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Introduction


Commercial production of Atlantic halibut (Hippoglossus hippoglossus) has many obstacles, such as low and highly variable egg quality and survival rates during early developmental stages. We re-evaluated commonly used egg quality markers of Atlantic halibut in 17 egg batches from 11 different females in 2019.







Methods


At a commercial hatchery in Norway, abnormal phenotypes were observed for several developmental milestones. The parameters fertilization success, percentage of normal early blastomere morphology, percentage of normally developing embryos at blastopore closure, and survival prior to hatching were analyzed to identify egg quality indicators. Small-scale egg incubators were utilized to track eggs with abnormal early blastomere symmetry individually until hatching.







Results


The observed egg quality parameters varied between the egg groups, with an average of 62 ± 18% fertilization success (31–88%), 55 ± 23% survival until hatching (25–99%), and 49 ± 20% hatching success (22–85%). The percentage of normal early blastomeres, 69 ± 10% (51–85%) was not a significant predictor of hatching success in flask incubations but was a significant predictor in 96-well plate incubations. The development of individual eggs was followed in 96-well plates (n = 509), where eggs with normal early blastomere morphology had 83% higher hatching success than those with abnormal blastomeres (52% vs 22%). The percentage of normally developing embryos at blastopore closure 81 ± 18% (41–99%) was the strongest predictor overall and was significantly associated with both survival until hatching and hatching success.







Discussion


Survival until hatching and the proportion of embryos with successful blastopore closure can both serve as egg quality indicators, offering potential enhancements to commercial hatchery management practices.
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1 Introduction


The Atlantic halibut (Hippoglossus hippoglossus L.) is the largest flatfish in the North Atlantic, with a long cultural history as a valuable game fish (Haug, 1990). Commercial farming of Atlantic halibut began in the late 1990s, following successful juvenile production. Since 2007, Norway has consistently farmed 1,500–2,500 metric tons annually and remains the only country reporting commercial production (FAO, 2023), although aquaculture investments in Chile aim to establish this species (Gallardo et al., 2022). Despite decades of development, Atlantic halibut aquaculture continues to face challenges, including stagnating production. Pathogens such as nodaviruses, IPNV, and Atlantic halibut reovirus (AHR) cause losses during early life stages (Bergh et al., 2001; Blindheim et al., 2015), but variable egg quality is the main obstacle to consistent juvenile production, resulting in low survival during incubation, poor hatching success, and high mortality in the yolk-sac stage (Brown, 2002; Engelsen et al., 2004; Migaud et al., 2013; Pittman et al., 1990b).


In captivity, halibut can produce up to 12 egg batches per season, yielding as many as 1 million eggs per female (Norberg et al., 1991). Gametes are stripped by hand, and timing relative to ovulation is critical to avoid overripening and reduced quality (Bromage et al., 1994). Commonly used parameters to assess egg quality in pelagic fish include fertilization rate, early blastomere morphology, and hatching success (Brooks et al., 1997; Kjørsvik et al., 1990; Migaud et al., 2013). Additional traits, such as egg size, buoyancy, oil droplet distribution, and ovarian fluid characteristics, have also been linked to egg quality in halibut and other species (Bobe and Labbé, 2010; Kjørsvik and Holmefjord, 1995; Shields et al., 1997).


Halibut eggs of good quality achieve high fertilization and hatching rates with low deformity levels, increasing the likelihood of producing viable larvae (Brooks et al., 1997; Holmefjord et al., 1993; Kjørsvik and Holmefjord, 1995; Kjørsvik et al., 1990; Skaalsvik et al., 2015). Broodstock are typically kept in land-based facilities, where water temperature and photoperiod are manipulated to control spawning. Broodstock held at 7–8°C during spawning showed lower fecundity, shorter spawning periods, and reduced egg quality compared with fish maintained below 6.5°C (Brown et al., 2006). Similarly, photoperiod manipulation is used to extend or shift the spawning season, as changes in day length stimulate maturation in cold-water marine finfish (Bromage et al., 2001; Holmefjord et al., 1993; Naess et al., 1996; Smith et al., 1991).


However, egg quality indicators such as fertilization success and early embryo morphology (8/16-cell stage) have proven inconsistent in hatchery operations, and hatching success is difficult to evaluate at commercial scale, where egg batches are often pooled (Bobe and Labbé, 2010; Migaud et al., 2013). Introducing simpler and more reliable egg quality measures before pooling could improve quality control, hatching success, and juvenile output. The aim of this study was to develop a more consistent method for evaluating egg quality markers suitable for commercial hatcheries by following the development of multiple egg batches up to hatching. Fertilization success, normal eight-cell blastomere morphology, embryonic development at blastopore closure, and survival prior to hatching were correlated with hatching success. Embryonic development and anomalies were tracked from fertilization to hatching to identify more reliable markers and optimize hatchery protocols.






2 Materials and methods





2.1 Ethical statement


Fertilized eggs and yolk-sac larvae are developmental stages outside the scope of the Guidelines of the European Union on the protection of animals used for scientific purposes (Directive 2010/63/EU), and approval from the Norwegian Food Safety Authority was not needed. All sampled Atlantic halibut yolk-sac larvae were anesthetized and euthanized with an overdose of tricaine methane-sulfonate (MS-222 Finquel®, Argent Chemical Laboratories Inc., USA) mixed with seawater and briefly rinsed in fresh seawater prior to handling.






2.2 Broodstock husbandry, egg collection and hatchery incubation


Stripping of eggs and milt took place as part of routine husbandry, following normal hatchery protocols at the commercial hatchery at Nordic Halibut AS (Midsund, Norway). Halibut broodstock were held in round flat bottom tanks with a diameter of 10 m at a water depth of 80 cm. Between 70 and 100 broodstock were held in one tank, with a male to female ratio of 1:3. The facility pumped seawater from a depth of 200 m, using an intake located 1000 m from the facility. The seawater had a stable temperature of 8°C and a salinity of 34.4 ppt and was filtered through a sand filter. Three groups of fish were maintained under distinct photoperiod regimes: an ambient photoperiod (natural spring spawning), a photoperiod advanced by four months (autumn spawning), and a photoperiod delayed by three months (summer spawning) (Bjornsson et al., 1998). The temperature was lowered to 6°C two months before and throughout the subsequent spawning season and was kept at 8°C for the rest of the year. Temperature and oxygen saturation were monitored (OxyGuard Commander). When needed, temperature was reduced using a heat pump, and oxygen was increased by oxygen addition. Broodstock were fed three times a week ad libitum with an extruded mix of 22 mm Skretting-Mar Vitalis pellets, freshwater, and gluten according to the manufacturer’s recommendations. Frozen gutted herring was fed once per week. The fish were not fed during the spawning period. Females for stripping were selected based on visual assessment of gonad development, palpation, and the operators’ experience. Once an initial batch was obtained, the same female fish was routinely stripped every 20 to 22 degree days (°d). Two males were stripped, and the milt with the highest sperm count was used to fertilize all eggs from a single stripping session. Sperm concentration was measured in spermatozoa/mL using a photometric sperm counter (Minitube SDM 6), according to hatchery and manufacturer protocols. No predefined threshold was applied and the male with the higher concentration was selected for fertilization. The average concentration across all batches was 8.3 × 109 spermatozoa/mL (range 2.2–13.9 × 109). Eggs were fertilized by gently mixing 1 mL of milt per liter of eggs in ovarian fluid, followed by the addition of 3–5 L of seawater. After 30 minutes, the eggs from individual females were incubated in 250 L cylindroconical upwelling incubators with seawater flow-through at 6°C. The flow in the incubators was adjusted to the egg buoyancy.






2.3 Sampling protocol


A schematic overview of the study is presented in 
Figure 1
. Embryonic development was observed at the following milestones (
Figure 1A
): eight-cell stage (8C), sixteen-cell stage (16C), blastula stage (BL), 50% epiboly (50%EB), 10-somite stage (10S), blastopore closure/end gastrulation (50°d), and hatching (H). An overview of developmental times in hours and°d is shown in 
Table 1
. All egg groups were initially incubated in large commercial incubators prior to experimental setup (
Figure 1B
). At each observation point, eggs and larvae were transferred into a transparent Z-counter plate and photographed for later examination using a stereomicroscope with 4× magnification (Wild-Leitz; Zeiss Axiocam ERC5s). Normal development was defined as embryos showing regular cleavage patterns, symmetrical and intact blastomeres, and stage-appropriate morphology. Abnormal development included irregular or incomplete cleavage, fragmentation, abnormal blastodisc formation, loose cell aggregates, disturbed blastopore closure, bent notochords, or other deformities, following criteria described by Kjørsvik et al. (1990) and Cameron et al. (1992).


[image: Panel A shows 7 stages of embryonic development: eight cell, sixteen cell, blastula, fifty percent epiboly, ten somites, fifty degrees, and newly hatched larvae. Panel B depicts large incubators for commercial egg incubation. Panel C shows transfer of fertilized eggs to 800 milliliter flasks in spring and summer 2019, with bottled samples on a shelf. Panel D illustrates incubation of eggs in a ninety-six-well plate for assessment in autumn 2019. Each stage or transition includes details on fertilization, survival, and development monitoring.]
Figure 1 | 
Overview of the experimental design and embryonic developmental monitoring for Atlantic halibut (Hippoglossus hippoglossus). Developmental stages, types of data collected, and the incubation systems used at each stage are indicated. (A) all egg groups were sampled and observed at these developmental milestones. (B) Newly fertilized eggs from all individual females were incubated in the large commercial incubators. All large incubators were emptied when embryos were approx. 65°d after fertilization, for shipment before hatching to other localities. (C) In spring/summer 2019, fertilized eggs at 20°d from the large incubators were transferred to 800 mL cell culture flasks for assessment of further development and viability. (D) In autumn 2019, newly fertilized eggs were incubated individually in 96-well plates. Please see text for more information.





Table 1 | 
Sampling time points of Atlantic halibut (Hippoglossus hippoglossus) embryos at key developmental stages.





	Developmental stage

	Hpf

	°d

	

Figure 2








	Eight-cell stage (8C)
	14–16
	4
	A



	Sixteen-cell stage (16C)
	18
	4.5
	D



	Blastula stage (BL)
	50
	12.5
	G



	50% Epiboly (50%EB)
	109
	27
	J



	Ten somite stage (10S)
	135
	34
	M



	Blastopore closure (50°d)
	200
	50
	P



	Hatching (H)
	335
	84
	Not shown







Hours post fertilization, hpf; °d, degree days (6°C × days post fertilization). Figure 2 column indicates the corresponding panel showing normal development at each stage. These sampling points were used in morphological scoring and subsequent analyses of egg quality predictors.







2.3.1 Incubation and sampling (spring/summer and autumn 2019)


Egg groups were selected opportunistically from viable batches identified by hatchery staff, with the number and timing of samples determined by the availability of batches and the capacity for sampling. Seventeen fertilized egg batches from 11 females were collected across three consecutive spawning seasons in 2019 (
Table 2
): two batches in spring (April), five in summer (July), and ten in autumn (November/December). Seven egg groups were incubated in 800 mL cell culture flasks and ten in 96-well plates.



Table 2 | 
List of incubation type and batch size of Atlantic halibut (Hippoglossus hippoglossus) eggs sampled from broodstock.





	Female ID

	Date

	Spawning period

	Batch size (mL)

	Small-scale incubation type






	618
	01/04/2019
	7
	2600
	800 mL cell culture flask



	1140
	01/04/2019
	1
	1000
	800 mL cell culture flask



	548
	10/07/2019
	4
	1850
	800 mL cell culture flask



	704
	10/07/2019
	4
	1600
	800 mL cell culture flask



	906
	10/07/2019
	1
	1100
	800 mL cell culture flask



	527
	13/07/2019
	10
	1050
	800 mL cell culture flask



	1138
	13/07/2019
	2
	1500
	800 mL cell culture flask



	479
	02/11/2019
	6
	2300
	96-well plate



	1132
	02/11/2019
	1
	2200
	96-well plate



	479
	05/11/2019
	6
	1900
	96-well plate



	927
	05/11/2019
	1
	1900
	96-well plate



	1132
	05/11/2019
	1
	2450
	96-well plate



	479
	08/11/2019
	6
	2600
	96-well plate



	927
	08/11/2019
	1
	1900
	96-well plate



	1132
	08/11/2019
	1
	1400
	96-well plate



	1338
	08/11/2019
	1
	1100
	96-well plate



	479
	12/11/2019
	6
	1950
	96-well plate







Female ID, date, spawning period, which indicates the number of years the female produced eggs, and batch size (mL). Total Females = 11, egg batches = 17.




In spring/summer 2019, approximately 150–300 eggs per group (collected at ~20°d) were transferred into 800 mL cell culture flasks (
Figure 1C
) containing seawater with 0.25 mg/L oxytetracycline (Terramycin 100 mg/mL, Zoetis, USA), following Skaalsvik et al. (2015). Antibiotics were required to prevent microbial infections in static, small-volume incubations. Preliminary tests without antibiotics resulted in microbial overgrowth and near-complete mortality, making a no-antibiotic control infeasible. Flasks were kept in darkness at 6°C until hatching (82–84°d). Dead eggs were removed and counted every 3–5 days, and newly hatched larvae were photographed under a microscope to estimate survival and hatching success.


In autumn 2019, newly fertilized eggs were incubated individually in 96-well plates (
Figure 1D
) filled with seawater containing the same antibiotic concentration as above. Evaporation was compensated with demineralized water. Each embryo was photographed at major developmental milestones using a digital camera (Canon EOS M100), which allowed developmental progression to be tracked for individual eggs. At setup, the number of fertilized eggs per plate was recorded. At hatching (~84°d), hatched larvae and live unhatched eggs were counted. The intention was to place one egg per well, but in some cases multiple eggs were inadvertently introduced. Such wells were excluded from further analysis. In total, 509 fertilized eggs could be reliably followed from the eight-cell stage until hatching. Eggs were excluded if fertilization status could not be confirmed, if multiple eggs were inadvertently introduced into the same well, or if their position could not be consistently tracked during incubation. Six developmental milestones were used to describe normal and abnormal embryogenesis.






2.3.2 Embryonic viability


Fertilization success and rates of normal blastomere morphology were determined from pictures of 8-cell stage embryos. Between 100 and 300 individuals were assessed for each egg batch from the commercial incubators. Eggs were classified into three categories: fertilized (visible cell division), unfertilized (transparent), and dead (opaque or whitish eggs with collapsed yolk and loss of buoyancy). Fertilization success was calculated as the proportion of fertilized eggs relative to the total number of fertilized and unfertilized eggs (Equation 1).
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The percentage of eggs with normal early blastomere morphology was calculated from the fertilized fraction of each egg batch, as described by Kjørsvik and Lønning (1983); Kjørsvik et al. (1984) and Shields et al. (1997) (Equation 2).
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Where 
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 is the number of fertilized eggs with symmetric, evenly sized blastomeres.


The frequency of normal embryos at 50°d stage was calculated by dividing the number of normally developing embryos by the total number of live embryos at that stage (Equation 3).
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Where 
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 is the number of embryos without visible abnormalities, and 
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 is the number of total live embryos at this stage.


The survival rates from the commercial incubators, determined by daily removal and measurement of dead eggs, were used to estimate the hatching success and survival until hatching in the 800 mL incubators (Equation 4). These adjustments ensured that metrics for small-scale incubations reflected the overall batch survival rate up to the point of transfer.
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Where 


S

20
°
d




is the survival fraction of fertilized eggs up to the point transfer to the small-scale-incubators, and 
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 is the number of eggs that were removed from the commercial incubators until the eggs were transferred to the 800 mL incubation flasks.


Hatching success was defined as the percentage of fertilized eggs that hatched, while survival until hatching represented the percentage of fertilized eggs alive at hatching, including both hatched larvae and unhatched but still viable eggs. The survival until 20°d (


S
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)


 was multiplied with the metrics from the incubations to account for any mortality that occurred prior to small-scale incubation.
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Hatching success and survival in the 96-well plates were determined as the percentage of fertilized eggs that hatched or survived until hatching, respectively (Equations 5, 6).






2.3.3 Development of individual embryos in 96-well plates


The 96-well plates were further used to follow individual eggs from fertilization until hatching (
Figure 1D
). At 8C–16C stage, each embryo was categorized as either normal or abnormal early blastomere morphology. The further individual development of these embryos (normal or abnormal, see 
Figure 2
) was then followed until the embryo died or hatched (
Figure 3
), and the developmental stage of death was recorded. The developmental stages at death were categorized into “before completion of gastrulation” (8C until 50%EB), or “after completion of gastrulation” (10S until hatching). Eggs that did not hatch at the final sampling stage but were seemingly alive were considered as “alive” and their phenotype was similarly assessed as either normal or abnormal after gastrulation. During the initial phase of incubation, some wells contained more than one egg at set-up, and in other cases eggs adhered to the plate lids and were displaced between wells when opened. In both situations, wells where an individual egg could not be reliably tracked were excluded from analysis (see Section 2.3.1).


[image: A grid of circular microscopic images labeled A to R, showing various stages of embryonic development. Images A to F depict early cell division with distinct cell structures. Images G to I show a more solid mass formation. Images J to L appear less defined. Images M to P exhibit elongated structures, while Q shows a branching form. R seems round and less structured. Each stage presents varying textures and shapes, possibly illustrating different developmental phases.]
Figure 2 | 
Atlantic halibut (Hippoglossus hippoglossus) embryonic development observed from eight-cell stage until blastopore closure (end of gastrulation at 50°d) at 6°C. Pictured are normal phenotypes (left column) as well as common abnormalities. Each image depicts a different embryo. Each row represents a developmental stage. The eggs within a column have no relationship and do not depict the development of a given phenotype. Embryonic stages in the left column are categorized as normal development. (A–C) eight-cell stage, 14 hpf/3.5°d; (D–F) 16C stage, 18 hpf/4.5°d; (G–I) blastula stage 50hpf/12.5°d; (J–L) 50% epiboly, 109 hpf/27°d; (M–O) approximately 10 somite stage, 135 hpf/34°d; (P–R) blastopore closure 50°d stage, 200 hpf (Scale bar = 1 mm).




[image: Flowchart depicting developmental stages in incubation and fertilization. It branches into early blastomere morphology as normal or abnormal. Further bifurcation shows death timing, gastrulation morphology, and hatching success. Outcomes include hatched, unhatched, and dead.]
Figure 3 | 
Flow chart of the experiment following the individual development of Atlantic halibut (Hippoglossus hippoglossus) eggs incubated in 96-well plates. At fertilization, eggs were incubated in one well each, and their mode of development was registered at 8C stage (early blastomere morphology), if eggs died during incubation, it was registered whether they died before or after gastrulation. The eggs that survived gastrulation were classified into either normal or abnormal morphology based on the deformities described in 
Figure 2
. None of the eggs with abnormal morphology after gastrulation hatched. At the hatching stage, it was registered whether an egg had hatched, was alive but unhatched, or dead.









2.4 Statistical analyses


Statistical analyses were conducted using RStudio version 2022.7.2.576 (RStudio Team, 2022). The relationships between egg quality parameters and hatching success were analyzed using beta regression models. Hatching success was used as the dependent variable, with fertilization success, the percentage of normal early blastomeres (8C stage), and the percentage of normally developing embryos at blastopore closure (50°d) included as predictors. Analyses were conducted separately for eggs incubated in 800 mL flasks and those in 96-well plates, as incubation method was confounded with egg batch. To avoid boundary issues, proportional data equal to 0 or 1 were adjusted by adding or subtracting a small constant (ϵ = 0.0001). Model fit was evaluated using pseudo-R² values, and significance of predictors was assessed from model coefficients (p ≤ 0.05). Survival until hatching was additionally analyzed in a separate beta regression model as a dependent variable, using the same predictors.


Because each egg batch was incubated in only one incubation system, incubation method and batch effects could not be fully delineated. Comparisons between systems should therefore be interpreted with caution. To evaluate whether initial egg quality differed between systems, we analyzed embryo morphology at 50°d from samples taken in the commercial flow-through incubators (ensuring comparability across batches), using a generalized linear mixed model (GLMM) with a binomial error structure, including incubation method as a fixed effect and batch ID as a random intercept. To assess the robustness of the GLMM results to potential batch effects, we performed a leave-one-batch-out sensitivity analysis. The GLMM was refitted iteratively while excluding each batch in turn, and the fixed effect estimate for incubation method was compared across models. In addition, we performed an exploratory beta regression with the proportion of normal embryos at 50°d as the response, testing fertilization rate, 8-cell morphology, number of spawning periods, and stripped egg volume as predictors, in order to evaluate whether broodstock variables explained variation in embryo quality.


The differences in hatching success between individual 8C stage embryos (on 96-well plates) with normal or abnormal blastomere morphology on the 96-well plates were analyzed using a chi-squared test to assess the effects of phenotype on hatching success. The data were further subset to include only fertilized eggs that died during incubation, and a chi-squared test was used to analyze potential differences in timing of death (before or after gastrulation) and early blastomere morphology (normal versus abnormal). Another subset of the data included eggs that were alive at hatching but did not hatch. Fisher’s exact test was applied to detect possible differences in the morphology after blastopore closure (normal versus abnormal) of these unhatched eggs and their early blastomere morphology (Upton, 1992). Statistical significance was established at p< 0.05.







3 Results





3.1 Embryonic development


The normal embryonic development is illustrated in the left column of 
Figure 2
, and observed developmental anomalies at those stages are shown in the two next columns. In typical normal early cleavage stages (8 and 16 cell stage, 14–18 hpf), the blastomeres were of similar size, symmetry and shape and had consistent cell margins (
Figures 2A, D
). Typical blastomere anomalies consisted of poorly resolved margins with no clear separation to the intracellular space or the yolk (
Figures 2B, C
), and little to no bilateral symmetry (
Figures 2E, F
). At the multi-layered BL stage (
Figure 2G
, 50 hpf, 12.5°d), the yolk syncytium was visible, and observed anomalies were frayed edges of the blastula with a granular outer perimeter and single cells outside the blastomeres (
Figures 2H, I
). Severely malformed embryos at this stage were mostly a collection of loose cells (
Figure 2I
). However, no evidence of these malformations was observed after onset of gastrulation, i.e. loose cells around the developing germ ring. At 50% epiboly (50%EB, 109 hpf, 27°d), the embryonic shield was pronounced (
Figure 2J
), and in abnormally developing embryos it was either only faintly visible as part of the germ ring (
Figure 2K
) or not visible at all (
Figure 2L
), and sometimes droplets were observed surrounding the germ ring (
Figures 2K, L
). Towards the end of epiboly/gastrulation at the 10 somite stage (10S) (
Figure 2M
, 135 hpf, 34°d), a common abnormality was partial body axis formation, with segmentation present, no bilateral symmetry, or no visible head present (
Figures 2N, O
). In some deformed embryos a simple head differentiated without any optic bulbs (not shown). At blastopore closure (50°d stage, 200 hpf, 
Figure 2P
), abnormal embryos were frequently observed without any body axis formation or tissue differentiation, they appeared as an aggregation of undifferentiated cells, round in appearance and with a completed gastrulation (
Figures 2Q, R
). The severity of these malformations varied from nearly normal appearing embryos to an undifferentiated clump of cells (
Figure 2R
). The embryos hatched at 335 hpf, 84°d.






3.2 Egg quality parameters and predictors of hatching success


Developmental success varied widely among batches, with fertilization success ranging from 31–88%, normal 8-cell embryos 51–85%, normal 50°d embryos 41–99%, survival until hatching 25–99%, and hatching success 22–85% (
Figure 4
). Sample sizes for each parameter and batch are provided in 
Supplementary Table S1
. Among females with repeated batches, fertilization success varied considerably within individuals. Female 479 exhibited fertilization rates between 55–79% across four batches, female 1132 between 31–70% across three batches, and female 927 between 34–58% across two batches (
Table 3
). A GLMM confirmed significantly lower probabilities of normal development at 50°d in 96-well plates compared with flasks (Estimate = –1.20 ± 0.57 SE, z = –2.11, p = 0.035). Eggs incubated in 800 mL flasks generally exhibited higher initial quality than those in 96-well plates. Because 50°d morphology was scored in the commercial flow-through incubators before any small-scale incubation, this GLMM reflects pre-existing differences between the groups later assigned to flasks or plates, rather than effects of the small-scale system itself. A leave-one-batch-out sensitivity analysis produced consistently negative estimates, indicating that this result was not driven by any single batch. Beta regression models (
Table 4
, 
Figure 5
) identified the proportion of normal embryos at 50°d as the strongest predictor of both hatching success and survival until hatching. In flasks, 50°d morphology was the only significant predictor, whereas fertilization rate and 8C morphology were not significant. In plates, hatching success was also associated with fertilization rate (negative effect) and 8C morphology in addition to 50°d morphology. Survival until hatching was analyzed in the same way, and yielded equivalent results, but is not presented in detail due to its close dependence on hatching success. In an additional exploratory beta regression using 50°d morphology as the response variable across all batches (n = 17), spawning period was not a significant predictor. In contrast, stripped egg volume showed a weak negative association with 50°d morphology (Estimate = –0.0011 ± 0.0004 SE, z = –2.87, p = 0.004), although the effect size was small and the model explained only a modest proportion of the variance (pseudo-R² = 0.34). Leave-one-female-out analyses confirmed that this association was not driven by a single individual.


[image: Boxplot comparing percentages between 800 ml flask and 96-well plate across categories: Fertilization Success, Normal 8-cell Blastomeres, Normal 50-day Embryos, Survival up to Hatching, and Hatching Success. Darker boxes represent the flask, lighter ones the plate. Each category shows variability with scattered data points.]
Figure 4 | 
Distribution of Atlantic halibut (Hippoglossus hippoglossus) egg quality parameters for small-scale incubations in 800 mL flasks (n = 7) and 96-well plates (n = 10). Note that different egg groups were used for the two incubation methods. Box plots display the median, interquartile range, and full range of values, with individual data points overlaid. Parameters assessed include fertilization success, proportion of embryos with normal 8-cell blastomeres, proportion of normal embryos at 50°d, survival up to hatching, and hatching success. Data for fertilization success, normal 8C blastomeres, and normal 50°d embryos were collected from commercial incubators and are independent of the incubation method. The small-scale incubations (800 mL flasks and 96-well plates) were used exclusively to assess survival up to hatching and hatching success.





Table 3 | 
Overview of egg quality parameters from sampled production Atlantic halibut (Hippoglossus hippoglossus) egg batches during three reproductive seasons (n = 17) in 2019 ± standard deviation.





	Female ID

	Date

	Fertilization rate (%)

	% normal embryos 8C stage

	% normal embryos 50°d

	Survival prior to hatching (%)

	Hatching rate (%)






	618
	01/04/2019
	78
	66
	50
	30
	30



	1140
	01/04/2019
	80
	63
	99
	85
	85



	548
	10/07/2019
	88
	75
	88
	65
	59



	704
	10/07/2019
	63
	81
	81
	75
	49



	906
	10/07/2019
	42
	81
	96
	92
	77



	527
	13/07/2019
	80
	85
	98
	99
	80



	1138
	13/07/2019
	53
	75
	69
	50
	46



	479
	02/11/2019
	55
	70
	77
	53
	52



	1132
	02/11/2019
	44
	59
	96
	59
	59



	479
	05/11/2019
	68
	75
	60
	36
	34



	1132
	05/11/2019
	70
	52
	86
	38
	24



	927
	05/11/2019
	34
	71
	93
	76
	61



	1132
	08/11/2019
	31
	51
	91
	50
	50



	479
	08/11/2019
	79
	66
	41
	28
	28



	927
	08/11/2019
	58
	59
	96
	44
	43



	1338
	08/11/2019
	58
	69
	90
	37
	31



	479
	12/11/2019
	79
	67
	68
	25
	22



	Mean values ± SD
	

	62 ± 18%
	69 ± 10%
	81 ± 18%
	55 ± 23%
	49 ± 20%







Hatching rates above the double line are based on 800 mL small-scale incubators, hatching rates below based on 96-well plate incubations.





Table 4 | 
Results of beta regression models testing the relationship between egg quality markers and hatching success in Atlantic halibut (Hippoglossus hippoglossus).





	Predictor

	Estimate

	Std. Error

	
95% CI


	
z value

	
p-value






	Flask incubations (n = 7)




	Intercept
	-1.75
	1.16
	-4.03–0.53
	-1.50
	0.133



	Fertilization rate
	-0.35
	0.60
	-1.52–0.82
	-0.58
	0.561



	Normal 8C embryos (%)
	-2.49
	1.42
	-5.27–0.30
	-1.75
	0.080



	Normal 50°d embryos (%)
	5.24
	0.60
	4.07–6.41
	8.78
	<0.001*



	Plate incubations (n = 10)




	Intercept
	-2.06
	1.11
	-4.24–0.13
	-1.85
	0.065



	Fertilization rate
	-2.40
	0.54
	-3.47–1.34
	-4.42
	<0.001*



	Normal 8C embryos (%)
	2.89
	0.98
	0.96–4.82
	2.94
	0.003*



	Normal 50°d embryos (%)
	1.62
	0.63
	0.38–2.85
	2.57
	0.010*







Separate models were fitted for eggs incubated in 800 mL flasks (A) and in 96-well plates (B). Estimates, standard errors (SE), z values, p-values, and 95% confidence intervals (CI) are reported for each predictor. Significant predictors (p ≤ 0.05) are shown in bold and marked with an asterisk (*). Pseudo-R² and dispersion (φ) values are reported as indicators of model fit. Models assumed a logit link, maximum likelihood estimation, response proportions constrained to (0,1) with epsilon-adjustment for boundary values.

Pseudo-R²: Flask = 0.93, Plate = 0.87.

Dispersion (φ): Flask = 93.4, Plate = 108.3.




[image: Four scatter plot graphs labeled A to D display relationships between variables. A shows hatching success versus fertilization success, B shows hatching success versus normal eight-cell stage embryos, C shows hatching success versus normal fifty-cell embryos, and D shows hatching success versus survival until hatching. Each plot shows data points with dotted and solid trend lines, surrounded by shaded confidence intervals.]
Figure 5 | 
Relationships between selected egg quality markers and hatching success of Atlantic halibut (Hippoglossus hippoglossus). (A) Fertilisation success (%). (B) Normal 8-cell stage (8CS) embryos (%). (C) Normal embryos at 50°d stage (%). (D) Survival until hatching (%). Solid dots represent egg batches incubated in 800 mL flasks, while open dots represent batches incubated in 96-well plates. Note that different egg groups were used for the two incubation methods. Solid and dotted lines indicate linear regression fits for the flask and plate data, respectively, with shaded areas showing 95% confidence intervals. Statistical results from beta regression models are presented in 
Table 4
.








3.3 Fate of individual embryos of different qualities


The individual development of 509 fertilized eggs was followed in the 96-well plates from fertilization until either death or hatching (
Figure 6
). Early cleavage stages were classified as normal (n = 441) or abnormal (n = 68), based on blastomere morphology (
Figures 2A-C
). Hatching success was significantly higher in eggs with normal morphology at the 8-cell stage (χ² = 19.2, p< 0.001, 
Table 5
, 
Figure 6A
). Eggs with abnormal morphology at this stage were more likely to die before gastrulation (χ² = 27.4, p< 0.001, 
Figure 6A
). Among the eggs that survived the gastrulation period, those with abnormal early blastomere morphology were more likely to develop abnormal phenotypes post-gastrulation (See 
Figures 2K–R
) compared to eggs with normal 8-cell morphology (χ² = 8.982, p = 0.011, 
Figure 6B
). Because relatively few abnormal 8C embryos survived through gastrulation (n=36), numbers in this group were low at later stages. Hatching outcomes were strongly associated with gastrulation status (χ² = 199.6, p< 0.001): embryos with normal gastrulation had a 72% chance of hatching, whereas none with abnormal gastrulation hatched (
Figure 6C
). Full individual-level data for all embryos, including well position, 8C morphology, developmental fate, gastrulation phenotype, and hatching outcome, are provided in 
Supplementary Table S2
.


[image: Bar charts labeled A, B, and C compare developmental outcomes. A shows distribution of outcomes in normal and abnormal eight-cell morphology. B presents post-gastrulation development as normal, abnormal, or unclear. C displays hatching outcomes as hatched, unhatched, or dead. Percentages are shown within each segment. Key colors: green for normal or hatched, yellow for unhatched, blue and purple for dead, and orange for abnormal.]
Figure 6 | 
Results from 96-well plate small-scale incubations tracking the developmental fate of individual Atlantic halibut (Hippoglossus hippoglossus) eggs from eight egg batches. (A) Percentages of eggs classified as either “Normal” or “Abnormal” at the 8-cell stage that followed one of four outcomes: hatched, alive but unhatched at the hatching stage, died after gastrulation, or died before gastrulation. (B) Percentages of eggs classified as “Normal” or “Abnormal” at the 8-cell stage, which survived gastrulation and subsequently developed into either “Normal” or “Abnormal” post-gastrulation embryos. (C) Percentages of embryos classified as having either ‘Normal’ or ‘Abnormal’ post-gastrulation morphology, which were subsequently categorized into three developmental outcomes: hatched, unhatched, or dead.”.





Table 5 | 
Summary of outcomes from 96-well plate incubations of fertilized Atlantic halibut (Hippoglossus hippoglossus) eggs with normal and abnormal 8C morphology.





	Category
	Number of eggs:

	Percentage of eggs:




	Normal 8C morphology

	Abnormal 8C morphology

	Normal 8C morphology

	Abnormal 8C morphology






	Total number
	441
	68
	86%
	14%



	Total dead eggs
	132
	47
	30%
	69%



	Dead before gastrulation
	11*

	28
	3%*

	41%



	Dead after gastrulation
	121
	19
	27%
	28%



	Normal PGM
	314*

	21
	73%*

	50%



	Abnormal PGM
	106*

	16
	25%*

	38%



	Hatched
	228*

	15
	52%*

	22%







The first row (Total number) includes all fertilized eggs, with percentages representing the proportion of normal and abnormal 8C stage eggs, respectively. Subsequent rows refer specifically to eggs categorized as normal or abnormal 8C morphology. PGM, post gastrulation morphology. Asterisks indicate statistically significant differences between normal and abnormal 8C embryos within the same row (*p ≤ 0.05).









4 Discussion


The embryonic development in Atlantic halibut has been thoroughly described (Blaxter et al., 1983; Lønning et al., 1982; Pittman et al., 1990a; Rollefsen, 1934), and early egg quality markers such as normal early cell cleavages have been used more or less successfully for halibut under various experimental conditions (Brown, 1998; Kjørsvik and Holmefjord, 1995; Mommens et al., 2010; Shields et al., 1997; Skaalsvik et al., 2015). As experienced previously and in the present incubation trials, these early markers have not been reliable for commercial production, and the present study therefore focused on common embryonic deformities observed in a commercial hatchery during the whole developmental period.


In Atlantic halibut, fertilization rate was not indicative of egg viability, in line with results from previous research (Bromage et al., 1994; Kjørsvik, 1990). Large variations in fertilization rates were observed, both between batches of different females as well as in subsequent batches of the same female. Early cleavage blastomere morphology (8–16 cell stage) has been suggested as an indicator of egg viability in Atlantic cod (Gadus morhua) (Kjørsvik and Lønning, 1983; Kjørsvik et al., 1984) and halibut (Shields et al., 1997). In the present study, 8C morphology was not a significant predictor of hatching success in flask incubations, whereas in plate incubations it explained part of the observed variability. Fertilization rate also appeared as a negative predictor in the plate model, but this effect is likely an artifact, possibly linked to individual female effects and the limited sample size, rather than a biologically meaningful relationship. Additionally, while the number of broodfish spawning seasons did not influence egg quality, larger stripped batches were associated with reduced quality. A possible explanation is incomplete stripping of the previous batch, with retention of some ovulated eggs that subsequently lost viability due to post-ovulatory ageing (Bromage et al., 1994; Norberg et al., 1991).


Although flask-incubated groups appeared to perform better than plate-incubated groups overall, this difference is best explained by intrinsic batch quality rather than incubation method. Taken together, these results indicate that while 8C morphology can sometimes reflect variation in embryo performance under certain incubation conditions, it is a weak and inconsistent marker compared to the much stronger predictive power of 50°d morphology. Survival until hatching has also been used as an indicator of egg quality in halibut (e.g. Yilmaz et al., 2022), but this metric is impractical in commercial settings where batches are pooled or shipped before hatching. By contrast, assessing the proportion of normal embryos at 50°d enables hatchery managers to evaluate quality prior to pooling or shipment, prioritize the most promising egg groups, and reduce within-silo variation. Importantly, sorting eggs based on quality at this stage may improve not only immediate hatching outcomes but also long-term production results. For example, in turbot (Scophthalmus maximus), larvae originating from high-quality egg batches were more likely to complete metamorphosis and showed higher long-term survival compared to those from poorer-quality batches (Kjørsvik et al., 2003).


Our results elucidated very different developmental trajectories of individual eggs with either normal or abnormal 8C morphology throughout their development. In contrast to eggs exhibiting normal 8C early cleavage patterns, those with abnormal early cleavage showed significantly higher mortality rates prior to gastrulation (GR stage), higher tendency for abnormal development post-gastrulation, and with markedly reduced hatching success (as shown in 
Figure 5
). The present study supports earlier observations in Atlantic cod that abnormal early cleavage pattern do not necessarily preclude successful embryonic development (Avery et al., 2009). Notably, nearly all embryos with normal morphology after gastrulation successfully hatched, whereas none of the embryos exhibiting abnormal development post-gastrulation reached hatching. These findings underscore the critical role of post-gastrulation developmental normality in predicting hatching success. Such commonly observed later abnormal phenotypes were also described by Brown (1998) as disintegrated blastomeres (similar to 
Figure 2I
) and “developmental arrest” (similar to 
Figure 2Q
), which were associated with poor hatching success. However, these phenotypes were described as relatively rare, and their impact on hatching success was not quantified.


During the autumn spawning season, subsequent egg batches from three fish showed variable and declining hatching rates (females 479, 1132 and 927), similarly to Atlantic cod, in which egg size and egg quality decreased towards the end of the spawning period (Fernández Míguez et al., 2024). However, the broodstock in the commercial hatchery were visually inspected and stripped when experienced operators determined that they were ready. Mature females were stripped for subsequent batches at intervals of 82–84 hours (20–22°d at 6°C). This approach assumed two conditions: a) that the first batch was obtained shortly after ovulation, and b) that subsequent ovulations occurred within 82–84 hours. Atlantic halibut females ovulate at intervals of 72–96 hours (Bromage et al., 1994; Norberg et al., 1991). As little as 4–6 hours between ovulation and spawning can significantly reduce egg quality in marine pelagic finfish eggs, and close monitoring of ovulatory cycles is necessary to avoid overripening (Bromage et al., 1994; Norberg et al., 1991). The commercial hatchery required monitoring of up to 70 females during one reproductive season and individual monitoring of ovulatory cycles as described for example by Norberg et al. (1991) was not feasible. A stripping protocol that does not overlap with the individual ovulatory rhythms could explain the observed variance in egg quality and the declining hatching success we observed in the subsequent egg groups, especially if the factual ovulatory rhythm is shorter than the period in which the fish are stripped. Closer monitoring, possibly fewer broodfish, and more individual female follow-up could also improve hatchery protocols.


The nature of the observed developmental abnormalities in this study implies potential disruptions in the coordination or expression of the various developmental pathways governing body axis formation. Molecular analysis of egg quality thus far focused on the identification of differentially expressed genes between good and poor-quality eggs (Mommens et al., 2010; Reading et al., 2018). Furthermore, Yilmaz et al. (2022) recently found that impaired protein and energy homeostasis in newly fertilized eggs (one cell stage) was a molecular hallmark for poor quality halibut eggs, which indicates a lower developmental competence in these embryos. These approaches could be further explored by focusing on analysis of molecular pathways that are responsible for embryonic body axis formation and tissue differentiation. For example, the pathways Nodal and Wnt/β-Catenin are responsible for localization and specialization of the dorsal region, or the embryonic shield on the zebrafish (Danio rerio) embryo (Lu et al., 2011; Schier and Talbot, 2003, 2005). The embryonic shield is further defined by inhibition of certain pathways such as the Bone Morphogenetic Protein (BMP) pathway (Kondo, 2007). Identifying the differential expression of those pathways and other developmental processes related to organ and tissue development in eggs of good and poor quality at various developmental milestones could pinpoint the molecular determinants of normal embryonic development in Atlantic halibut and the possible disruption of normal embryonic development in domesticated Atlantic halibut eggs of poor quality.


Future studies could explore the implications of the suggested egg quality marker, particularly its effects on long-term outcomes such as larval metamorphosis success, survival, and growth. Possible effects on egg quality from stripping time in relation to ovulation time in this batch spawning fish should also be explored. Specifically, investigations into the developmental trajectories of larvae from egg groups with both poor and good 50°d morphology, whether reared separately or in pooled groups, would provide valuable insights. Such studies could lead to improved strategies to optimize larval performance and standardize production outcomes in commercial hatchery systems.


One limitation of this study was the absence of a no-antibiotic control group in the small-scale incubations. Preliminary tests without antibiotics resulted in widespread microbial overgrowth and mortality in stagnant water, precluding any meaningful developmental assessment. Although this limits direct comparisons to flow-through hatchery systems, which typically do not rely on antibiotic water treatment, all experimental groups received identical treatment, ensuring internal consistency and valid interpretation of relative differences. Another limitation is that the study was conducted at a single hatchery during one production year, using only a fraction of the available broodfish, which constrains the generalizability of the findings. The proposed egg quality marker should therefore be validated across multiple hatcheries, broodfish, and years, ideally within routine commercial operations.






5 Conclusions


Egg batches stripped from commercial broodstock exhibited highly variable developmental success and survival rates up to hatching. The percentage of eggs with normal development at blastopore closure (~50°d) emerged as the strongest predictor of hatching success, establishing it as a promising candidate egg quality marker for Atlantic halibut eggs in commercial hatcheries. Egg groups with more than 90% normal development at blastopore closure displayed consistently higher hatching success with less variability, whereas groups below 70% normal development showed poor performance, with hatching success rates below 50%. These values may serve as initial reference points for hatchery decision-making (e.g., for prioritization or silo allocation), although broader validation would be required before defining strict operational thresholds. Applying such criteria could help reduce within-silo variability and improve production predictability, especially if confirmed across more batches and seasons. Brackets of 10% increments in the proportion of normally developed embryos at 50 °d (e.g., >90%, 80–90%, 70–80%) are proposed as an initial staging system for egg quality, allowing hatchery managers to optimize resource allocation based on available quality levels rather than binary cut-offs.


The developmental trajectories of eggs with good and poor 8C morphology revealed that while poor 8C morphology was associated with lower hatching rates, its frequency was not directly predictive of overall hatching success. Instead, the presence of abnormal phenotypes post-gastrulation had a more pronounced impact, as none of the eggs with post-gastrulation abnormalities successfully hatched. Future research could focus on key factors influencing these outcomes, such as the timing of egg stripping and its effects on hatching success and normal embryonic development. Further investigation into the molecular mechanisms underlying abnormal embryonic development after gastrulation, as well as the long-term larval quality and survival of egg groups sorted using this new quality marker, would provide additional insights. These efforts could enhance the understanding and application of egg quality assessment tools, ultimately improving productivity and consistency in Atlantic halibut aquaculture.
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Supplementary Table 1 | 
Sample sizes (n) for each Atlantic halibut (Hippoglossus hippoglossus) egg batch and developmental parameter (fertilization success, normal 8-cell embryos, normal 50°d embryos, survival until hatching, and hatching success).





Supplementary Table 2 | 
Individual-level dataset from the 96-well plate incubation experiment regarding Atlantic halibut (Hippoglossus hippoglossus) eggs. Each row represents a single Atlantic halibut embryo tracked from fertilization until hatching or death. Columns include batch ID, well position, 8-cell stage (8C) morphology (normal/abnormal), hatching outcome (alive/dead), developmental stage of death, gastrulation status (normal/abnormal/unclear), and whether mortality occurred before or after gastrulation.
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A Embryonic developmental milestones observed for all egg groups:

Eight cell stage 16 cell stage Blastula stage 50% epiboly 10 somites 50 °d stage Newly hatched larvae

B Commercial incubation in 2501 commercial incubators — eggs shipped to
other location at 65 °d

Sampling and imaging of all egg groups and
embryonic stages until 50 °d for

o Fertilization (%)

o Survival (%)

o Embryonic development

Transfer of fertilized eggs at 20 °d from Incubation of newly fertilized eggs in 96-well
commercial incubators to 800 ml flasks for plates for assessment and imaging of egg
assessment of: quality:

o Survival to hatching (%) o Individual embryonic development and egg
o Hatching success (%) quality

o Survival (%)

o Hatching success (%)
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OEBPS/Images/table2.jpg
Female ID

te Spawning period Bat Small-scale incubation type

618 01/04/2019 7 2600 800 mL cell culture flask
1140 01/04/2019 1 1000 800 mL cell culture flask
548 10/07/2019 [ 4 1850 800 mL cell culture flask
704 10/07/2019 4 1600 800 mL cell culture flask
906 10/07/2019 1 1100 800 mL cell culture flask
527 13/07/2019 10 1050 800 mL cell culture flask
1138 13/07/2019 2 1500 800 mL cell culture flask
479 02/11/2019 6 2300 96-well plate
1132 02/11/2019 1 2200 96-well plate
479 05/11/2019 6 1900 96-well plate
927 05/11/2019 1 1900 96-well plate
1132 05/11/2019 1 2450 96-well plate
479 08/11/2019 6 2600 96-well plate
927 08/11/2019 1 1900 96-well plate
1132 08/11/2019 I 1400 96-well plate
1338 08/11/2019 1 1100 96-well plate
479 12/11/2019 6 1950 96-well plate

Female ID, date, spawning period, which indicates the number of years the female produced eggs, and batch size (mL). Total Females = 11, egg batches = 17.
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95% Cl z valu

Predictor Estimate

Flask incubations (n = 7)

Intercept -1.75 116 -4.03-0.53 -1.50 0.133
Fertilization rate -0.35 0.60 -1.52-0.82 -0.58 0.561
Normal 8C embryos (%) -2.49 142 -5.27-0.30 -1.75 0.080
Normal 50°d embryos (%) 5.24 0.60 4.07-6.41 8.78 <0.001*

Plate incubations (n = 10)

Intercept -2.06 L11 -4.24-0.13 -1.85 0.065
Fertilization rate -2.40 0.54 -347-1.34 -4.42 <0.001*
Normal 8C embryos (%) 2.89 0.98 0.96-4.82 294 0.003*
Normal 50°d embryos (%) 1.62 0.63 0.38-2.85 257 0.010*

Separate models were fitted for eggs incubated in 800 mL flasks (A) and in 96-well plates (B). Estimates, standard errors (SE), z values, p-values, and 95% confidence intervals (CI) are reported for
each predictor. Significant predictors (p < 0.05) are shown in bold and marked with an asterisk (*). Pseudo-R? and dispersion (¢) values are reported as indicators of model fit. Models assumed a
logit link, maximum likelihood estimation, response proportions constrained to (0,1) with epsilon-adjustment for boundary values.

Pseudo-R*: Flask = 0.93, Plate = 0.87.

Dispersion (¢): Flask = 93.4, Plate = 108.3.





OEBPS/Images/faquc.2025.1673217_cover.jpg
& frontiers | Frontiers in Aquaculture

Egg quality markers in domesticated
broodstock of Atlantic halibut (Hippoglossus
hippoglossus) with relevance for
optimization of hatchery protocols





OEBPS/Images/table3.jpg
EemaleID Fertilization =~ % normal embryos % normal Survival_ prior to Hatching
rate (%) 8C stage embryos 50°d hatching (%) rate (%)
618 01/04/2019 78 66 50 30 30
1140 01/04/2019 80 63 % 85 85
548 10/07/2019 88 75 88 65 59
704 10/07/2019 63 81 81 75 49
906 10/07/2019 12 81 96 92 77
527 13/07/2019 80 85 98 99 80
1138 13/07/2019 53 75 69 50 46
479 02/11/2019 55 70 77 53 52
1132 02/11/2019 44 59 96 59 59
479 05/11/2019 68 75 60 36 34
1132 05/11/2019 70 52 86 38 24
927 05/11/2019 34 71 93 76 61
1132 08/11/2019 31 51 91 50 50
479 08/11/2019 79 66 41 28 28
927 08/11/2019 58 9 96 44 43
1338 08/11/2019 58 69 90 37 31
479 12/11/2019 79 67 68 25 2
Mean values + SD 62+ 18% 69+ 10% 81+ 18% 55 +23% 49 + 20%

Hatching rates above the double line are based on 800 mL small-scale incubators, hatching rates below based on 96-well plate incubations.
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Developmental

stage

Eight-cell stage (8C) 14-16 4 A

Sixteen-cell stage (16C) 18 4.5 D

Blastula stage (BL) 50 125 G

50% Epiboly (50%EB) 109 27 ]

Ten somite stage (10S) 135 34 M

Blastopore closure (50°d) 200 50 P
Hatching (H) 335 84 Not shown

Hours post fertilization, hpf; °d, degree days (6°C x days post fertilization). Figure 2 column
indicates the corresponding panel showing normal development at each stage. These sampling

points were used in morphological scoring and subsequent analyses of egg quality predictors.
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Number of eggs: Percentage of eggs:

Normal 8C Abnormal 8C Normal 8C Abnormal 8C

morphology morphology morphology morphology
Total number 441 68 86% 14%
Total dead eggs 132 47 30% 69%
Dead before gastrulation 1+ 28 3%* 41%
Dead after gastrulation 121 19 27% 28%
Normal PGM 314% 21 73%* 50%
Abnormal PGM 106* 16 25%* 38%
Hatched 228 15 52%* 22%

The first row (Total number) includes all fertilized eggs, with percentages representing the proportion of normal and abnormal 8C stage eggs, respectively. Subsequent rows refer specifically to
eggs categorized as normal or abnormal 8C morphology. PGM, post gastrulation morphology. Asterisks indicate statistically significant differences between normal and abnormal 8C embryos
within the same row (*p < 0.05).





