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The embryo‑oil drop assembly: 
the timing and morphology 
of a critical event for fish early‑life 
history survival
Manuel Nande 1,2,3, Montse Pérez 1 & Pablo Presa 2*

Egg specific gravity is of relevance for fish recruitment since the ability to float influences egg 
and larvae development, dispersal and connectivity between fishing grounds. Using zootechnics, 
histological approaches, optical and electronic transmission microscopy, this study describes the 
morphogenetic mechanism of adhesion of the oil-drop covering layer (OCL) to the oil droplet (OD) in 
embryos of Merluccius merluccius under physical conditions reflecting the marine environment. The 
herein described primordial (p)OCL is a substructure of the inner yolk syncytial layer which contains 
egg organella aimed to mobilize lipidic reserves from the oil drop (OD) towards the embryo blood. It 
is shown that the timely OD-OCL assembly is a critical morphogenetic process for embryo and larvae 
survival. Such assembly depends on egg buoyance because of its influence on the embryo capacity 
to rotate within the perivitelline space. Therefore, oil droplet adhesion (ODA) eggs are capable to 
complete their development while oil droplet non-adhesion eggs (ODNA) dye soon after hatching. We 
show that gravity-dependent egg buoyance categories exhibit different ODA/ODNA ratios (0–77%) 
and that relationship diminishes under incubation systems such as sprayers, that do not assure a 
dynamic seawater surface mixing to avoid egg desiccation. As an adaptive trait, egg gravity strongly 
depends on oceanic properties such as current dynamics, turbulence, oxygen, rainfall, and salinity, 
whose rapid changes would likely challenge the sustainability of fisheries recruitment.

Keywords  Egg buoyance, Egg gravity, Fish embryo, Marine fisheries, Oceanic environment, Yolk syncytial 
layer

The bathymetric distribution of marine fish eggs is determined by buoyancy, which results from the interaction 
between the physical environment factors such as salinity and temperature and the specific egg gravity1. The 
physical input is related with seawater properties affecting the vertical distribution of eggs, comprising density, 
viscosity, turbulence, and up/down-welling phenomena1. Egg gravity is a function of physiochemical properties 
such as chorion thickness, volume and yolk sac osmolarity2. Those structures are involved in the first egg hydra-
tion during oogenesis which determines a critical egg density at spawning3 as well as egg osmoregulation after 
fertilization4. Osmoregulation comprises a balance between seawater and internal free amino acids (FAAs) from 
yolk proteins5,6 and is regulated by vitelline membranes via channel aquaporins3 (Fig. 1).

Once the egg-own osmoregulatory mechanism is fully established after gastrulation, the density of the perivi-
telline space is at equilibrium with the surrounding environment whereas the density of the yolk–embryo changes 
during ontogeny7,8. The osmoregulatory balance determines a varying egg buoyance as reported to occur at most 
organization levels, i.e. per developmental stage, e.g. in Norwegian coastal cod9, Baltic cod10,11, polar cod12, or 
anchovies13, between spawns within female2, between females upon age and season14, within and between stocks, 
e.g. in anchoveta15 and the flounder16. Provided that a developmental success occurs at the spawn critical layer17, 
species-specific egg gravity and hydration regulation allow eggs to emerge from spawning areas to photic areas 
to complete larval development18. Such positioning in the seawater column involves a dynamics that is highly 
dependent on the local oceanography which affects eggs horizontal and vertical distribution.
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In the organism, fish embryos and larvae obtain energy during their ontogenetic development first from the 
yolk sac [YS] and later from the oil droplet [OD]19. The resorption of yolk and droplet reserves in fish is afforded 
by the specialized structure termed yolk syncytial layer (YSL), periblast or vitelline syncytium, which separates 
and surrounds those two reservoirs and is reabsorbed once the YS becomes exhausted20. The formation of YSL 
was reported in Ctenolabrus spp.21, then described in Serranus alranus22 and more recently described in trout23, 
zebrafish24, Fundulus heteroclitus25, sea bass, sea bream and pike-perch26 and turbot27. During early development 
the YSL synthesizes lipoproteins as triggered by the apolipoprotein [apoE] gene27,28 that transfer lipids from YS 
reserves and OD via the endoplasmic reticulum and the Golgi apparatus to the perivitelline space and reach the 
embryo blood system29. The YSL uses YS and a large part of the OD droplet from hatching until the first days 
after mouth-opening. The OD is a key endotrophic structure comprised in the YS which contains primarily polar 
lipids as prominent components of fish eggs, but also types of non-polar lipids which are critical for a normal 
development30,31.

A well-known species regarding both its bathymetric distribution and embryogenesis is the European hake, 
Merluccius merluccius Linnaeus (1758)32,33, a key trophic organism inhabiting 30‒500 m in depth from the 
Northeast Atlantic Ocean (Iceland) and the Mediterranean Sea to the coast of Mauritania34. A workflow system 
for early hake feeding has been worked out35 based on the methodological work developed for the European 
hake in the last decade33,36.

Particularly, the adherence of the oil droplet (OD) to the yolk syncytial layer (YSL), termed here OD–YSL 
complex, has been one of the criteria used to evaluate the quality of spontaneous egg layers from the first captive 
hake broodstock. i.e. eggs with a non-adhered OD–YSL do not make use of endogenous reserves what determines 
the irremissible larvae death at 15‒20 days post-hatching (dph). This lack of OD-YSL assembly seriously limited 
the viability of larval cultures in the European hake37 as also reported in the congeneric hake M. australis, i.e. 
31‒81% of non-assembled OD-YSL eggs38. Despite such OD-YSL complex plays a key developmental function, 
very little is known on the influence that internal imprinting (gravity, developmental stability, morphogenetic 
determinism) and environment (salinity, turbulence, oxygen, etc.) have on the successful assembly of de OD-YSL 
complex. It has been suggested that broodstock stress may affect the adequate absorption of the OD because of 
malformations in either the YSL or in the intestinal mucosa of larvae27,39.

As outlined above, the causation of oil droplet non-adhesion (ODNA) eggs remains unknown and has been 
potentially assigned to a YSL formation failure38. However, we hypothesized that ODNA eggs and their sub-
sequent larval death could be due to a wrong bathymetric egg status preventing the formation of the OD-YSL 
complex, either because a suboptimal egg gravity and/or a suboptimal placement in the seawater layer. Tanking 
advantage that European hake eggs contain a single OD located at the vegetal pole as opposite to the blastodisc 
and the developing embryo, this study aimed to assess the ontogenic changes in OD-YSL formation until hatch-
ing. The dissection of hake embryogenesis allowed to address the relationship among forces determining the 
assembly of the OD-YSL complex during development, e.g. buoyancy, the morphogenetic dynamics of such single 
OD. This task was accomplished in vitro using microscopic characterization and the ultrastructural description 
of the oil covering layer primordium (pOCL) and the OD-YSL complex. By implementing in vitro experimental 
designs we also address the role of internal determinism (egg gravity) and some external forces (e.g. surface 
turbulence) on the OD-YSL assembly success and propose its putative causal morphogenetic mechanism.

Figure 1.   Conceptual illustration indicating known biotic and abiotic factors influencing buoyancy on 
European hake eggs (left panel). The correct interaction between the oil cover layer (OCL) and the oil droplet 
(OD) during embryonic development determines the formation of the OCL–OD complex, which plays a 
determinant role in larval viability (right panel). An incorrect OCL–OD embryonic assembly prevents the 
mobilization and assimilation of vital OD nutrient content by larvae.
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Results
Embryonic development of the European hake
Subsequent histological screening showed that the embryonic development of the European hake lasted 4 days 
at 14 °C. The zygote formed in the animal pole within the first hour post fertilization (hpf) (Fig. S1 1.1). The 
first division (2 blastomeres) occurred at 1 hpf (Fig. S1  1.2); four and eight blastomeres were formed at 4 hpf 
and 7 hpf, respectively (Fig. S1  1.3 and Fig. S1  1.4). Successive cleavages up to Morula stage were observed 
from 8 to 15 hpf (e.g. Fig. S1  1.5 and Fig. S1  1.6). Morula (stage B) and blastula (stage C) were patent at 18 hpf 
and 26 hpf, respectively (Fig. S1  1.7–1.9). The YSL was visible at cell stage B (Morula, 512-cell, Fig. S1  1.7). 
The anchorage between two layers of differentiated cells, i.e. the Enveloping Layer (EVL) and the Yolk Syncytial 
Layer (YSL) was observed since early gastrula (Fig. S1  1.8 and Fig. 2). Gastrula was observed at 31 hpf (stage 
D) when epiboly begun and fully covered embryo and yolk at 40 hpf (Fig. S1  1.10 and Fig. S1  1.11). The hake 
embryo was observed in the animal pole at 48 hpf (stage E) with the oil droplet (OD) on the vegetal pole (Fig. S1  
1.12, ventral view). Embryo growth was patent at 54 hpf (stage F, Fig. S1  1.13), nearly occupied the entire egg 
perimeter by 76 hpf (stage G, Fig. S1  1.14) and hatched at 96 hpf (stage H, Fig. S1  1.15).

Structure and ultrastructure of the OD–OCL assembly mechanism
Embryo at stage E was located at the animal pole along with the perivitelline space which was more prominent 
in head and tail, keeping this equilibrium position (ventral view in Fig. 3.1). The OD at stage E was positioned at 
the vegetal pole (apical view in Fig. 3.1). Eggs embedded in glutaraldehyde lost buoyancy due to dehydration but 
embryo maintained its location inside the egg despite being twisted manually into different angles. However, OD 

Figure 2.   Ultrastructure of the cellular membrane at blastula (26 hpf, stage C, Fig. S1  1.8). The chorion 
(Ch) appears external to the pervitelline space, the syncytium and the yolk (Y). The syncytium comprises the 
enveloping layer (EVL), the external yolk syncytial layer (E-YSL), the internal yolk syncytial layer (I-YSL) and 
some primordial germ cells (PC).

Figure 3.   Morphogenetic mechanism involved in the transition from a floating oil droplet (OD) to its 
entrapping by the oil covering layer (OCL). (3.1) Developmental stage E (48 hpf); (3.2) Transition between stage 
E and stage F (54 hpf); (3.3) Developmental stage F; (3.4) Developmental stage G (76 hpf). H embryo head, Y 
yolk sac, T embryo tail.
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shifted upwards systematically due to its positive buoyancy. That phenomenon implied a free-floating OD in the 
yolk sac during stage E (Fig. 3.2), i.e. well before the oil covering layer (OCL) entrapped it fully (Figs. 3.3, 3.4, 4).

Embryo grew in length during the transition from stage E to stage F and occupied ~ 70% of the egg perimeter 
(Fig. 3.1). Several structures appeared in the head such as the optic capsule and the neurocranium which volume 
forced reduction of the perivitelline space and increased relative egg gravity at the animal pole (Fig. 3.2). In the 
opposite pole of the egg, the tail grew in length and reduced in width, being the average width of head and tail 
of 0.36 ± 0.04 mm and 0.11 ± 0.04 mm, respectively. Such embryonic polarity in body width and density caused 
an imbalance in the embryo-yolk stability of the prior transient state. The higher gravity of the head pole forced 
the embryo-yolk region rotate head downwards and consequently the tail shifted to the apical position relative to 
the dorsal view to regain equilibrium (Fig. 3.2). The upwards shift of the embryo tail positioned it at the vegetal 
pole making it converge with the apical OD (Fig. 3.3). After the OD-embryo tail physical convergence, the OCL 
completely entrapped the OD (Fig. 3.4). Noteworthy, primordial OCL cells (pOCL) were already seen near the 
embryo tail at stages E and F (Fig. 3.2).

The microscopic detail showed that the YSL increased in thickness around some star-like primordial struc-
tures referred as melanophores/chromatophores23,31 (Fig. 4). Those pOCL cells from YSL (termed PC, syncytial 
precursor cells in Fig. 5) were observed between the OD at internal yolk syncytial layer (I-YSL, Fig. 5.2, 5.3). 
The connective structures giving rise to the OCL syncytium were the External-YSL (E-YSL), the I-YSL and the 
enveloping layer (EVL). High electron density images clearly showed that the structural beginning of biosynthesis 
occurred in the OD periphery (Fig. 5.3).

The OCL developed from I-YSL and partially covered the apical part of the OD (Fig. 6.1). The I-YSL and 
the OCL formed a continuous syncytium covering the OD simultaneously to the detection of transport vesicles 
in the yolk (Fig. 6.2). The ultrastructure of the OCL was composed by the endoplasmic reticulum, exocytosis 
vesicles and mitochondria (Fig. 6.3).

The space between the embryo and the OD was occupied by yolk and was invaded by a thickening connective 
tissue with spaces for passage of molecules (Fig. 7).

Embryos with their OD non-entrapped by the OCL (Oil drop non-adhered, ODNA eggs) exhibited an OD 
floating in the yolk despite pOCL was observed in the inner part of the embryo tail (Fig. 8.1). In those eggs, the 
well-developed OCL did not entrap OD (Fig. 8.2) but yolk surrounded the floating OD (Fig. 8.3).

Oil drop (OD)-oil cover layer (OCL) adhered eggs (ODA eggs) continued their development and at stage G 
(90 hpf) the OD lost mobility due to a complete subjection by the syncytial OCL net (Fig. 9.1). At stages G and 
H, the embryo occupied the entire egg perimeter with the OD-OCL complex positioned in the middle of the 
embryo due to its growth in length (Fig. 9.1). The OCL was invariably seen in the middle position of the embryo 
irrespective of the OD adherence/non-adherence to the OCL (Fig. 9.2).

In ODA embryos, reserve material spread continuously from the OD and diffused throughout the yolk 
towards the embryo provided that numerous transport vesicles were observed in the yolk at this phase (e.g., 
black stains in Fig. 10).

Other organelles such as Golgi Apparatus were also patently observed close to the I-YSL (Fig. 11).

OD‑OCL adherence upon egg buoyancy
Oil drop (OD)-oil cover layer (OCL) adhered eggs (ODA) amounted 60% in the 150 L control tank. Buoyancy 
categories Ub, Sb, Mb and Bb showed a percentage of ODA eggs of 42.80 ± 3.90%, 76.78 ± 5.16%, 76.11 ± 6.80% 
and 0%, respectively (Fig. 12). Significant differences in the ODA egg percentage were observed among those 
buoyancy categories (Kruskal–Wallis test, N = 24, as 3 burettes, 3 replicates and 4 buoyancy categories, i.e. Ub, 
Sb, Mb, Bb, H = 19.889, p = 0.0002). Significant differences in the percentage of ODA eggs were observed between 
either Ub or Bb and the rest of buoyancy categories (Multiple Comparisons, Z-values; p < 0.05). No significant 

Figure 4.   Microscopy showing the formation of the primordium oil cover layer (pOCL) after the inner yolk 
syncytial layer (I-YSL) near the embryo tail (T) during transition from stage E (48 hpf) to stage F (54 hpf). Ch, 
chorion. Observe the absence of the OD in the neighborhood of the pOCL primordium.
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differences in percentage of ODA eggs were observed between the buoyancy categories Sb and Mb (Multiple 
Comparisons, Z-value; p < 0.05).

Figure 5.   Cellular/tissular structure (5.1, 5.2) and ultrastructure (5.3) of the cellular mechanism of adherence 
of the oil drop (OD) to the oil covering layer (OCL). The OCL is a structure formed in the thickened area of the 
internal yolk syncytial layer (I-YSL) which primordial germ cells (PC) can be observed before the attachment of 
the OD to the syncytium (5.3). E-YSL external yolk syncytial layer, Ch chorion, EVL enveloping layer, Y yolk, E 
embryo.

Figure 6.   Structure (6.1, 6.2) and ultrastructure (6.3) of the cellular mechanism of adherence of the oil 
covering layer (OCL) to the oil drop (OD) during stage F (54 hpf). In (6.1) (photographed 1200×) and (6.2) 
(5 µm-section of the structure shown in (6.1)) the OCL traps half the OD to form the complex (OCL + OD). 
Endoplasmic reticulum (ER) and mitochondria (Mt) are visible organelles embedded in the OCL (6.3). E 
embryo, T embryo tail, PS perivitelline space, YSL yolk syncytial layer, EVL enveloping layer, Ch chorion, Y yolk, 
VE vesicles of exocytosis and (I), anchorage grove between OCL and YSL.



6

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6918  | https://doi.org/10.1038/s41598-024-57429-9

www.nature.com/scientificreports/

OD‑OCL adherence under different seawater supply incubation systems
ODA eggs frequency ranged from 31.3 ± 12.30% (Batch #1) to 90% (Batch #3) (Table 1) but no differences were 
observed among egg batches (ANOVA, F = 0.662, p = 0.610). ODA egg frequency ranged from 0% (sprayer sys-
tem) to 90% (waterfall and traditional systems) (Table 1) and differed significantly among treatments (F = 5205, 
p = 0.048) due to the null success of the sprayer system (Tukey-test, p = 0.046).

Figure 7.   Tissular structure (7.1) and ultrastructure (7.2) through which part of the exocytosis vesicles (VE) 
permeate into the embryo (E). PS perivitelline space, I-YSL internal yolk syncytial layer, OCL oil covering layer, 
Mt mitochondria, ER endoplasmic reticulum, OD oil drop.

Figure 8.   Microscopic tissular structure (8.1, 8.2) and ultrastructure (8.3) of a non-adhered oil droplet 
(ODNA) embryo (E) to the oil covering layer (OCL). The OD floats freely in the yolk (Y) and the OCL is formed 
in the inner side of the tail regardless the proximity of the OD. YSL yolk syncytial layer, EVL enveloping layer.
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Discussion
The embryonic development of the European hake is congruent with previous observations of a 96 hpf morpho-
genetic process from fertilization at 14 °C, comprising VIII developmental stages32,33. The observed diameter 
of artificially fertilized hake eggs in hatchery (diameter 1.071 ± 0.02) also agrees with previous observations 
(1.06–1.10)19,32,33,40 and is similar to that from plankton samples (0.94‒1.06)18,19,41,42. Egg diameter differences 
are believed to be under environmental influence during fertilization as has been reported between Atlantic 
cod populations from brackish water and marine waters9,43,44. The subsequent development is a temperature-
dependent process because blastula formation was accomplished in 24 hpf at 14 °C33 but in 35 hpf at 12.3 °C or in 
22 hpf at 16 °C40. Epiboly at 31 hpf, as the first morphogenetic movement in the hake embryo, was characterized 
by the spreading of blastoderm and YSL over the yolk sac. Hake epiboly was analogous to the one observed in 
other telolecithal eggs, e.g. zebrafish, where cells dislodge from the animal pole towards the vegetal pole24. Hake 
organogenesis begun at 48 hpf when embryo was already visible in the animal pole. At that time, primordial cells 

Figure 9.   Pre-hatching developmental stages of hake embryos where the oil droplet (OD) is correctly entrapped 
(ODA embryos) by the oil covering layer (OCL) (9.1). Non-adhered OD embryos (ODNA) develop the OCL 
structure in the inner side of the embryo’s tail irrespective of its distance from the floating OD (9.2).

Figure 10.   Histological sections of hake embryos at developmental stage G (90 hpf) when the OD-OCL 
structure transits to the pre-hatching position. Ch chorion, E embryo, VE vesicles of exocytosis, Y yolk. (10.1) 
10× semi-thin subsection (0.5‒1.0 µm) of total egg section; (10.2) 40× semi-thin subsection showing the 
anchorage between OCL, YSL and embryo; (10.3) 100× semi-thin subsection showing the diffusion of lipid 
nutrients from the OD to the yolk from inner OCL lipid vesicles (100×).
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Figure 11.   Ultrastructure of the yolk syncytium layer (YSL) where vitelline reserves diffuse from the yolk sac 
to the embryo by pinocytosis. GA Golgi apparatus, Y yolk, YSL yolk syncytial layer, Ch chorion, EVL enveloping 
layer.

Figure 12.   Relationship between buoyancy and percentage of ODA eggs in M. merluccius. Eggs distributed 
at different heights of the water column due to its specific buoyancy. Ub ultra-positive buoyancy, eggs are 
superficially distributed in contact with the air phase, Sb positive buoyancy, eggs are immersed just below the 
surface, Mb middle buoyancy, eggs are located in the middle of the water column, Bb negative buoyancy, eggs 
occupy the bottom of the water column, C control value from the incubation tank. Bars indicate the standard 
deviation ODA egg frequency. Significant differences (p < 0.05) in the percentage of ODA eggs among buoyancy 
categories are represented by distinct letters (a, b, and c) on each category.

Table 1.   Percentage of oil drop adherence (ODA) eggs in four European hake egg batches incubated under 
three seawater supply systems during the embryonic development. Mean ± SD is the average percentage of 
ODA eggs and its standard deviation per supply system as well as per spawning batch. Distinct superscript 
letters indicate significant difference of ODA frequency among treatments (one-way ANOVA, F = 5.205, 
p = 0.048; Tukey test p = 0.046).

Spawning batch (150 mL)

Seawater supply system

Sprayer Waterfall Traditional

1 – 22.6 40.0

2 0 90.0 90.0

3 – 90.0 90.0

4 0 – 90.0

Mean ± SD 0a 67.53 ± 38.91b 77.75 ± 25.00b
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of the oil covering layer (pOCL) appeared at the interface between embryo and yolk, i.e. at the inner syncytium 
formed by the internal yolk syncytium layer (I-YSL), the external yolk syncytium layer (E-YSL) and the envelop-
ing layer (EVL). The stage E followed epiboly, when embryo was located at the animal pole while yolk and OD 
situated in the vegetal pole18. From there on, the egg specific gravity usually increases due to synthesis of heavy 
structural proteins employed in embryo growth5,45.

By the end of stage F the OCL begun to cover the OD in the vegetal pole and fully entrapped it by stage 
G. The OCL in hake contained pigmented cells termed melanophores18 which might be necessary for the OD 
lipid protection under the exposed photic area46. Such melanophores are used as morphological characters for 
taxonomic identification18,47 and current data suggest that those star-like points are in fact primordial oil cover-
ing layer cells (pOCL). One of the indispensable functions of the YSL is related with hydrolysis of yolk material 
and nutrient transport during the embryonic development, i.e. YSL separates yolk and embryo from each other 
and all endogenous nutrients must trespass it in order to feed the embryonic blastoderm and larval tissues26,48. 
However, here we show that melanophores are only found at OCL but are completely absent from the I-YSL, 
which suggests that the OCL is a specialized YSL tissue acting as an intermediate OD-YS enveloping zipper as 
analogous to the thickened vitelline syncytium described in the rockfish Sebastes schlegeli49.

The pOCL ultrastructure contained both rough and smooth endoplasmic reticulum, numerous mitochon-
dria, and Golgi apparatus, as previously reported from the syncytium membrane of Pleuronectes platessa50 and 
turbot Scophthalmus maximus27. In addition, secretory vesicles responsible for lipoprotein transport from OD 
to YS were also present. Noteworthy, the endoplasmic reticulum is known to be responsible for the transport 
of triglycerides and from the current analysis it likely transfers lipids from the OD to the yolk; from here on 
lipoprotein vesicles went to specific areas of the inner side of I-YSL and entered the bloodstream by endocytosis. 
Notably, the transport of yolk vesicles in perch (Perca fluviatilis) was systematically observed in the inner side 
of the I-YSL but never in the EVL of the yolk51.

Once the stage F was completed, ODA embryos exhibited an OD-OCL complex which was functional until the 
exogenous feeding. Such structure was responsible for metabolizing and transferring the reserve lipids contained 
in the OD to the yolk sack27, especially just after consumption of yolk and before the exogenous feeding37. In 
ODNA eggs, the OD lipid reserves were not accessible by embryo and larvae33 but the pOCL was synthesized any-
way close to the embryo tail. This phenomenon denotes a morphogenetic process which falsifies the hypothesis 
of a non YSL formation as causative of ODNA eggs. This observation in hake eggs is also congruent with those 
in the gilthead sea bream, Sparus aurata where failure of lipid droplet resorption entailed the accumulation of 
lipoproteins in the endoplasmic reticulum29. Moreover, this observation is congruent with a time window < 6 h 
between stage E and F for the critical assembly of morpho-genetically preformed OD-OCL structures.

Because embryo and yolk are submerged in the perivitelline fluid, the egg content at stage E is in a rotational 
equilibrium because the animal pole is heavier than the vegetal one (see Fig. 3). During stage E the embryo is 
distributed uniformly and convexly with minor size differences between head and tail. Embryo at stage E remains 
in the animal pole opposite to the OD placed at the vegetal pole18,19. However, embryo growth during transition 
between stages E and F entails the development of head structures and somites18,19,33 what displaces the egg 
center of gravity. Such decompensation of the previous equilibrium entails the displacement of the head towards 
the basal area and the tail to the apical position following the physical laws of bodies immersed in fluids52. At 
this precise time the proliferation of precursor cells near the tail (see Fig. 4) is responsible for the formation of 
the OCL upon the I-YSL thickening. The apical concurrence of pOCL and the free-floating OD triggers pOCL 
expansion around the OD.

Abnormal embryo development hampers the approximation of pOCL to OD, inhibiting the positional signal 
for OCL net extension around the OD. Therefore, egg gravity of an F egg determines its neutral buoyance zone 
where the perivitelline hydration allows embryo rotating for a successful OD-OCL assembly and therefore the 
organism viability. On the event that pOCL and OD are not close to each other at the apical pole of the egg at a 
given developmental timing, the eggs become ODNA and unviable larvae later on. This hypothesis agrees with 
previous thoughts where “the dynamics of embryo + yolk development is a morphogenetic process subjected to 
physical forces acting on submerged bodies and determinant for its buoyancy and stability”52 or with that indicated 
for Norwegian coastal cod “the osmoregulatory balance in the yolk sac strongly correlates with the achievement of 
neutral buoyance and hence to assure a correct early egg development”45.

This experiment aimed to study the gravity-dependent buoyancy of a spawning swarm under fixed salinity 
and temperature and absence of external turbulence. Inner gravity is determined by osmolality changes that 
occur after the perivitelline space forms between the chorion and the embryonic membrane at fertilization, being 
filled by ambient seawater6. Therefore, the attained volume fraction of the neutral buoyancy in the perivitelline 
space increases just after fertilization and its specific gravity varies along the development and especially during 
organogenesis45. It can be expected that a single spawning event could exhibit its proper inter-egg variation in 
gravity and therefore, a particular distribution of egg types upon gravity, i.e. less dense Ub and Sb eggs, isotonic 
Mb eggs and negative buoyant eggs at the tank bottom.

As expected, the majority of eggs exhibited positive buoyance, i.e. 80% being ultrapositive buoyant (Ub) 
or positive buoyant (Sb), in consonance with the emergence of hake eggs from the spawning depth at 200 m18 
to the photic zone at 50 m depth where the highest abundance of larvae are currently found in this species53. 
However, Sb eggs retained below the surface (Sb) and middle buoyant eggs (Mb) showed a 80% ODA success 
as significantly opposed with egg categories Ub (40% ODA) and Bb (0% ODA). This observation shows that 
significant differences in ODA/ODNA exist between egg gravity categories distributed in different buoyancy 
areas and allow to suggest that a relationship may exist between buoyancy and the correct OD-OCL assembly. 
Likely, extreme buoyancy categories lost their neutral buoyance due to air trapping after emerging to the surface 
(Ub) or to dehydration followed by sedimentation (Bb)33 a status where the embryo loses its rotating capacity to 
regain equilibrium and properly develop the morphogenetical program of the OD-OCL assembly.
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Differences in FAA content/osmolar status have been postulated to explain egg buoyance differences in 
Anguilla japonica54 and in Engraulis ringens15 as well as in Gadus morhua between brackish and marine waters43. 
Not only the FAA content as a potential maternally inherited trait55 can influence the vertical egg distribution, 
but also site-specific differential intensity of physical processes has been shown causative of it, e.g. freshwater 
inputs due to rainfall and rivers15. However, under our fixed experimental settings we can exclude physical 
processes as causative of the vertical hake eggs distribution, as was observed in eggs and larvae of the angelfish 
C. aurantonotus under experimental salinities56 or at sea in Engraulis encrasicolus57. Therefore, we preferentially 
ascribe the particular egg density to the female condition such as age, size and maternally inherited background 
which determines the final egg osmoregulatory phenotype12,45,58.

The small-scale pilot experiment performed under constant salinity aimed to test the influence of seawater 
supply systems on the frequency of ODNA eggs. The all-ODNA eggs batches produced by the sprayer indicates 
that this system does not assure the adequate mixing of hydrophobic hake eggs and air bubbles help eggs ris-
ing toward the surface where they eventually die from dehydration32,36,59. However, under constant subsurface 
horizontal flow (the traditional underwater pumping system) or under strong vertical mixing from the surface 
(waterfall) there are significant higher ODA successes than under the sprayer system. This suggests that the 
former systems increase the vertical mixing impeding hake hydrofuge eggs to be trapped by the surface tension 
where dehydration would hamper a correct OD-OCL assembly. Noteworthy, this explanation differs from flow 
models on hydrodynamic tests where a low flow velocity was insufficient to keep semi-buoyant eggs and larvae 
in the drift and provoked them to sink to the bottom and perish60.

The mechanistic explanation that relates buoyance, supply systems and ODNA eggs is that turbulence or 
aeration during egg incubation cause an imbalance inside the eggs that leads to internal shifts in the embryo 
metacenter position. This causes the embryo + yolk rotation to regain stability and balance if and only if such 
rotation is facilitated by an adequate hydration status of the perivitelline space. As observed in the previous 
experiment, suboptimally hydrated eggs either become ultrabuoyant or negatively buoyant, and manifest high 
incidence of OD-OCL assembly failure. While positive egg buoyancy is common in pelagic species61 and rep-
resents a quality marker in their aquaculture, e.g., Seriola lalandi62, benthopelagic hake eggs cannot develop 
successfully in hatchery unless the seawater supply system assures they remain well submerged in the drift until 
they hatch and develop the ability to swim. This scenario probably never occurs under natural conditions because 
the European hake spawns at ~ 50 to 200 m in depth23, where vertical gradients of salinity, bathymetric pressure 
and temperature exist as to prevent egg layers to fatally reach the surface63.

The combination of the oceanic environment and the specific gravity of marine fish eggs determine their 
optimal buoyance for an effective survival and dispersal. It can be expected that climate variability prompts 
higher regional seawater temperature, less oxygen concentration, new circulation patterns and lower salinity, 
all affecting fish reproduction and the bathymetric distribution of early fish stages64,65. Several marine female 
fish have the capacity to adjust the density of eggs prior to ovulation what assure proper buoyancy development 
and transport for early life stages45,64. Therefore, many marine fishes with a plastic spectrum will find their own 
adaptive way provided those changes are gradual, but would face viability challenges under accelerate change 
rates66. For instance, species with high thermal incubation sensitivity such as the European hake40 would be less 
resilient than those spawning at colder seawaters67, e.g. negative buoyancy deformities and low survival have 
been observed in angelfish Centropyge aurantonotus eggs at suboptimal salinities56.

Adaptation will depend on how the genetic variability of species face the multifactorial conformation of a 
novel oceanic environment. Such genetic background consists in maternally inherited biochemical properties 
determining gravity (e.g. egg lipid, protein and FAA contents, egg size, and chorion thickness)55,68. Examples of 
such plastic response to environmental challenge can be found in anchoveta Engraulis ringens15, in lobsters Pleu-
roncodes monodon69 or in the seatrout Cynoscion nebulosus70. Interestingly, the recruitment dilemma generated 
by the lack of correlation between egg production and larval or juvenile abundance71 is due to egg development 
constraints and larvae unviability and likely related to their vertical distribution72. Such vertical distribution 
relates to retention or dispersion during early egg development as reported in western Baltic cod14. Irrespective 
of adult migration later on, aggregation and density at early stages are determinant priors to assure connectivity 
between spawning and nursery habitats13,44,57.

Several research focusses and fishery management criteria are worth considering to better understand the 
production–recruitment relationship, e.g. enriched spatio temporal knowledge on maternal effects on egg 
buoyancy55, variability in site-specific egg gravity73, spatio-temporal distribution of spawners, eggs and larvae74 
and their genetic effective size75, life cycle connectivity between grounds73,76, hydrographic modelling12,77, etc. 
would redound on a better assessment of recruitment dynamics and its adaptive potential of exploited species. 
Importantly in regional modelling studies, priority areas in marine spatial planning which showed higher survival 
probabilities are not necessarily the fishing areas12,78.

If variability of egg gravity phenotypes in a local population has a genetic influence, the more genetic diversity 
it bears the more resiliently it will face environmental challenges. Phenotypic diversity relates to the demographic 
structure of populations especially on egg buoyance. For instance, old females of several species seem to produce 
more buoyant eggs what influences the reproductive capacity of their population and maximizes survival prob-
abilities and connectivity patterns45. In this regard, a straightforward management challenge is to hamper the 
directional fishing on the upper age distribution tail to better support recruitment and genetic diversity facing 
the global change79.
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Methods
Institutional review board statement
All methods employed in this manuscript are reported in accordance with ARRIVE guidelines (https://​arriv​eguid​
elines.​org). The study was conducted in accordance with the European directive 2010/63/EU and the Spanish 
legislation on animal welfare (RD53/2013 and RD1386/2018). All the experiments involving fish spawners were 
approved by the local ethics committee of Centro Oceanográfico de Vigo. Ethical review and approval were 
waived by the Ethics Committee on Animal Experimentation of the University of Vigo because the analyses on 
fish eggs fixed in glutaraldehyde did not involve alive animals.

Broodstock management and egg collection
The European hake broodstock comprised 17 adults caught in Ría de Vigo (NW Spain) and acclimated indoors 
in 200751. The specimens were maintained in an 8 m3 tank equipped with a through-flow seawater system of 
500 lx × h−1 under natural photoperiod and a faint 80 lx intensity. Seawater temperature and salinity averaged 
13.0 ± 1.0 °C and 33.0 ± 1.0 g × L−1, respectively. Hakes were fed semi-humid feedstuff composed of fish flour 
(35%), fish (30%), squid (17%), mussel (18%) and a vitamin premix (6 mg × kg−1)48. Egg batches outflowing 
from the tank after spontaneous spawning of the broodstock were systematically trapped in a 500 µm net. Three 
distinct fertilized egg batches issued from an undetermined number of parents were collected from January 2013 
to November 2017. Their embryonic development was monitored to characterize each developmental stage. Egg 
batches were incubated into 150 L frustoconical tanks under through-flow ultra-filtered seawater at 14.0 ± 0.5 °C, 
gentle aeration from air stone microbubbles (30–60 µm) and 300‒500 lx of artificial light intensity. Egg devel-
opment was tracked in a stereomicroscope Leica M8® for timing each embryonic stage and photographed with 
a Leica IC80®HD digital camera. Egg allocation to a given stage followed a reported early-stage classification40. 
Embryo (E) and oil drop (OD) from the final developmental stages, i.e. E to H (Fig. S1 ) were measured using 
the Leica Application Suite V4® (LAS X) software platform designed for Leica Microsystems Confocal wide field 
and super-resolution systems.

Histological and ultrastructure analyses
Several experiments were conducted to analyze the mechanism of oil drop adherence (ODA) to the yolk syncytial 
layer (YSL) using both, optical and high-resolution histological techniques. Thirty eggs were collected per stage 
F, G and H (Fig. 1) and classified either as adhered oil drop (ODA) or as non-adhered oil drop (ODNA). Eggs 
were fixed for 12 h in 5% 0.1 M glutaraldehyde and 0.1 M cacodylate buffer at pH 7.2 followed by successive 
12 h washes with buffer 0.1 M cacodylate, pH 7.2. Eggs were immersed in 2% osmium tetroxide then in 0.1 M 
cacodylate buffer at pH 7.2 for 5 h and then washed twice for 1 h using the same buffer. A final gradual egg 
dehydration was performed in acetone for 24 h and kept at 4 °C thereafter. A sequential sample impregnation 
was performed at 4 °C in a mixture of spurr resin (TAAB 812 Resin, Taab Laboratories) and acetone at ratios 1:3, 
1:1, and 3:1, successively. Samples were immersed in spurr resin and allowed to polymerize in molds (Beem Cap-
sules) at 60 °C for 48 h. Semi-thin sections (0.5–1.0 µm) were obtained using an ultramicrotome (Leica Reichert 
ultracuts) and stained with methylene blue on a microscope slide. The histological sections were observed under 
an Axioskop II Microscope (Carl Zeiss Microscopy) and photographed 10× with an Axiocam Leica HD camera. 
Ultrathin sections (150–190 nm) of inner embryo areas surrounding OD were analyzed using Transmission 
Electron Microscopy (JEOL JEM-1010, TEM) and photographed at 1200× and 5000×.

In vitro egg buoyancy test
The egg buoyancy test aimed to explore the frequency of ODA and ODNA eggs in the seawater column upon 
their specific buoyancy. Egg density was estimated as the number33 of eggs × mL−1. Egg sampling was taken 
from the incubation tank while increasing aeration to assure egg density homogenization. Six thousand eggs 
were collected and filtered in a 300 μm sieve to remove excess seawater. One thousand eggs per 250 mL filtered 
seawater were incubated per burette in an isothermal room at 14.0 ± 0.5 °C without aeration. Three burettes, 
three replicates and 6000 eggs were tested. The remaining eggs in the source batch were maintained in their 
original 150 L incubation tank and used as control according to the methodology previously described33. Eggs 
distributed in the seawater column during the incubation process upon their specific density. Thirty eggs were 
collected at stage F, i.e. embryo of 54 hpf (Fig. 1) from each four-seawater column layers, characterized under 
the stereomicroscope and photographed as described above. Accordingly, eggs were classed as ODA/ODNA 
eggs from four bathymetric layers: Ub, the ultrapositive buoyance layer, defined as the surface area occupied by 
an egg of “hydrofuge nature and tend to float exposing part of its surface above the water level”33; Sb, the positive 
buoyance layer, where eggs are completely submerged just below the seawater surface; Mb, the middle buoyance 
layer, containing eggs placed in the middle of the seawater column; Bb, the negative buoyance layer, where eggs 
are located at the bottom of the burette.

In vitro turbulence test
The purpose of this experiment was to assess the in vitro influence of the seawater supply system on both, buoy-
ancy and ODNA eggs. Four egg batches from spontaneous spawning events of the broodstock were distributed 
in 150 L frustoconical incubation tanks using 150 mL egg volume per batch and 860 egg/mL33. The putative 
influence of seawater turbulence on the ratio ODA/ODNA during egg incubation was tested using three seawater 
supply systems, i.e. waterfall, sprayer, and traditional. The waterfall system consisted on supplying seawater over 
the incubation tank surface using two 70 cm in length PVC pipes. The pipes were punched 13 times on opposite 
sides (26 holes per pipe) using a 1 cm diameter drill and placed at 15 cm above the surface of the tank so that 
seawater was delivered through the holes forming a cascade. The sprayer method consisted on the addition of 
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seawater to the surface of the incubation tank by means of a sprayer attached to the end of a 1.5 cm diameter 
pipe. The sprayer consisted on a shower head-like device with multiple perforations of 10 µm in diameter. The 
traditional system consisted on a pipe submerged to the bottom of the tank with ceramic air stones (30–60 µm) 
providing gentle aeration through microbubbles as commonly used in fish egg incubation of several species35. 
Egg incubation settings were common across treatments, i.e. 1 µm-filtered seawater of salinity 33.0 ± 1.0 g × L−1 
and 14.0 ± 0.5 °C and natural photoperiod. Thirty post-hatching larvae were randomly sampled from each incu-
bation tank and placed in a Petri dish containing 15 mL of seawater. The final ratio ODA/ODNA was scored in 
all larvae across treatments using a stereomicroscope LEICA M8®.

Statistical analyses
Parametric tests were applied when arcsin-transformed fertilization rates (FRs) was normal or close to normal-
ity, i.e. F-test, paired t-test. Differences in the mean and variance of ODA/ODNA percentage among incubation 
methods (waterfall, sprayer and traditional) as well as among spawning batches were explored with one-way 
ANOVA using the software STATISTICA 10.0©. Global significant tests lead to comparison of pairwise means 
using the Tukey test80. When frequency distributions of arcsin-transformed percentages of ODA/ODNA differed 
significantly from normality and homoscedasticity (Kolmogorov–Smirnov test, Snedecor F-test, respectively), 
the percentage of ODA/ODNA in eggs located at different buoyancy areas were compared using non-parametric 
statistics such as the one-way ANOVA on ranks test. When significant differences were observed among samples, 
post-hoc pairwise comparisons were carried out using the Mann–Whitney U-test80.

Data availability
All data generated in this study are included in this published article.

Received: 15 September 2023; Accepted: 18 March 2024

References
	 1.	 Sundby, S. Factors affecting the vertical distribution of eggs. In ICES Marine Science Symposia, Vol. 192:33–38. https://​www.​ices.​

dk/​sites/​pub/​CM%​20Doc​cumen​ts/​2004/P/​P3404.​pdf#:​~:​text=​The%​20ver​tical%​20dis​tribu​tion%​20of%​20pel​agic%​20eggs%​20is%​
20det​ermin​ed,verti​cal%​20dis​tribu​tion%​20hav​ebeen%​20dev​eloped%​20%​28Sun​dby%​2C%​201983%​3B%​20Wes​tgard%​2C%​201989%​
29 (1991).

	 2.	 Nissling, A., Kryvi, H. & Vallin, L. Variation in egg buoyancy of Baltic cod Gadus morhua and its implications for egg survival in 
prevailing conditions in the Baltic Sea. Mar. Ecol. Prog. Ser. 110, 67–74. https://​doi.​org/​10.​3354/​MEPS1​10067 (1994).

	 3.	 Fabra, M., Raldúa, D., Power, D. M., Deen, P. M. T. & Cerdà, J. Marine fish egg hydration is aquaporin-mediated. Science 307, 545. 
https://​doi.​org/​10.​1126/​scien​ce.​11063​05 (2005).

	 4.	 Davenport, J., Lønning, S. & Kjørsvik, E. Osmotic and structural changes during early development of eggs and larvae of the cod, 
Gadus morhua L.. J. Fish. Biol. 19(3), 317–331. https://​doi.​org/​10.​1111/j.​1095-​8649.​1981.​tb058​35.x (1981).

	 5.	 Craik, J. & Harvey, S. The causes of buoyancy in eggs of marine teleosts. J. Mar. Biol. Assoc. U. K. 67(1), 169–182. https://​doi.​org/​
10.​1017/​S0025​31540​00264​36 (1987).

	 6.	 Kjesbu, O. S., Kryvi, H., Sundby, S. & Solemdal, P. Buoyancy variations in eggs of Atlantic cod (Gadus morhua L.) in relation to 
chorion thickness and egg size: Theory and observations. J. Fish. Biol. 41(4), 581–599. https://​doi.​org/​10.​1111/j.​1095-​8649.​1992.​
tb026​85.x (1992).

	 7.	 Mangor-Jensen, A. Water balance in developing eggs of the cod, Gadus morhua L. Fish Physiol. Biochem. 3, 17–24. https://​doi.​org/​
10.​1007/​BF021​83990 (1987).

	 8.	 Riis-Vestergaard, J. Physiology of teleost embryos related to environmental challenges. Sarsia 72, 351–358. https://​doi.​org/​10.​1080/​
00364​827.​1987.​10419​735 (1987).

	 9.	 Jung, K. M. et al. Egg buoyancy variability in local populations of Atlantic cod (Gadus morhua). Mar. Biol. 159, 1969–1980. https://​
doi.​org/​10.​1007/​s00227-​012-​1984-8 (2012).

	10.	 Nissling, A. & Vallin, L. The ability of Baltic cod eggs to maintain neutral buoyancy and the opportunity for survival in fluctuating 
conditions in the Baltic Sea. J. Fish Biol. 48(2), 217–227. https://​doi.​org/​10.​1111/j.​1095-​8649.​1996.​tb011​14.x (1996).

	11.	 Nissling, A. & Westin, L. Egg buoyancy of Baltic cod (Gadus morhua) and its implications for cod stock fluctuations in the Baltic. 
Mar. Biol. 111, 33–35. https://​doi.​org/​10.​1007/​BF019​86342 (1991).

	12.	 Spencer, M. L., Vestfals, C. D., Mueter, F. J. & Laurel, B. J. Ontogenetic changes in the buoyancy and salinity tolerance of eggs and 
larvae of polar cod (Boreogadus saida) and other gadids. Polar Biol. 43, 1141–1158. https://​doi.​org/​10.​1007/​s00300-​020-​02620-7 
(2020).

	13.	 Ospina-Álvarez, A., Parada, C. & Palomera, I. Vertical migration effects on the dispersion and recruitment of European anchovy 
larvae: From spawning to nursery areas. Ecol. Model. 231, 65–79. https://​doi.​org/​10.​1016/j.​ecolm​odel.​2012.​02.​001 (2012).

	14.	 Hinrichsen, H. H., Hüssy, K. & Huwer, B. Spatio-temporal variability in western Baltic cod early life stage survival mediated by egg 
buoyancy, hydrography and hydrodynamics. ICES J. Mar. Sci. 69(10), 1744–1752. https://​doi.​org/​10.​1093/​icesj​ms/​fss137 (2012).

	15.	 Castro, L. R. et al. Vertical distribution, specific gravity, and free amino acids in anchoveta Engraulis ringens eggs under contrasting 
spawning habitat conditions. Mar. Ecol. Prog. Ser. 617–618, 7–24. https://​doi.​org/​10.​3354/​meps1​2948 (2019).

	16.	 Nissling, A., Nyberg, S. & Petereit, C. Egg buoyancy of flounder, Platichthys flesus, in the Baltic Sea—Adaptation to salinity and 
implications for egg survival. Fish. Res. 191, 179–189. https://​doi.​org/​10.​1016/j.​fishr​es.​2017.​02.​020 (2017).

	17.	 Finn, R. N., Wamboldt, M. & Fyhn, H. J. Differential processing of yolk proteins during oocyte hydration in marine fishes (Labridae) 
that spawn benthic and pelagic eggs. Mar. Ecol. Prog. Ser. 237, 217–226. https://​doi.​org/​10.​3354/​MEPS2​37217 (2002).

	18.	 Coombs, S. H. & Mitchell, C. E. The development rate of eggs and larvae of the hake, Merluccius merluccius (L.) and their distribu-
tion to the west of the British Isles. ICES J. Mar. Sci. 40, 119–126. https://​doi.​org/​10.​1093/​icesj​ms/​40.2.​119 (1982).

	19.	 Russell, F. S. The Eggs and Planktonic Stages of British Marine Fishes (Academic Press, 1976).
	20.	 Betchaku, T. & Trinkaus, J. P. Contact relations, surface activity, and cortical microfilaments of marginal cells of the enveloping 

layer and of the yolk syncytial and yolk cytoplasmic layers of Fundulus before and during epiboly. J. Exp. Zool. 206, 381–426. 
https://​doi.​org/​10.​1002/​jez.​14020​60310 (1978).

	21.	 Agassiz, A. & Whitman, C. O. On the development of some pelagic fish eggs. Preliminary notice. Proc. Am. Acad. Arts Sci. 20, 
23–75. https://​doi.​org/​10.​2307/​25138​765 (1884).

	22.	 Wilson, H. V. The embryology of the sea bass (Serranus alranus). Bull. US Fish. Comm. 9, 209–278 (1891).

https://www.ices.dk/sites/pub/CM%20Doccuments/2004/P/P3404.pdf#:~:text=The%20vertical%20distribution%20of%20pelagic%20eggs%20is%20determined,vertical%20distribution%20havebeen%20developed%20%28Sundby%2C%201983%3B%20Westgard%2C%201989%29
https://www.ices.dk/sites/pub/CM%20Doccuments/2004/P/P3404.pdf#:~:text=The%20vertical%20distribution%20of%20pelagic%20eggs%20is%20determined,vertical%20distribution%20havebeen%20developed%20%28Sundby%2C%201983%3B%20Westgard%2C%201989%29
https://www.ices.dk/sites/pub/CM%20Doccuments/2004/P/P3404.pdf#:~:text=The%20vertical%20distribution%20of%20pelagic%20eggs%20is%20determined,vertical%20distribution%20havebeen%20developed%20%28Sundby%2C%201983%3B%20Westgard%2C%201989%29
https://www.ices.dk/sites/pub/CM%20Doccuments/2004/P/P3404.pdf#:~:text=The%20vertical%20distribution%20of%20pelagic%20eggs%20is%20determined,vertical%20distribution%20havebeen%20developed%20%28Sundby%2C%201983%3B%20Westgard%2C%201989%29
https://doi.org/10.3354/MEPS110067
https://doi.org/10.1126/science.1106305
https://doi.org/10.1111/j.1095-8649.1981.tb05835.x
https://doi.org/10.1017/S0025315400026436
https://doi.org/10.1017/S0025315400026436
https://doi.org/10.1111/j.1095-8649.1992.tb02685.x
https://doi.org/10.1111/j.1095-8649.1992.tb02685.x
https://doi.org/10.1007/BF02183990
https://doi.org/10.1007/BF02183990
https://doi.org/10.1080/00364827.1987.10419735
https://doi.org/10.1080/00364827.1987.10419735
https://doi.org/10.1007/s00227-012-1984-8
https://doi.org/10.1007/s00227-012-1984-8
https://doi.org/10.1111/j.1095-8649.1996.tb01114.x
https://doi.org/10.1007/BF01986342
https://doi.org/10.1007/s00300-020-02620-7
https://doi.org/10.1016/j.ecolmodel.2012.02.001
https://doi.org/10.1093/icesjms/fss137
https://doi.org/10.3354/meps12948
https://doi.org/10.1016/j.fishres.2017.02.020
https://doi.org/10.3354/MEPS237217
https://doi.org/10.1093/icesjms/40.2.119
https://doi.org/10.1002/jez.1402060310
https://doi.org/10.2307/25138765


13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6918  | https://doi.org/10.1038/s41598-024-57429-9

www.nature.com/scientificreports/

	23.	 Walzer, C. & Schönenberger, N. Ultrastructure and cytochemistry study of the yolk syncytial layer in the alevin of trout (Salmo 
fario trutta L.) after hatching: I. The vitellolysis zone. Cell Tissue Res. 196, 59–73. https://​doi.​org/​10.​1007/​BF002​36349 (1979).

	24.	 Kimmel, C. B. & Law, R. D. Cell lineage of zebrafish blastomeres. II. Formation of the yolk syncytial layer. Dev. Biol. 108(1), 86–93. 
https://​doi.​org/​10.​1016/​0012-​1606(85)​90011-9 (1985).

	25.	 Trinkaus, J. P. The yolk syncytial layer of Fundulus: Its origin and history and its significance for early embryogenesis. J. Exp. Zool. 
265(3), 258–284. https://​doi.​org/​10.​1002/​jez.​14026​50308 (1993).

	26.	 Mani-Ponset, L., Guyot, E., Diaz, J. P. & Connes, R. Utilization of yolk reserves during post–embryonic development in three 
teleostean species: The sea bream Sparus aurata, the sea bass Dicentrarchus labrax, and the pike–perch Stizostedion lucioperca. 
Mar. Biol. 126, 539–547. https://​doi.​org/​10.​1007/​BF003​54636 (1996).

	27.	 Poupard, G. et al. Apolipoprotein E gene expression correlates with endogenous lipid nutrition and yolk syncytial layer lipoprotein 
synthesis during fish development. Cell Tissue Res. 300(2), 251–261. https://​doi.​org/​10.​1007/​s0044​19900​158 (2000).

	28.	 Babin, P. J. et al. Both apolipoprotein E and A–I genes are present in a nonmammalian vertebrate and are highly expressed during 
embryonic development. Proc. Natl. Acad. Sci. USA 94, 8622–8627. https://​doi.​org/​10.​1073/​pnas.​94.​16.​8622 (1997).

	29.	 Diaz, J., Guyot, E., Mani-Ponset, L. & Connes, R. Insulin and hepatic cholestasis during the early post-embryonic development of 
gilt–head sea bream, Sparus aurata. Aquat. Living Resour. 15(5), 283–292. https://​doi.​org/​10.​1016/​S0990-​7440(02)​01183-X (2002).

	30.	 Henderson, R. J. & Tocher, D. R. The lipid composition and biochemistry of freshwater fish. Prog. Lipid Res. 26(4), 281–347. https://​
doi.​org/​10.​1016/​0163-​7827(87)​90002-6 (1987).

	31.	 Wiegand, M. D. Composition, accumulation and utilization of yolk lipids in teleost fish. Rev. Fish Biol. Fish. 6(3), 259–286. https://​
doi.​org/​10.​1007/​BF001​22583 (1996).

	32.	 Bjelland, R. M. & Skiftesvik, A. B. Larval development in European Hake (Merluccius merluccius L.) reared in a semi-intensive 
culture system. Aquac. Res. 37, 1117–1129. https://​doi.​org/​10.​1111/j.​1365-​2109.​2006.​01536.x (2006).

	33.	 Sánchez, F. J. et al. The first spontaneous spawning of European hake Merluccius merluccius L.: Characteristics of eggs and early 
larval stages. Aquac. Res. 43(11), 1729–1733. https://​doi.​org/​10.​1111/j.​1365-​2109.​2011.​02966.x (2012).

	34.	 Casey, J. & Pereiro, J. European hake (M. merluccius) in the North-east Atlantic. In Hake. Chapman and Hall Fish and Fisheries 
Series Vol. 15 (eds Alheit, J. & Pitcher, T. J.) (Springer, 1995). https://​doi.​org/​10.​1007/​978-​94-​011-​1300-7_5.

	35.	 Nande, M., Pérez, M., Costas, D. & Presa, P. A workflow management system for early feeding of the European hake. Aquaculture 
477, 80–89. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2017.​05.​001 (2017).

	36.	 Iglesias, J., Lago, M. J., Sánchez, F. J. & Cal, R. Capture, transport and acclimatization to captivity of European Hake (Merluccius 
merluccius L.). Preliminary data on feeding and growth. Aquac. Res. 41, 607–669. https://​doi.​org/​10.​1111/j.​1365-​2109.​2009.​02365.x 
(2010).

	37.	 Iglesias, J. et al. Effect of the lipid droplet adherence on growth and survival of the European hake (Merluccius merluccius) larvae. 
Aquac. Res. 45(11), 1754–1758. https://​doi.​org/​10.​1111/​are12​121 (2014).

	38.	 Bustos, C. A., Landaeta, M. F., Bay-Schmith, E., Lewis, R. & Moraga, X. Effects of temperature and lipid droplet adherence on 
mortality of hatchery-reared southern hake Merluccius australis larvae. Aquaculture 270, 535–540. https://​doi.​org/​10.​1016/j.​aquac​
ulture.​2007.​03.​032 (2007).

	39.	 Deplano, M., Diaz, J. P., Connes, R., Kentouri-Divanach, M. & Cavalier, F. Appearance of lipid–absorption capacities in larvae 
of the sea bass Dicentrarchus labrax during transition to the exotrophic phase. Mar. Biol. 108, 361–371. https://​doi.​org/​10.​1007/​
BF013​13645 (1991).

	40.	 Guevara-Fletcher, C., Álvarez, P., Sánchez, J. & Iglesias, J. Effect of temperature on the development and mortality of European 
hake (Merluccius merluccius L.) eggs from southern stock under laboratory conditions. J. Exp. Mar. Biol. Ecol. 476, 50–57. https://​
doi.​org/​10.​1016/j.​jembe.​2015.​11.​018 (2016).

	41.	 D’Ancona, U. Fauna e Flora del Golfo di Napoli, Monographia 38; Uova, larve e stadi giovanili di Teleosti, Pubblicata dalla Stazione 
Zoologica di Napoli; 4 vols (1956).

	42.	 Froese, R., Pauly, D. (eds.) FishBase. World Wide Web electronic publication. http://​www.​fishb​ase.​org. (02/2023).
	43.	 Thorsen, A. & Fyhn, H. J. Final oocyte maturation in vivo and in vitro in marine fishes with pelagic eggs; yolk protein hydrolysis 

and free amino acid content. J. Fish Biol. 48(6), 1195–1209. https://​doi.​org/​10.​1111/j.​1095-​8649.​1996.​tb018​14.x (1996).
	44.	 Petereit, C., Hinrichsen, H. H., Franke, A. & Köster, F. W. Floating along buoyancy levels: Dispersal and survival of western Baltic 

fish eggs. Prog. Oceanogr. 122, 131–152. https://​doi.​org/​10.​1016/j.​pocean.​2014.​01.​001 (2014).
	45.	 Jung, K. M., Folkvord, A., Kjesbu, O. S. & Sundby, S. Experimental parameterisation of principal physics in buoyancy variations 

of marine teleost eggs. PLoS One 9(8), e104089. https://​doi.​org/​10.​1371/​journ​al.​pone.​01040​89 (2014).
	46.	 Greenhill, E. R., Rocco, A., Vibert, L., Nikaido, M. & Kelsh, R. N. An iterative genetic and dynamical modelling approach identifies 

novel features of the gene regulatory network underlying melanocyte development. PLoS Genet. 7(9), e1002265. https://​doi.​org/​
10.​1371/​journ​al.​pgen.​10022​65 (2011).

	47.	 Ahlstrom, E. H. & Moser, H. G. Characters useful in identification of pelagic marine fish eggs. Calif. Coop. Ocean. Fish. Investig. 
Rep. 21, 121–131 (1980).

	48.	 Van der Ghinst, M. Mise en evidence de ferments dans le synsitium vitellin de la truite (Salmo irideus). Bull. Histol. Appl. Physiol 
Path. 12, 257–259 (1935).

	49.	 Shimizu, M. & Yamada, J. Ultrastructural aspects of yolk absorption in the vitelline syncytium of the embryonic rockfish, Sebastes 
schlegeli. Jpn. J. Ichthyol. 27, 56–63. https://​doi.​org/​10.​11369/​JJI19​50.​27.​56 (1980).

	50.	 Skjærven, H., Finn, R. N., Kryvi, H. & Fyhn, H. J. Yolk resorption in developing plaice (Pleuronectes platessa). The Big Fish Bang. 
Proceedings of the 26th Annual Larval Fish Conference. https://​cites​eerx.​ist.​psu.​edu/​viewd​oc/​summa​ry?​doi=​10.1.​1.​294.​5816 (2003).

	51.	 Krieger, J. & Fleig, R. Yolk mobilization in perch, Perca fluviatilis L., embryos. Fish Physiol. Biochem. 21, 157–165. https://​doi.​org/​
10.​1023/A:​10078​43306​186 (1999).

	52.	 Plawsky, J. L. Transport Phenomena Fundamentals 3rd edn. (CRC Press, 2014).
	53.	 Motos, L., Álvarez, P. & Uriarte, A. Distribution pattern of hake (Merluccius merluccius L.) eggs and larvae in relation to envi-

ronmental conditions in the Bay of Biscay in winter and early spring 1995. Ozeanografika 3, 273–292. https://​doi.​org/​10.​1016/​
S0165-​7836(00)​00245-9 (2000).

	54.	 Seoka, M. et al. Differences in the biochemical content of buoyant and non-buoyant eggs of the Japanese eel, Anguilla japonica. 
Aquaculture 216(1–4), 355–362. https://​doi.​org/​10.​1016/​S0044-​8486(02)​00459-3 (2003).

	55.	 Vallin, L. & Nissling, A. Maternal effects on egg size and egg buoyancy of Baltic cod: Gadus morhua—Implications for stock 
structure effects on recruitment. Fish Res. 49, 21–37. https://​doi.​org/​10.​1016/​S0165-​7836(00)​00194-6 (2000).

	56.	 Skorupa, K. et al. The influence of salinity on egg incubation and early larval development of the flameback angelfish Centropyge 
aurantonotus. Aquac. Res. 53, 6616–6625. https://​doi.​org/​10.​1111/​are.​16130 (2022).

	57.	 Goarant, A., Petitgas, P. & Bourriau, P. Anchovy (Engraulis encrasicolus) egg density measurements in the Bay of Biscay: Evidence 
for the spatial variation in egg density with sea surface salinity. Mar. Biol. 151, 1907–1915. https://​doi.​org/​10.​1007/​s00227-​007-​
0624-1 (2007).

	58.	 Marteinsdóttir, G. & Begg, G. A. Essential relationships incorporating the influence of age, size and condition on variables required 
for estimation of reproductive potential in Atlantic cod Gadus morhua. Mar. Ecol. Prog. Ser. 235, 235–256. https://​doi.​org/​10.​3354/​
MEPS2​35235 (2002).

	59.	 Bustos, C. & Landaeta, M. Desarrollo de huevos y larvas tempranas de la merluza del sur, Merluccius australis, cultivados bajo 
condiciones de laboratorio. Gayana https://​doi.​org/​10.​4067/​S0717-​65382​00500​02000​16 (2005).

https://doi.org/10.1007/BF00236349
https://doi.org/10.1016/0012-1606(85)90011-9
https://doi.org/10.1002/jez.1402650308
https://doi.org/10.1007/BF00354636
https://doi.org/10.1007/s004419900158
https://doi.org/10.1073/pnas.94.16.8622
https://doi.org/10.1016/S0990-7440(02)01183-X
https://doi.org/10.1016/0163-7827(87)90002-6
https://doi.org/10.1016/0163-7827(87)90002-6
https://doi.org/10.1007/BF00122583
https://doi.org/10.1007/BF00122583
https://doi.org/10.1111/j.1365-2109.2006.01536.x
https://doi.org/10.1111/j.1365-2109.2011.02966.x
https://doi.org/10.1007/978-94-011-1300-7_5
https://doi.org/10.1016/j.aquaculture.2017.05.001
https://doi.org/10.1111/j.1365-2109.2009.02365.x
https://doi.org/10.1111/are12121
https://doi.org/10.1016/j.aquaculture.2007.03.032
https://doi.org/10.1016/j.aquaculture.2007.03.032
https://doi.org/10.1007/BF01313645
https://doi.org/10.1007/BF01313645
https://doi.org/10.1016/j.jembe.2015.11.018
https://doi.org/10.1016/j.jembe.2015.11.018
http://www.fishbase.org
https://doi.org/10.1111/j.1095-8649.1996.tb01814.x
https://doi.org/10.1016/j.pocean.2014.01.001
https://doi.org/10.1371/journal.pone.0104089
https://doi.org/10.1371/journal.pgen.1002265
https://doi.org/10.1371/journal.pgen.1002265
https://doi.org/10.11369/JJI1950.27.56
https://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.294.5816
https://doi.org/10.1023/A:1007843306186
https://doi.org/10.1023/A:1007843306186
https://doi.org/10.1016/S0165-7836(00)00245-9
https://doi.org/10.1016/S0165-7836(00)00245-9
https://doi.org/10.1016/S0044-8486(02)00459-3
https://doi.org/10.1016/S0165-7836(00)00194-6
https://doi.org/10.1111/are.16130
https://doi.org/10.1007/s00227-007-0624-1
https://doi.org/10.1007/s00227-007-0624-1
https://doi.org/10.3354/MEPS235235
https://doi.org/10.3354/MEPS235235
https://doi.org/10.4067/S0717-65382005000200016


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6918  | https://doi.org/10.1038/s41598-024-57429-9

www.nature.com/scientificreports/

	60.	 Zeng, Q. et al. The influence of cascade hydropower development on the hydrodynamic conditions impacting the reproductive 
process of fish with semi-buoyant eggs. Sci. Total Environ. 689, 865–874. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​06.​411 (2019).

	61.	 Kendall, A. W. Jr., Incze, L. S., Ortner, P. B., Cummings, S. R. & Brown, P. K. The vertical distribution of eggs and larvae of walleye 
pollock, Theragra chalcogramma, in Shelikof Strait, Gulf of Alaska. Fish Bull. 92, 540–554 (1994).

	62.	 Moran, D., Smith, C., Gara, B. & Poortenaar, C. Reproductive behavior and early development in yellowtail kingfish (Seriola lalandi 
Valenciennes 1833). Aquaculture 262, 95–104. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2006.​10.​005 (2007).

	63.	 Strand, K. O., Vikebø, F., Sundby, S., Sperrevik, A. K. & Breivik, Ø. Subsurface maxima in buoyant fish eggs indicate vertical velocity 
shear and spatially limited spawning grounds. Limnol. Oceanogr. 64, 1239–1251. https://​doi.​org/​10.​1002/​lno.​11109 (2019).

	64.	 Thorsen, A., Kjesbu, O. S., Fyhndr, H. J. & Solemdal, P. Physiological mechanisms of buoyancy in eggs from brackish water cod. 
J. Fish Biol. 48(3), 457–477 (1996).

	65.	 Sundby, S. & Kristiansen, T. The principles of buoyancy in marine fish eggs and their vertical distributions across the world oceans. 
PLoS One 10, e0138821. https://​doi.​org/​10.​1371/​journ​al.​pone.​01388​21 (2015).

	66.	 Donelson, J. M., Wong, M., Booth, D. J. & Munday, P. L. Transgenerational plasticity of reproduction depends on rate of warming 
across generations. Evol. Appl. 9(9), 1072–1081. https://​doi.​org/​10.​1111/​eva.​12386 (2016).

	67.	 Peck, M. A., Huebert, K. B. & Llopiz, J. K. Intrinsic and extrinsic factors driving match–mismatch dynamics during the early life 
history of marine fishes. Adv. Ecol. Res. 4, 177–301. https://​doi.​org/​10.​1016/​B978-0-​12-​398315-​2.​00003-X (2012).

	68.	 Govoni, J. J. & Forward, R. B. Buoyancy 1st edn. (CRC Press, 2008) (ISBN 9780429061608).
	69.	 Guzmán, F. et al. Seasonal and interannual changes in reproductive parameters and eggs biochemical composition of the fishery 

resource Pleuroncodes monodon (Decapoda: Munididae) from the Humboldt Current System. Fish Res. 221, 105404. https://​doi.​
org/​10.​1016/j.​fishr​es.​2019.​105404 (2020).

	70.	 Kucera, C. J., Faulk, C. K. & Holt, G. J. The effect of spawning salinity on eggs of spotted seatrout (Cynoscion nebulosus, Cuvier) 
from two bays with historically different salinity regimes. J. Exp. Mar. Biol. Ecol. 272(2), 147–158. https://​doi.​org/​10.​1016/​S0022-​
0981(02)​00081-3 (2002).

	71.	 Kjesbu, O. S., Tiedemann, I., Alix, M., Thorsen, A. & Sundby, S. Half a century of high-latitude fisheries oceanography research 
on the “recruitment problem” in Northeast Arctic cod (Gadus morhua). ICES J. Mar. Sci. 80(5), 1179–1201 (2023).

	72.	 Köster, F. W. et al. Recruitment of Baltic cod and sprat stocks: Identification of critical life stages and incorporation of environmental 
variability into stock–recruitment relationships. Sci. Mar. 67(S1), 129–154. https://​doi.​org/​10.​3989/​scimar.​2003.​67s11​29 (2003).

	73.	 Hinrichsen, H. H. et al. Spawning areas of eastern Baltic cod revisited: Using hydrodynamic modelling to reveal spawning habitat 
suitability, egg survival probability, and connectivity patterns. Prog. Oceanogr. 143, 13–25. https://​doi.​org/​10.​1016/j.​pocean.​2016.​
02.​004 (2016).

	74.	 Sánchez, F. & Gil, J. Hydrographic mesoscale structures and Poleward current as a determinant hake (Merluccius merluccius) 
recruitment in the southern Bay of Biscay. ICES J. Mar. Sci. 57, 152–217. https://​doi.​org/​10.​1006/​jmsc.​1999.​0566 (2000).

	75.	 Pita, A., Pérez, M., Velasco, F. & Presa, P. Trends of the genetic effective population size in the Southern stock of the European 
hake. Fish Res. 191, 108–119. https://​doi.​org/​10.​1016/j.​fishr​es.​2017.​02.​022 (2017).

	76.	 Pita, A. et al. Conceptual and practical advances in fish stock delineation. Fish Res. 173(3), 185–193. https://​doi.​org/​10.​1016/j.​fishr​
es.​2015.​10.​029 (2016).

	77.	 Stratoudakis, Y., Bernal, M., Ganias, K. & Uriarte, A. The daily egg production method: Recent advances, current applications and 
future challenges. Fish Fish. 7(1), 35–57. https://​doi.​org/​10.​1111/j.​1467-​2979.​2006.​00206.x (2006).

	78.	 Huwer, B., Hinrichsen, H. H., Böttcher, U., Voss, R. & Köster, F. Characteristics of juvenile survivors reveal spatio-temporal dif-
ferences in early life stage survival of Baltic cod. Mar. Ecol. Prog. Ser. 511, 165–180. https://​doi.​org/​10.​3354/​meps1​0875 (2014).

	79.	 Hinrichsen, H. H. et al. Survival and dispersal variability of pelagic eggs and yolk–sac larvae of central and eastern Baltic flounder 
(Platichthys flesus): Application of biophysical models. ICES J. Mar. Sci. 74(1), 41–55. https://​doi.​org/​10.​1093/​icesj​ms/​fsw163 
(2017).

	80.	 Zar, J. H. Biostatistical Analysis 4th edn. (Prentice-Hall, 1999).

Author contributions
The three authors were involved in all phases, i.e. conceptualization, investigation, validation, writing—review 
and editing.

Funding
This work was partially supported with contract BLUEMEREGEN #TED2021-132258BI00 by MCIN/
AEI/10.13039/501100011033 and NextGenerationEU/ PRTR to PP and contract LETSHAKE #AGL2013-48468-R 
by Ministerio Español de Economía y Competitividad and EU-FEDER to MP.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​57429-9.

Correspondence and requests for materials should be addressed to P.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1016/j.scitotenv.2019.06.411
https://doi.org/10.1016/j.aquaculture.2006.10.005
https://doi.org/10.1002/lno.11109
https://doi.org/10.1371/journal.pone.0138821
https://doi.org/10.1111/eva.12386
https://doi.org/10.1016/B978-0-12-398315-2.00003-X
https://doi.org/10.1016/j.fishres.2019.105404
https://doi.org/10.1016/j.fishres.2019.105404
https://doi.org/10.1016/S0022-0981(02)00081-3
https://doi.org/10.1016/S0022-0981(02)00081-3
https://doi.org/10.3989/scimar.2003.67s1129
https://doi.org/10.1016/j.pocean.2016.02.004
https://doi.org/10.1016/j.pocean.2016.02.004
https://doi.org/10.1006/jmsc.1999.0566
https://doi.org/10.1016/j.fishres.2017.02.022
https://doi.org/10.1016/j.fishres.2015.10.029
https://doi.org/10.1016/j.fishres.2015.10.029
https://doi.org/10.1111/j.1467-2979.2006.00206.x
https://doi.org/10.3354/meps10875
https://doi.org/10.1093/icesjms/fsw163
https://doi.org/10.1038/s41598-024-57429-9
https://doi.org/10.1038/s41598-024-57429-9
www.nature.com/reprints


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6918  | https://doi.org/10.1038/s41598-024-57429-9

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	The embryo-oil drop assembly: the timing and morphology of a critical event for fish early-life history survival
	Results
	Embryonic development of the European hake
	Structure and ultrastructure of the OD–OCL assembly mechanism
	OD-OCL adherence upon egg buoyancy
	OD-OCL adherence under different seawater supply incubation systems

	Discussion
	Methods
	Institutional review board statement
	Broodstock management and egg collection
	Histological and ultrastructure analyses
	In vitro egg buoyancy test
	In vitro turbulence test
	Statistical analyses

	References


