aedes aegypti (Paluzzi et al., 2014) . In P. ornatus embryos, GPB5 expression is exclusive to day 0 embryos, suggesting that it is only present during the initialization period of embryo development. GPB5 is expressed in the mature ovary of several decapod species, as well as the neural tissues, and is suggested to have a link to the maturation of the gonads (Ventura et al., 2020). NFT demonstrates elevated expression in day 0 embryos, with very little expression throughout the remainder of embryonal development in P. ornatus. NP-4 is specific to the day 0 embryos and is the only neuroparsin with expression early in the embryo. SIFamide has the highest expression of all the predicted P. ornatus neuropeptides, peaking on day 0. SIFamide is conserved in decapods, with multiple functions described, including roles in the flow of food between the foregut and midgut, sexual behavior control and olfactory system modulation (Dickinson et al., 2008). It is secreted from neurons in Macrobrachium rosenbergii and is implicated in aggression modulation, whilst in insects it regulates feeding and reproductive behaviors (Martelli et al., 2017). In P. ornatus phyllosoma, SIFamide expression decreased in late-stage phyllosoma and increased consistently throughout puerulus and juvenile development (Hyde et al., 2020a).

Two neuropeptides show elevated expression in the mid-stages of embryogenesis. The expression of PDH3, a pigment dispersing hormone (Christie et al., 2010) , remains low until day 9 with elevated expression from day 9 to day 18 and then remaining low for the remainder of embryonal development. NP-2, a neuroparsin, follows a similar expression profile, with low expression until day 12, elevated expression from day 12 to day 21 and then reduced expression until hatch. Neuroparsins are a family of neuropeptides well-conserved within arthropods, known to be involved in reproduction in insects, however there is little known about their role in crustacea (Yang et al., 2014). In P. ornatus, the 6 neuroparsins identified differ in their expression across the 11 stages of embryogenesis.

Many of the neuropeptides followed the expected expression profile, with minimal expression early in development and peaking on day 27 or day 30. PDH2 had the highest expression of all P. ornatus neuropeptides in this expression profile. Crustacean hyperglycemic hormone (CHH), molt inhibiting hormone (MIH), and red pigment concentrating hormone (RPCH) are associated with sexual development in P. ornatus, with elevated expression in the eyestalk and significantly reduced expression in other adult tissues (Ventura et al., 2020). In the P. ornatus embryo, CHH, MIH and RPCH do not have meaningful expression until the later stages of embryonal development. CHH expression increases on day 27, MIH expression begins to increase on day 24, and RPCH expression begins to increase on day 21, all peaking on day 30 when the embryos hatch. BursiconA, bursiconB, and crustacean cardioactive neuropeptide (CCAP) are associated with molting events. In P. ornatus embryos, bursiconA and bursiconB show no expression until day 21 and peaking at day 27 and CCAP does not express until day 24 and peaks on day 30. This indicates that bursiconA, bursiconB and CCAP are associated with preparing the embryo for hatching to the naupliosoma and the subsequent first true molting event, to the phyllosoma body form within minutes of hatching. Currently, there is limited understanding of the roles of neuropeptides across embryos in decapods, however this study provides a basis for further characterization of neuropeptides in P. ornatus and other decapods.

Hatch prediction models are beneficial in aquaculture, as they can allow the control of hatch timing and provide adequate preparation prior to larval rearing. Uncertainty surrounding hatch timing and the variability of hatched larvae is not ideal and can be disruptive to production schedules (Sachlikidis et al., 2010). This has led to several studies investigating hatching prediction techniques based on visual appearance and percentage of development. Previous hatching models have had considerable success in temperate species with longer embryonal development periods (Moss et al., 2004, Tong et al., 2000). IMAS rears P. ornatus, a tropical species, all year round, providing the ideal opportunity to investigate models of hatch prediction in a tropical lobster. In this study, two models were measured, based on eye index and yolk percentage measured against the length of time until the embryos hatched. A direct correlation between the eye index and time remaining until hatch was identified. This was anticipated since the eyes increase in size as the embryo develops and prepares to hatch into larvae. At two days prior to hatch, eye index was calculated for three individual embryos, measuring at 117 μm, 131 μm and 146 μm. This difference may be due to a difference in the development of some of the embryos with hatching often occurring over one to three days. Measurement bias is another possibility for this substantial difference in eye index. The measurements are calculated using a two-dimensional microscope; however the developing embryo eye is a three-dimensional structure. The larger the eye grows, the more prone it is to measurement bias. The yolk percentage steadily decreased as the embryo developed, beginning at 90% of the egg in day 12 embryos and decreasing to less than 20% immediately prior to hatching. The decrease in yolk percentage is due to the depletion of the yolk as it is used as an energy source for the developing embryo (García-Guerrero, 2010). As these energy reserves are utilized to form the animal, the yolk decreases in size and color, providing a visual indicator of embryo development progression. This method of hatch prediction can be used as an indicator of development expectations and serve as a warning if embryonic milestones are not reached at the expected time points. This is the first presentation of eye index and yolk percentage to predict the time to hatch in the tropical spiny lobster species P. ornatus.



Conclusion

Embryogenesis of decapods is an area of research that has not received significant attention. Improving the understanding of the morphological and gene expression changes occurring throughout embryonal development in P. ornatus will greatly improve the understanding of the physiological processes occurring within the embryo and inform the best culture practices. A detailed transcriptome of 11 stages of embryonal development across a 30-day embryonal development period in P. ornatus was constructed. Key genes associated with embryonal development were characterized across the 11 distinct stages of embryonal development. Genes enriched in the ovary of adult females were found to be almost exclusively present in the initial phase of embryogenesis immediately following fertilization and characterized as maternally-inherited genes. Gastrulation was defined for the first time in P. ornatus embryogenesis, based on the characterization of two genes, nanos and brachyury, shown to be specific to the gastrula phase in decapod embryos. Crustacean neuropeptides were mapped across the P. ornatus embryos and associated with key physiological processes such as reproduction and molt pathways. Hatch prediction models were shown to be a successful method to accurately predict hatching times for P. ornatus. The study contributes resources towards the characterization and staging of embryogenesis and the morphological and molecular processes occurring within P. ornatus and other tropical lobster species.
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Cherax quadricarinatus
(Wang et al., 2020)

Eriocheir sinensis
(Hui et al., 2017)

Litopenaeus vannamei
(Wei et al., 2014)

Litopenaeus vannamei,
P. japnocis, P. chinesis,
P. monodon

(Wei et al., 2016)
Marsupenaeus
japonicas

(Lietal., 2017)

Penaeus japonicus
(Sellars et al., 2015)

P. monodon
(Huerlimann et al., 2018)
Macrobrachium olfersii
(Jaramillo et al., 2016)

Embryos at day 20 and 27 post-fertilization and larvae at 35 days
post-fertilisation

Oosperms and 2-4 cell stage embryos
Zygote, blastula, gastrula, limb bud embryo, larvae in membrane,
nauplius 1, nauplius Ill, nauplius VI, zoea |, zoea Il, zoea lll, mysis I,

mysis Il, mysis lll, postlarvae
Embryos, adults, Nauplius, ovary and hepatopancreas

Gastrula embryos sampled 6-7 hours post-spawning

2-4 cell stage embryos

9 adult tissues and 8 early life-history stages — embryo, Nauplius,
zoea, mysis, postlarvae (PL) 01, PLO4, PL10 and PL15.
Embryos between days 4 and 8 embryonic days

137, 152 and 111 pathways enriched between day 20 & 27, day 20 &
35 and day 27 & 35 respectively. Fundamental development genes
upregulated at day 20 embryos.

432 DEGs detected between oosperms & 2-4 cell stage embryos,
suggesting embryonal development begins prior to early cleavage
events in crabs.

18,536 DEGs between embryos & Nauplius, 12,261 DEGs between
Nauplius & zoea, 5038 DEGs between zoea & mysis, and 5066 DEGs
between mysis & post-larvae.

The three prospective mesoderm genes, twist, snail and mef2
characterized across embryonal development.

37 growth related genes identified.

Genes associated with germ line, mesoderm and axis determination
and segmentation identified.

The top 500 DEGS were significantly varied between the 8 early life
stages.

35 homologs of embryonic toolkit genes were identified. Embryonal
development was staged morphologically and chronologically across
14 days.
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